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Abstract
Room temperature deposition of Ag on InSb(111) is known to lead to three-dimensional
clustering, without long-range crystalline order. We show by means of angle-resolved
photoemission that ‘two-step’ growth in which the films are annealed to room temperature after
low temperature deposition results in the formation of Ag films which are epitaxial, atomically
flat, and display a quasi-discrete quantum well band structure. Core level analysis highlights
different chemical interactions between the substrate and deposited materials for room
temperature and ‘two-step’ Ag growth.

(Some figures in this article are in colour only in the electronic version)

For technological and fundamental purposes it is usually
desirable to produce sharp interfaces and crystalline films, by
properly devising the growth procedure. The growth mode of
a film can be predicted, to a first approximation, as a result
of the balance between the surface energies and the adhesion
energy of the substrate and adsorbed materials [1]. However,
the formation of metal–semiconductor interfaces is generally
complicated by chemical reactions and atomic interdiffusion
occurring among the chemical species. Under typical condition
the interface morphology, film structure, and composition are
influenced by kinetic limits, with the atomic mobility and,
consequently, the temperature playing a key role.

In recent years it has been observed that the so-called
‘two-step’ technique allows to grow films of metallic elements
in a layer-by-layer fashion on different substrates [2–5].
In the first step the metal is evaporated on the substrate,
kept at a sufficiently low temperature in order to limit
the atomic mobility and to hinder clustering. A gradual
annealing to room temperature (second step) promotes the
film crystallization, with completion of atomically flat regions
of mesoscopic areas (thousands of nm2). The ‘two-step’
procedure is exploited for the growth of films with very
uniform thickness which exhibit quantum size electronic
effects [6]. The film thickness defines the spatial width
of a two-dimensional potential well for the electron wave
functions and, consequently, determines the energy spectrum
of quantum well (QW) states. The realization of discrete QW
bands enhances observable macroscopic properties related to
the electron confinement in two dimensions. Atomically flat
films present size dependent effects which finely modulate the

surface chemical reactivity [7], the superconducting critical
temperature [8], the magnetic state in multilayer structures [9],
and other properties, which can be tuned by precise control of
the thickness.

Among the different classes of metal films, Ag layers
represent simple model systems, because of their limited
reactivity, noble metal character, and relatively low surface
free energy. The effects of the ‘two-step’ growth have
been examined with different degree of success on several
semiconductor surfaces. Ag layers display a very well defined
quantum well structure on Ge(111) [10, 11], Si(111) [12, 13],
and Si(100) [12, 14], on which they form sharp interfaces. Flat
Ag films, above a critical thickness, have been also obtained
on several III–V semiconductor (110) surfaces, i.e. GaAs,
GaP, GaSb, InAs, InP, and InSb [15]. The low energy
electron diffraction (LEED) pattern and STM pictures indicate,
however, a tendency to produce distorted or modulated
(111)-films, with QW states formation established only on
GaAs [16–18].

On the other side, the tendency to intermix and react
appears to be an obstacle to the successful application of the
‘two-step’ growth for QW formation. It is known that Ag
forms reacted interfaces when deposited at room temperature
on several In–V semiconductors [19]. On InSb(110), for
example, the ‘two-step’ method produces a weak (111)-pattern
for a Ag thickness of 35 Å [15], indicating a significant amount
of structural disorder. A QW state could be observed for Ag
on InSb(110) only for thin films of 3.8 monolayers [20]. The
exploitation of quantum design of the electronic properties in
this class of systems appears to require better control of the
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Figure 1. Angle-resolved photoemission maps acquired at 45 eV
photon energy for (a) 42.5 Å Ag film deposited at room temperature
and (b) the bare InSb(111)-(2 × 2) measured along the �̄–K̄ substrate
direction.

chemical and structural uniformity in order to ensure sufficient
lateral coherence of the surface and interface electronic
potentials.

In this work we compare the electronic structure and
growth mode of Ag films grown on InSb(111) by the ‘two-step’
and room temperature deposition, to explore the potential of
different growth procedures on reactive interfaces with respect
to the realization of distinct quantum structures. In agreement
with previous investigations, both indium and antimony are
found to form a disordered alloy when Ag is deposited at
room temperature [21]. In contrast with the room temperature
deposition and with the Ag growth on InSb(110) [15, 20],
the ‘two-step’ growth on InSb(111) gives rise to ordered
crystalline layers, with a flat surface and a defined QW
band structure for relatively thick films. Different chemical
interaction and structural relations appear to be related to the
diverse growth mode and electronic properties of Ag films on
InSb substrates.

The experiments were carried out at the VUV-Photoemi-
ssion beam line on the synchrotron Elettra in Trieste. The
n-type wafers of InSb(111) were cleaned in situ by repeated
cycles of sputtering with Ar ions (800 eV) and annealing (700
K). This procedure gives rise to contaminant free surfaces
with a (2 × 2) LEED pattern, explained in terms of the
In-vacancy buckling model [22]. Ag was deposited from
a resistively heated crucible, whose evaporation rate was

Figure 2. LEED patterns observed on (a) the clean
InSb(111)-(2 × 2) substrate, (b) the 42.5 Å (18 ML) Ag film grown
following the ‘two-step’ procedure, and (c) the edge between bare
and Ag covered parts of the sample. Evidently, panel (c) is the sum
of the patterns shown in (a) and (b), and allows a direct comparison
of the structural parameters of substrate and film. (d) Scheme of the
LEED pattern derived from panel (c), where open circles refer to Ag
spots and full circles represent the 1× (big symbols) and 2× (small
symbols) periodicity of the substrate. The first surface Brillouin zone
and symmetry points of the Ag(111) film are also shown. The bulk
truncated atomic structures of InSb(111) and Ag(111) planes are
reported on the right-hand side of panels (a) and (b), respectively.

determined with a quartz microbalance and cross checked with
photoemission. The ‘two-step’ growth was performed with the
sample held at 140 K and warmed up to room temperature.
The photoemission data were acquired with a Scienta R-4000
electron analyzer, which allows parallel acquisition of angle-
resolved spectra over 30◦ emission angle.

We choose to compare the properties of fairly thick
(42.5 Å, corresponding to 18 ML, 1 ML = 2.36 Å) Ag films
obtained through direct deposition at room temperature and
by the ‘two-step’ growth mode. The deposition of Ag on the
InSb(111) surface at room temperature gives results similar to
those obtained for Ag layers on other III–V semiconductors,
such as InP(110) and InSb(110) [19]. The diffraction pattern
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Figure 3. Angle-resolved spectra for 42.5 Å Ag films grown following (a) the ‘two-step’ and (b) the room temperature deposition procedure,
measured over the same angle and energy range along the �̄–M̄ direction of Ag(111). Panel (c) reports a photoemission intensity map for the
42.5 Å Ag film grown following the ‘two-step’ method. The open circles indicate the location of the discontinuities (gaps) observed along the
QW bands.

is totally absent. The angle-resolved photoemission map of
this system (figure 1(a)), measured along the �̄–K̄ direction
of the substrate at 45 eV photon energy, is almost featureless,
apart from very weak bands which display a downward
dispersion from normal emission angle. These bands derive
from the substrate electronic structure, as demonstrated by
comparison with the photoemission map of the InSb(111)
surface (figure 1(b)). As already noticed in [21], Ag deposited
at room temperature forms three-dimensional islands separated
by bare or little covered portions of the semiconductor surface,
from which the substrate electronic states can be detected in
the photoemission measurement.

These findings strikingly contrast with the properties of
Ag films deposited according to the ‘two-step’ procedure.
Figure 2 shows the LEED patterns for 51 eV primary electron
energy. The clean surface in panel (a) presents a (2 × 2)

reconstruction. Panel (b) reports the diffraction pattern for
the Ag film deposited at low temperature, after the sample
has reached room temperature. The relationship between the
patterns displayed in panel (a) and (b) can be directly derived
from figure 1(c). This picture was acquired with the primary
electron beam positioned across the edge between the clean
and Ag covered parts of the sample (half of the sample surface
was purposely masked with a shutter during the deposition).
The lattice parameters of the Ag film can be evaluated by
comparison with the known size of the substrate pattern. The
Ag first order spots fall in the vicinity of the second rim
of integer spots of the substrate and their separation closely
corresponds to the Ag bulk truncated value along a (111) plane.
Hence, within the first surface Brillouin zone of Ag(111), the
�̄–M̄ axis of the film runs parallel to the �̄–K̄ axis of the
substrate, and vice versa, as displayed in figure 1(d).
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Figure 4. Angle-integrated spectra for the clean (top) and 42.5 Å Ag films deposited at room temperature (middle) and low temperature
(bottom). Panel (a) reports a wide energy scan. Panels (b) and (c) display more in detail the Sb 4d and In 4d core level line shapes of the
systems.

In order to elucidate the relationship between film and
substrate structures in real space, we draw the atomic
arrangement of InSb(111) and Ag(111) lattice planes on the
right-hand side of figures 2(a) and (b), respectively. For InSb
the circles may represent either indium or antimony atoms. The
Wigner–Seitz cells in both cases are hexagons, rotated in-plane
by 90◦ with respect to each other, so that the [112̄] surface
axis of Ag runs parallel to the [11̄0] surface axis of InSb. The
observed growth is possibly favored by the similar value of
the nearest neighbor distance in the InSb(111) plane (4.58 Å)
and the second nearest neighbor distance in the Ag(111) plane
(5.00 Å), in spite of a 9.1% mismatch.

Figure 3(a) reports a set of angle-resolved photoemission
spectra for the film obtained through the ‘two-step’ growth and
acquired at 45 eV photon energy along the �̄–M̄ direction.
The data display a series of QW states, whose binding
energy diminishes as the electron emission angle is increased
(the thickest line corresponds to the spectrum measured in
normal emission geometry). These peaks can be labeled with
integer quantum numbers n = 1, 2, 3, . . ., according to the
nomenclature conventionally adopted for Ag(111) films [6].

The additional peak lying close to the Fermi edge in the
near normal emission region is attributed to the Ag(111)
surface state. The observed QW band structure is a clear
mark of thickness uniformity, as well as of the existence
of a sufficiently uniform confining potential barrier for the
Ag sp-electrons at the interface. At a closer inspection the
QW state dispersion appears to be characterized by several
weak discontinuities. The lines drawn on the peak maxima
in figure 3(a) help to identify their position and the size of
the corresponding gaps. In contrast with these findings, the
valence band of Ag films directly prepared at room temperature
is almost unstructured (figure 3(b)). The modulation of the
photoemission signal due to quantum confinement effects is
completely absent as well as the Ag(111) surface state.

A wider set of data than that shown in figure 3(a)
was used to generate the photoemission intensity map of
figure 3(c). In this image the QW states exhibit a nearly
parabolic band dispersion with minima centered around the
�̄ point. The overall behavior of the sp-derived QW states
agrees with previous findings for related systems, such as Ag
films on Ge(111) [10, 11] and Si(111) [12, 13]. The above
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mentioned discontinuities, whose positions are marked with
open circles in the intensity map, are features commonly found
in the electronic structure of epitaxial metal films grown on
semiconductors [4]. These gaps originate from the symmetry
dependent hybridization between film and substrate states. In
photoemission experiments they become particularly evident
when the QW states cross the upper edges of the surface
projected bands of the semiconductor [10]. In the present case
the gaps define a curve in the energy-wavevector space which
follows the downward dispersion of the InSb bands highlighted
with arrows in figure 1(b). The intensity of the Ag(111) surface
state in the present case is weaker than for related systems
measured within the same photon energy range.

Additional information on the different atomic structure
of the systems can be derived from core level spectroscopy.
Figure 4 reports angle-integrated spectra acquired at 71.5 eV
photon energy in normal emission geometry. For each panel
the black (top) spectrum refers to the InSb surface, while red
(middle) and blue (bottom) spectra correspond to room and low
temperature depositions of 42.5 Å Ag, respectively. Panel (a)
presents wide energy scans, covering the Sb 4d, In 4d and
valence regions. Panels (b) and (c) report more in detail the
Sb 4d and In 4d lines.

The Sb 4d/In 4d ratios are markedly dissimilar for the
two Ag covered samples. The results for the system grown
at room temperature are in agreement with other reports on
Ag on InSb(111). The Ag growth at room temperature
proceeds in a Stransky–Krastanov mode with alloy formation
more Sb than In rich in the outer layers [21], as confirmed
in figure 4(a) by the different attenuation of the two core
levels. A similar growth also occurs for Ag on InSb(110).
The energy shift and line shape of the Sb 4d states are,
consistently, signs of Sb atoms included in a metallic alloy.
For the sample prepared according to the ‘two-step’ procedure,
instead, we find an enhanced segregation of the In atoms to the
surface, as indicated by the angular dependence of the core
level emission (not shown). This behavior, occurring despite
the kinetic limitation of the growth process, deserves further
microscopic and spectroscopic analysis. Anyway, the selective
surface segregation of indium can explain the experimental
observations, i.e. the relatively intense In 4d peaks, the reversed
Sb 4d/In 4d ratio, and the weakness of the Ag(111) surface
state. The low Sb 4d signal indicates a suppressed, but not
negligible degree of intermixing with Ag at the interface.

In conclusion, we find that quantum structures can
be produced on a reactive interface by applying a proper
growth procedure. The ‘two-step’ growth significantly alters
the properties of Ag films on InSb(111) and limits the
interdiffusion. It promotes crystalline growth of Ag films and
formation of mesoscopic areas with atomically uniform height.
The films present the characteristics of a two-dimensional
quantum structure with discrete electronic bands, weakly
modified by the hybridization with the substrate electronic
states.
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