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Abstract. The conﬁnement effects of electrons in ultrathin ﬁlms and nanowires grown on metallic and semiconducting substrates investigated using band mapping of their electronic structures
using angle-resolved photoemission spectroscopy is discussed here. It has been shown that ﬁnite
electron reﬂectivity at the interface is sufﬁcient to sustain the formation of quantum well states
and weak quantum well resonance states even in closely matched metals. The expected parabolic
dispersion of sp-derived quantum well states for free-standing layers undergoes deviations from
parabolic behaviour and modiﬁcations due to the underlying substrate bands, suggesting the effects
of strong hybridization between the quantum well states and the substrate bands. Electron conﬁnement effects in low dimensions as observed from the dispersionless features in the band structures
are also discussed.
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1. Introduction
When the size of the enclosure trapping electrons is of similar dimension as that of the
Fermi wavelength associated with them, electrons feel the effect of conﬁnement. Such
conﬁnement leads to the quantization of energy levels and can give rise to modiﬁcations
of their thermal, electronic, optical, magnetic properties, etc. which can be distinctively
different from their bulk or unconﬁned counterparts. These conﬁnement effects gave rise
to new ﬁelds of research such as, nanoscience and nanotechnology, which offer an ample
playground for low-dimension physics. In this review article the focus is on ultrathin
ﬁlms where conﬁnement of electrons in ﬁlms can give rise to standing-wave-like quantum well states. Reasons for such conﬁnement and the interaction of the quantum well
states (QWS) with the substrate bands is discussed. We also discuss an example of onedimensional conﬁnement of electrons in nanowires and the effect of dimensionality on
the density-of-states.
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2. Two-dimensional conﬁnement
Ultrathin ﬁlms with thicknesses of a few atomic layers are good candidates for conﬁning
electrons in two dimensions. Here the motion of electrons perpendicular to the surface
of the ﬁlm can be constrained, provided the energy and momentum states of the substrate
and the thin ﬁlm do not overlap. The surface and interface potentials of an ultrathin
ﬁlm can then behave like the reﬂecting walls of a two-dimensional quantum well for
the electron waves; a situation analogous to a particle-in-a-box picture of elementary
quantum mechanics and will give rise to a series of discrete quantum well electronic
states [1]. The degree of localization of electrons within the energy levels of the thin ﬁlm
layer is deﬁned by their hybridization with the substrate wave functions. Fully localized
QWS form in the ﬁlm if the electron energy corresponds to the energy gap of the substrate band structure, like in semiconductor superlattices, where the fundamental gaps of
semiconductors plays the role of a barrier for the carrier conﬁnement [2–4]. However, a
partial electron conﬁnement in metallic ﬁlms can be attained to various degrees depending
on the matching conditions between the ﬁlm and the substrate states [1,5]. In the following subsections, two examples are considered where the role of substrates in conﬁnement
and their effects on the QWS are discussed.
2.1 Electron conﬁnement in closely matched metals: Au/Ag(1 1 1)
Au and Ag are two metals in the periodic table that have the same crystal structure, nearly
perfectly matched lattices, and very similar band structures. Figure 1 shows Au and Ag
bulk band structure for the normal emission for Au(1 1 1) and Ag(1 1 1) along which sp
QWS or quantum well resonance states (QWRS) are expected. Top of the Au sp band
is at around 1.1 eV binding energy (marked by horizontal dashed line) compared to 0.3
eV for Ag. Along this particular direction and in this very small energy range, for Ag
electrons Au behaves like a semiconductor and can support a set of quantized states [6,7].
In the rest of the energy range, Ag sp bands are very similar to those of Au, with a slight
offset near the Fermi level to higher energy with respect to the Au states. Hence, QWS
are not observed in this region. However, when Au ﬁlms are deposited on Ag(1 1 1), Au
sp states practically degenerate everywhere with substrate Ag sp states, as can be seen
from ﬁgure 1. Thus, the Au–Ag system is believed to be one of the worst candidates for
the formation of QWS. Photoemission studies of Au ﬁlms on Ag(1 1 1) carried out way
back in 1988 [6], did not observe any QWS or QWRS in the direction normal to (1 1 1)
surface and concluded that the Au sp electrons cannot be conﬁned in Au ﬁlms grown
on Ag [8]. This was therefore considered to be a classic case where reﬂectivity across
the metal–metal interface is too negligible so that one cannot observe any conﬁnement
effects.
With the advancement in detector technology (since 1988), fast two-dimensional band
mapping can now be performed by simultaneously collecting intensity images over a wide
angle range very efﬁciently, providing the possibility of revisiting the Au/Ag(1 1 1) sys¯ K̄ direction for a 12
tem [9]. Figure 2a shows the band dispersions along the M̄––
monolayer (ML) Au ﬁlm deposited on Ag(1 1 1) substrate using 57 eV photon energy.
Apart from the most prominent spectral feature, i.e. Au(1 1 1) Shockley surface state
(a parabolic band centred around ¯ just below the Fermi energy), and bands mostly
1024
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Figure 1. Valence-band dispersion curves for Au(1 1 1) and Ag(1 1 1) along the [1 1 1]
direction. For each system, top of the sp band (L4 ) and surface state is indicated.
Energy window δE indicates the region for the formation of QW states of Ag on
Au(1 1 1) (reprinted with permission from ref. [6] copyright 2015, by the American
Physical Society).

of d character beyond 2 eV binding energy, the intensity map displays only very faint
features within 2 eV from EF . These faint features are better visualized in energy distribution curves (EDCs) plotted in ﬁgure 2b. Here the normal emission spectrum (marked
by black), corresponds to the one reported in [6] and does not display any additional
prominent features besides the Shockley surface state. However, a careful examination
of the EDCs reveals very weak and broad structures dispersing towards EF for increasing
emission angle for the sp states. Further, relatively sharper and well-deﬁned features are
observed near the high-symmetry point M̄, which are highlighted by green spectra and
arrows. The different spectral intensity of the sp states in the energy–momentum space
suggests that the conﬁnement of electrons in Au ﬁlm on Ag(1 1 1) occurs to a widely
different extent, depending on the electron energy and wave vector. It seems to be higher
for the sp bands near the M̄ Brillouin zone boundary, compared to the rest of the regions.
To enhance the very faint spectral features present in ﬁgure 2b, the area enclosed by
the EDCs in the binding energy region between 1 and 2 eV is normalized and plotted as
the ﬁrst derivative of the intensity maps in ﬁgure 3b. Weaker features that could not be
otherwise observed in ﬁgure 2a now become clearly visible. The data display a series
Pramana – J. Phys., Vol. 84, No. 6, June 2015

1025

D Topwal

¯ M̄ direction
Figure 2. (a) Photoemission intensity map as obtained along the K̄––
¯ M̄
for 12 ML Au ﬁlm deposited on Ag(1 1 1). (b) EDCs corresponding to the –
direction, plotted after normalizing the area enclosed by EDCs in the binding energy
region between 1 and 2 eV. Arrows highlight two prominent, downward dispersing bands (reprinted with permission from ref. [9] copyright 2015, by the American
Physical Society).

of dispersive parabolic Au bands about ¯ symmetry direction which can be attributed to
QWRS. Observation of these weak QWRS suggests that the electrons are only marginally
conﬁned in the Au ﬁlm over a wide energy–momentum range. One simple test of the
quantum size effect is to change the ﬁlm thickness. As the thickness decreases, the difference between the neighbouring allowed values of k increases and so does the energy
difference, hence fewer QWRS are expected for ﬁlms of lesser thickness. Figure 3a shows
QWRS for 7 ML Au ﬁlm which has lesser number of QWRS than the 12 ML case
(ﬁgure 3b) as expected. Here too the spectral features in the sp electron region are very
faint, similar to that for the 12 ML case.
To investigate the origin of the weak spectral features closer to the Fermi level and
to understand the reasons for different degrees of conﬁnement in the energy–momentum
space, comparison is made between the Bloch spectral function (obtained from density
functional theory (DFT) calculations [10–12]) and the corresponding transmission map
calculated for an interface between semi-inﬁnite Au and semi-inﬁnite Ag in the (1 1 1)
direction as depicted in ﬁgures 3c and 3d, respectively [13,14]. Although the Au and
Ag band structures are very similar in this energy region and strongly degenerate, the
Au/Ag interface does not show perfect transmission T 2 = 1. There exists a small but
ﬁnite electron reﬂectivity (R 2 = 1 −T 2 ) of about 0.02 which leads to the formation of
the experimentally observed weak QWRS. The calculated QWRS bands are also very
weakly localized in the Au ﬁlm, as indicated by the colour code in ﬁgure 3c demonstrating the weak conﬁnement. Further, close to ¯ point near the Fermi edge region and at
higher energies in the energy–momentum space around M̄ and near K̄ symmetry points,
1026

Pramana – J. Phys., Vol. 84, No. 6, June 2015

Quantum conﬁnement effects in low-dimensional systems

Figure 3. First derivative of the intensity map plotted for (a) 7 ML and (b) 12 ML
of Au ﬁlm deposited on Ag(1 1 1). (c) Bloch spectral function for a 12 ML Au ﬁlm
on semi-inﬁnite Ag(1 1 1) close to the Fermi level. (d) Transmission at Ag/Au(1 1 1)
interface in the same energy range (reprinted with permission from ref. [9] copyright
2015, by the American Physical Society).

Bloch states are not present in the semi-inﬁnite substrate. These are the regions where the
electron reﬂectivity is very large and explains the formation of prominent Au surface state
and sharp and intense feature (indicated in ﬁgure 2b) in these gaps. These results hence
emphasize that conﬁnement of electrons is a quite general property of metal ﬁlm and
multilayer systems, and the degree of conﬁnement is related to the degree of electronic
reﬂectivity across the interface.
2.2 Inﬂuence of the substrate bands on the QWS
First-principles electronic structure calculations for free-standing Ag(1 1 1) layers depict
sp-derived QWS in the proximity of the Fermi level EF around ¯ symmetry point which
can be labelled with principal quantum number n as shown in ﬁgure 4a [15]. The n =
1, 2, 3 and 4 states as well as the Shockley surface state, are nearly isotropic about the
centre of the surface Brillouin zone, up to 1 eV below EF . However, states with higher
n exhibit less pronounced energy dispersion along M̄ than along K̄ symmetry point, due
to the gap opening at the M̄ point in Ag zone boundary. This results in change in the
shape of QWS contours from circular shape for lower n values to hexagonal-like shape
for higher n values as depicted in ﬁgure 4b.
To study the inﬂuence of substrate bands on QWS, Ag ﬁlm was deposited on Ge(1 1 1)
[3]. sp-derived states of Ag ﬁlms can be truly conﬁned on Ge(1 1 1) substrate owing to
the fundamental gap of the semiconductor. However, the electronic structure of the Ag
Pramana – J. Phys., Vol. 84, No. 6, June 2015
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Figure 4. Ab-initio calculations of a free-standing 13 ML Ag(1 1 1) ﬁlm. (a) QW
¯ K̄ line. (b) sp-QW contours at EF (reprinted with
band dispersion along the M̄––
permission from ref. [15] copyright 2015, by the American Physical Society).

ﬁlm is modiﬁed due to the underlying substrate bands [16]. Literature reports point out
that the parabolic nature of the QWS is abruptly interrupted by multiple discontinuities in
ﬁlms of Al on Si(1 1 1) [17] and Mg on Mo(1 1 0) [18]. Further, in Cu ﬁlms on Co(0 0 1)
the sp-levels bifurcate at certain regions in the energy–momentum space [19]. These
observed perturbations to the ground-state electronic structure of the metal layers are
explained in terms of symmetry-selective hybridization between the ﬁlm and the substrate
states.
Figure 5a shows certain cuts of the experimentally obtained three-dimensional volume data for 17 ML of Ag ﬁlm grown on Ge(1 1 1) revealing energy dispersion relation
between E(Kx ) and E(Ky ) high symmetry directions. The spectral features are dom¯ The parabolic
inated by near parabolic QWS bands centred about the zone centre .
nature of the QWS is interrupted by kinks at multiple positions. On careful examina¯ K̄ direction, shown in ﬁgure 5b, a gap seems
tion of the intensity map along the M̄––
¯ Irreto open up between QWS and bands with downward energy dispersion from .
spective of the ﬁlm thickness, three sets of curves are observed in the data which are
marked by dashed line in ﬁgure 5b and is also represented by full symbols connected by
lines in ﬁgure 5c. Figure 5c also represents with open symbol the calculated topmost Ge
bands labelled as HH (heavy hole), LH (light hole) and SO (split-off) bands [20]. The
observed kinks and the calculated bands coincide suggesting that the modiﬁcations in the
QWS is caused by the hybridization of the Ag electron wave function with those of Ge
bands.
Hybridization also results in the modiﬁcation of the QWS contours as depicted in the
sequence of images in ﬁgure 6. Focussing on the evolution of n = 3 QWS at selected
energies, at 0.36 eV below EF (ﬁgure 6a), n = 3 QWS appears to be rounded hexagonal
which transforms to a clear hexagonal-like energy contour at 0.66 eV below EF in
ﬁgure 6b. It turns almost circular in ﬁgure 6c and surprisingly, in ﬁgure 6d QWS transforms to a hexagonal-like pattern once again but this time rotated in-plane by 30◦ with
1028
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Figure 5. (a) Various cuts of the three-dimensional data showing energy vs. momentum dispersion relations for Ag ﬁlm of 17 ML thickness on Ge(1 1 1). (b) Photo¯ K̄ direction. (c) Substrate bands replotted close
emission intensity maps along M̄––
to ¯ symmetry point, which are classiﬁed as the HH, LH and SO bands. Measured
band edges are denoted by full symbols connected by lines while calculated band
edges are shown by open symbols. Measured Ge band edges are also shown in (b)
as dashed lines (reprinted with permission from ref. [15] copyright 2015, by the
American Physical Society).

respect to ﬁgure 6b. Similar evolution is also seen for n = 2 state. To explore the origin
of the observed behaviour, dotted lines corresponding to the onset of heavy holes (HH)
and light holes (LH) of the Ge band edge are also plotted in the same ﬁgure. Overlapping
of the QWS contours and Ge band edges clearly explains that the modiﬁcations to the
QWS is due to its proximity or hybridization with the Ge band edge states [15,16].

3. One-dimensional conﬁnement
For conﬁning electrons in one-dimension, systems need to be chosen and prepared accordingly. One such system is silicon nanowires grown on Ag(1 1 0). Figure 7a shows the
scanning tunnelling microscopy (STM) image of Si nanowires which arrange themselves
in a densely packed regular arrangement. These nanowires are 1 ML thick and have a
width of about 2 nm [21]. In this arrangement, electrons of Si are free to move only along
the length of the nanowires, i.e. along [1̄ 1 0] direction, while their motion along the other
two directions, i.e. along [0 0 1] and [1 1 0] directions (normal to the surface of the substrate) is restricted. The effect of such a conﬁnement on the electronic structure or band
structure is studied via angle-resolved photoemission spectroscopy. Figures 7c and 7d
Pramana – J. Phys., Vol. 84, No. 6, June 2015
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Figure 6. Constant energy cuts of the electronic structure of a 17 ML Ag ﬁlm grown
on Ge(1 1 1). The n = 3 QW contour appears to be a rounded hexagon at EF = 0.36
eV (a), clearly hexagonal at EF = 0.66 eV (b), round at EF = 0.81 eV (c) and again
hexagonal-like at EF = 1.11 eV (d). The symmetry axes of the hexagonal-like QW
contours in (b) and (d) are clearly rotated by 30◦ with respect to each other. Dash–
dotted and dotted lines in (a)–(d) indicate the onset of the heavy hole and light hole
Ge band edges, respectively, as described in the text (reprinted with permission from
ref. [15] copyright 2015, by the American Physical Society).

represent band dispersions measured using 78 eV photon energy along and perpendicular
to the length of the nanowire, i.e. along [1̄ 1 0] and [0 0 1] directions, respectively. In
the direction perpendicular to the nanowires, where there is conﬁnement, dispersionless
band behaviour is indicated by S2, S3 and S4 in ﬁgure 7d, while along the length of
the nanowires, where there is no conﬁnement, highly dispersive π and π ∗ bands of Si
are observed as seen in ﬁgure 7c [21]. Modiﬁcations to the electronic structure due to
one-dimensional conﬁnement is also visible in the constant energy contours as shown in
ﬁgure 7b, where vertical lines are observed along the length of the nanowires where Si
electrons are free to move, but their horizontal motion is restricted due to conﬁnement
effects.
Apart from the one-dimensional conﬁnement effects, the Si/Ag(1 1 0) system has pronounced similarities to graphene, where both the systems consist of single monolayers
with hexagonal arrangement of atoms [22,23] and is termed as Silicine [24]. Band dispersions along the length of the Si nanowires show linearly dispersing π and π ∗ bands close
1030
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Figure 7. (a) STM image of the dense array of Si nanowires forming a 1D grating
with a pitch of ∼2 nm. (b) Constant energy cuts at EF = 1.5 eV through the electronic
structure of Si nanowires grown on Ag(1 1 0). Band dispersion for the array of Si
nanowires (c) along the length of nanowires (d) perpendicular to the nanowires
(Figures 7a, 7c, 7d reprinted with permission from ref. [21], copyright 2015, AIP
c IOP Publishing. Reproduced with permission
Publishing LLC, while ﬁgure 7b 
from ref. [25]. All rights reserved.)

to EF at X̄ point [21], having close analogy with the π and π ∗ bands of graphene forming
the Dirac cones.
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