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a b s t r a c t

We study the influence of energy levels broadening and electron subsystem overheating in island elec-
trode (cluster) on current–voltage characteristics of three-electrode structure. A calculation scheme for
broadening effect in one-dimensional case is suggested. Estimation of broadening is performed for elec-
tron levels in disc-like and spherical gold clusters. Within the two-temperature model of metallic cluster
and by using a size dependence of the Debye frequency the effective electron temperature as a function of
bias voltage is found approximately. For helium temperature of ion subsystem, the heating temperature
of electrons in a quantum disc is almost one order of magnitude higher than that in a sphere; it achieves
thousands of Kelvin. We suggest that the effects of broadening and electron overheating are responsible
for the smoothing of current–voltage curves, which is observed experimentally at low temperatures in
structures based on clusters consisting of accountable number of atoms. However, a role of the broaden-
ing is much more significant.

� 2009 Elsevier B.V. All rights reserved.

1. Introduction

The ultradispersed metallic systems are prospective objects of
nanotechnology. Therefore understanding of their physical proper-
ties is of scientific and hopefully of practical interest.

Transport of electrical charge across a nanoscale tunnel junction
is accompanied by many effects, such as the Coulomb blockade of
the average current, transfer of energy between electrons and ions,
and consequently heating of the junction. In nanometer scale de-
vices electron transport can occur through well-resolved quantum
states. If the temperature is increased, the Coulomb and quantum
staircases of current are gradually smeared out by thermal fluctu-
ations (see, for example [1,2]).

Simple tunnel construction can be schematically represented by
the distinctive ‘sandwich’ [3–6]: Au(111) thick film/dielectric
nanofilm/isolated Au cluster/vacuum gap/polycrystalline Au (a
tip of STM). The monoatomic disc-shaped [3,4] or spherical-like
[5,6] gold clusters self-organize on the dielectric layer.

Some of the experimental features of the I—V curves were
investigated in Ref. [7] including the current gap in the low tem-
perature limit [8]. However, the fact of smoothing of staircases
for granule-molecule at low temperatures is still not understood
[1–6]. Such a smoothing is typical for molecular transistors. More-
over, the observed width of current gap decreases significantly as
temperature increases from 5 K to 300 K in structure based on

disc-shaped cluster with the radius �2 nm [3]. However, for spher-
ical granules, of radius �1 nm, a similar dependence of current gap
cannot be traced back by a comparison of gaps at T ¼ 30 [5] and
300 K [6].

Such ‘anomaly’ of the temperature dependence in the regime of
the Coulomb blockade and strong quantization can hardly be ex-
plained within the concept of a quasi-equilibrium electronic gas
and resonance tunneling through the stationary electronic states
[9–11].

The aim of this paper is to analyze two mechanisms: (i) the
broadening of electronic levels due a tunnel effect, (ii) electronic
gas heating in the isolated metallic clusters of disc-like and spher-
ical shape in presence of bias voltage. Absence of clear steps of the
Coulomb and quantum staircases on the experimental current–
voltage curves of single-electronic devices at the low temperatures
is explained by these effects.

In the typical electronic circuit the current flow leads to the
non-equilibrium regime of interaction between electron and the
phonon (ion) subsystems. Dynamics of a relaxation of non-equilib-
rium electrons was examined in metals [12–14], continuum films
[15,16], nanowires [17–21], granular films [16,22–26], free clusters
[27,28], including the regime under the action of the pico- and
femtosecond laser pulses [16,29–31]. Very few papers deal with
the direct experiments with the free metal clusters within ultra-
short pulse duration (see [32,33] and references therein). Kinetics
of the relaxation between electrons and lattice can be traced with-
in the pump–probe scheme, where the pump and probe pulses are
both very short in duration with respect to the characteristic time
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scale of the process, and the delay between the two pulses is
varied.

Predicted earlier size dependence of the Debye temperature
[34] is experimentally confirmed in Ref. [35] and it is determined
precisely by temperature-dependent study in Ref. [36]. Suppres-
sion of the electron–phonon interactions in granules is a result of
deformations of a phonon spectrum in these systems. This interac-
tion can be suppressed so that electron–electron interaction ap-
pears as a basic mechanism of dissipation affecting a particle
energy. This leads to the overheating of electronic subsystem
which can be described by Fermi statistics with some effective
(raised) temperature while the ionic subsystem temperature varies
only slightly. It is supposed that the relaxation of the non-equilib-
rium electrons in small metal particles, films [22–25] and wires
[37,38] occurs due to excitation of the Rayleigh waves or surface
acoustic phonons.

According to the Weyl’s theorem (see Ref. [39]), it is possible to
separate the bulk and surface acoustical phonons only for the large
metal sample. For small-sized samples the modes are mixed, a
sound velocity becomes indefinite and, as a rule, in practice it is
used as a fitting parameter. On the other hand, measurements of
an electron–ion power exchange in the free clusters Naþ16—250 [33]
have demonstrated that, for reasonable estimations, it is quite pos-
sible to use the concept of bulk phonons, but with the account of
the size dependence of the Debye frequency. Such an approach
for the metallic nanoclusters, films and wires can be considered
as an extrapolation.

2. Broadening of levels

The scattering matrix relates the initial state and the final state
for an interaction of particles. The free electronic states of the clus-
ter do not decay so they are stationary. For free clusters the poles of
the scattering matrix SðkÞ, located on the real axis at the plane of
complex values of waving numbers k, correspond to the stationary
states.

If a cluster is placed between electrodes, its electronic states be-
come quasi-stationary. Broadening occurs due to a tunneling effect
by analogy with the formation of energy bands in a crystal. The
broadening increases with the increase of the bias voltage applied
between electrodes. Both tunnel barriers are three-dimensional.
Therefore, the problem of calculation of broadening, in general
case, is far from being trivial. An analytical solution of resonance

tunneling problem is possible only for one-dimensional geometry
and rectangular barriers (see [40]).

According to the uncertainty principle broadening effects are
related to the finite life time. Self-energies of the quasi-stationary
states become complex and their imaginary parts describe levels
broadening. The poles of the S-matrix corresponding to these states
are located in the lower half of the complex plane wave number k.
The state with well defined energy is accordingly replaced by the
Lorentz distribution with the scale parameter which specifies the
half-width at half-maximum cp:

LpðeÞ ¼
1

2p
cp

ðe� epÞ2 þ c2
p=4

: ð1Þ

Here an index p denotes the set of quantum numbers (except
for a spin) which correspond to the single-electron state with en-
ergy ep (Fig. 1). LpðeÞ ! dðe� epÞ as cp ! 0 where dðxÞ is the Dirac
d-function.

Taking into account the broadening function, the electron den-
sity of states can be expressed as

qðeÞ ¼ 2
X

p

LpðeÞ; ð2Þ

where the factor 2 takes into account a spin degeneracy.
Current flowing through a quantum granule (with limitation on

its Coulomb instability [7]) is determined by the equality condition
between the emitter and collector currents ðIe ¼ Ic � IÞ or

�e
Xnmax
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Pn we
n

!
�we
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 � �
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Pn wc
n

!
�wc

n

 � �
: ð3Þ

The probability Pn of finding of n ‘surplus’ ðn > 0Þ or ‘failing’
ðn < 0Þ electrons at central electrode is defined by the master
equation in the stationary limit. In reality, one calculates the re-
duced current eI � I=ðeP0C

eÞ where Ce;c are tunnel rates, i.e. proba-
bilities (contact transparencies) per unit time, ð�eÞ is the electron
charge. In order to find Pn–0=P0 the recurrent relation is used:

Pnþ1 ¼ Pn
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n

wout
nþ1

; ð4Þ
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tunneling streams, accordingly. Here the upper/under arrows and
indexes ‘e, c’ denote the emitter-granule and collector-granule
and back transitions in accordance with arrows direction.

Taking into account the broadening of levels for V > 0, we have
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Fig. 1. The energy diagram for tunnel structure based on the non-magic granule
(sphere or disc) before application of voltage. L ¼ 2R and H for spherical clusters
with a diameter 2R and a disc with thickness H, accordingly.
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where f ðe� l; TÞ ¼ f1þ exp½ðe� lÞ=kBT�g�1 is the Fermi–Dirac
distribution. For the sake of simplicity, we neglect here the energy
dependence of Ce;c [7].

Because of the applied voltage and charging of a granule [7], the
spectrums and the chemical potentials are shifted:

ee
¡

¼ ep þ eECðn� 1=2Þ � egþV ;

ec
¡

¼ ep þ eECðn� 1=2Þ þ eð1� gþÞV ;

Ue
¡

¼ �ed/þ eECðn� 1=2Þ � egþV ;

Uc
¡

¼ �ed/þ eECðn� 1=2Þ þ eð1� gþÞV ;

� le
V �We

0; le;c
C

¡

¼ lg þ Ue;c
¡

; lc
V ¼ lc

0 � eV :

Here the upper/under arrows at the left correspond to the fol-
lowing signs at the right. ep is electron spectrum in a cluster in ab-
sence of both the voltage and charging; eEC ¼ e2=C is the
characteristic Coulomb energy of charging, where C is self-capaci-
tance of a single granule in vacuum; We

0 � �le
0 is a work function

of semi-infinite metal; lg is a electron chemical potential of gran-
ule; d/ ¼ ðlg � le;c

0 Þ is a contact potential difference between clus-
ter and electrodes.

For V > 0 the fraction of voltage reads

gþ ¼ de þ �L=2
�ðdc þ LÞ þ de

; ð9Þ

where L � 2R and H for a sphere and disc, accordingly, � is a dielec-
tric constant of film which covers the left electrode. gþV is the po-
tential in a coordinate z ¼ de þ L=2 in the case of absence of cluster
(it is assumed that the electric field in the cluster is screened com-
pletely). For V < 0 the voltage fraction g� equals 1� gþ.

As an approximation, the profile of the one-electron effective
potential in the cluster can be represented as a potential well of
the depth U0 < 0 (particle-in-a-box model). The three-dimensional
Schrödinger equation for a quantum box can be separated into
one-dimensional equations. The spectrum of wave numbers in a
spherical and cylindrical potential wells are determined from the
continuity condition of a logarithmic derivative of the wave func-
tion on the boundaries.

Neglecting the area near cylinder edges, the energy spectrum in
metal nanodisc is found by a simple way [7,8] as follows:

ep ¼ U0 þ
�h2

2me
ðk2

nz
þ k2

?Þ; ð10Þ

where U0 < 0 is the position of conductivity band of a semi-infinite
metal, k? is a solution of wave equation for radial direction. Quan-
tization of the wave number knz along the cylinder axis is deter-
mined by the solution of the equation:

knz H ¼ nzp� 2 arcsinðknz=k0Þ; ð11Þ

where nz is the integer number, �hk0 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mejU0j

p
[41]. Since the tun-

neling takes place mainly in z-direction, ‘partial’ broadening of knz

spectrum corresponds to general spectrum ep.
In order to calculate the electron levels broadening in quantum

metal disc, let us consider the decay of cluster’s states due to the
tunneling. For simplest potential profile which corresponds to
Fig. 1, we use the solution of the Schrödinger equation in the form:

wðzÞ
!
¼

eiknz z þ B1e�iknz z; z < 0;
A1ejnz z þ B2e�jnz z; 0 < z < de;

A2eiknz z þ B3e�iknz z; de < z < de þ H;

A3ejnz z þ B4e�jnz z; de þ H < z < de þ H þ dc;

A4eiknz z; z > de þ H þ dc

8>>>>>><>>>>>>:
ð12Þ

for the electrons moving from the left to the right and

wðzÞ
 
¼

e�iknz z þ B5eiknz z; z > de þ H þ dc;

A5e�jnz z þ B6ejnz z; de þ H < z < de þ H þ dc;

A6e�iknz z þ B7eiknz z; de < z < de þ H;

A7e�jnz z þ B8ejnz z; 0 < z < de;

A8e�iknz z; z < 0

8>>>>>><>>>>>>:
ð13Þ

for the stream falling from right to left, respectively. Here

�hjnz ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mejU0j � �h2k2

nz

q
.

Using the continuity condition of the wave functions on the
boundaries z ¼ 0; de; de þ H and de þ H þ dc we obtain the system
of equations for the determination of the coefficients A and B which
we then solve numerically by the LU-expansion method.

A total wave function can be written using the S-matrix as

wðzÞ � fwðzÞ
 
�S wðzÞ

!
g:

For any coordinates inside the electron reservoirs (left and right
electrodes), z ¼ z	 6 0 or z	 P de þ H þ dc (H ¼ L for disc at Fig. 1),
one can calculate the matrix

S ¼ ðw
 
=w
!
Þjz¼z	 : ð14Þ

By the Muller’s method we calculate the pole of S-matrix at the
lower half-plane of the complex wave numbers k, in the vicinity of
point knz . The imaginary part of the energy �h2k2

nz
=2me gives the en-

ergy broadening.
It is easy to generalize a method on V – 0 regime. In this case

underbarrier wave functions will be expressed through the Airy
functions.

For estimation of the broadening in a spherical cluster, it is pos-
sible to use the solution of the well-known problem for open dot –
spherically symmetric potential in depth U0, of radius R and barrier
thickness dc. We define broadening by analogy with the book [40]
as

cp 
 8e�2jpdc
�h2k3

pj3
p

mek4
0ð1þ jpdcÞ

ð15Þ

for e�jpdc � 1.

3. Balance equation

The two-temperature model describes a system of electrons and
ions, which is out of equilibrium between electronic and ionic sub-
systems. For a metallic sample, this condition can be fulfilled, pro-
vided one applies an electric field.

In a two-temperature model a balance equation in a cluster in
presence of voltage has the simplest form

X
@ðceTeÞ
@t

¼ PðTe; T iÞ � QðTe; T iÞ; ð16Þ

X
@ðciT iÞ
@t

¼ QðTe; T iÞ; ð17Þ

where ce;i is specific heat capacity of electronic and ionic subsys-
tems (with temperatures Te and T i, respectively) of cluster with
the volume X; P is a input power, Q is the exchange energy be-
tween electrons and ions per second.
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Since the specific heat of the electronic subsystem is much
smaller than that of phonons, the electron–electron and the pho-
non–phonon processes are much faster than the electron–phonon
processes, i.e. the characteristic relaxation time for the electron
subsystem temperature is much shorter than that for the phonon
subsystem. The result is that when injecting power into the metal
cluster, the electron temperature grows very rapidly until the en-
ergy flux from electrons to phonons becomes equal to the absorbed
power so that the local equilibrium in the electron subsystem is
achieved ðdTe=dt ¼ 0Þ,

PðTe; T iÞ � QðTe; T iÞ ¼ 0: ð18Þ

The injected power can be counted up by simple way in the
form

P� ¼ I�g�V�; ð19Þ

using the experimental IðVÞ dependence. I=e is the electron stream,
and the value egV equals approximately the energy diapason for in-
jected electrons ðeV �W0Þ. We assume the input power to be the
one which is measured by the external apparatus (this is what is
most likely in the straightforward experimental realization). The
dissipation does not only take place in the cluster, but also in the
contacts and in the electrodes. Then Ið1� gÞV corresponds to the
energy dissipation channels.

For Q we use the result of Ref. [13], derived for any tempera-
tures of electrons and lattices of massive metals, on the basis of ki-
netic equation:

QðTe; T iÞ ¼ X
2

ð2pÞ3
m2

eU2
e-phk5

BT5
D0

�h7qs4

� Te

TD0

� �5 Z TD0=Te

0

x4dx
ex � 1

� T i

TD0

� �5 Z TD0=T i

0

x4dx
ex � 1

( )
:

ð20Þ

Here Ue-ph is the electron–phonon interaction constant, TD0 is
the Debye temperature in a massive metal, q is the density of
Au, and s is the ‘average’ sound speed.

For low-dimensional object of a volume X and surface area S the
size dependence of the Debye temperature in quasi-classical
approximation is given by [34]:

TD ¼ TD0
1þ pn=8

1þ pn=4þ ðn=3Þ2
; n ¼ 1

kWS

S
X

ð21Þ

where kWS ¼ ð6p2=tÞ1=3 is the maximum wave number in a massive
metal, t ¼ 4pr3

0=3, and r0 is the atom density parameter
(r0 ¼ 0:156 nm for Au).

After that, the expression (20), in which a replacement TD0 ! TD

(21) is performed, is substituted in (18). Under the assumption of
the equality between the temperatures of the ionic subsystem T i

(constant throughout the tunnel structure) and thermostat, and
from the solution of (18), one can find an electronic temperature
Te, which characterizes the Fermi distribution (see (5) and (8)).

Indeed, within the self-consistent consideration of the problem,
the phonon spectrum of nanoclusters has to be discrete. However,
in order to provide an estimate for the kinetic temperature, we
decided that it is possible to use a ‘mixed’ model, in which Debye
frequency depends monotonically on the size of a particle (quasi-
classical approximation). In our opinion, in this approach, the
quantum-size contribution to the phonon spectrum does not lead
to significant changes of the results for clusters consisting of hun-
dreds atoms. (Reasonable accuracy of the expression (21) was
demonstrated in experiment [35] where X-ray scattering was stud-
ied on gold clusters with diameters ranging from 1.5 to 4.3 nm.)

When considering a transition from massive metal to small me-
tal cluster, input parameters should depend on system’s sizes. The

formula (20) is rather sensitive to the choice of parameters (for
example, to the sound velocity, whose determination can be con-
sidered as another problem). Therefore, in this paper, we only
make an attempt to estimate electron kinetic temperature in small
cluster through which the tunnel current flows.

4. Results and discussion

We consider Au discs of monoatomic thickness whose radii vary
in the range 2R ’ f1; 8:5g nm and which contain ’ f14; 103g
atoms. Similarly, the spherical clusters with 2R ’ f1:4; 2:8g nm
contain ’ f100; 600g atoms. (In Refs. [5,6] cluster sizes are given
in terms of monolayer numbers; therefore, we used normalized
curve from Fig. 1 of Ref. [42] in order to express these sizes in
terms of nanometers.)

In this work calculations are performed for structures based on
clusters, for which I—V curves were measured at different temper-
atures, namely, for a disc with a diameter 2R ¼ ð4� 0:5Þ nm and
thickness H 
 0:3 nm [3] and for spheres with 2R ¼ ð2� 0:35Þ nm
[5,6]. Because of the uncertainly of sizes and number of atoms,
we used the Jellium model and found that disc and sphere contain
240 and 248 atoms, accordingly. Then eEC ¼ 0:44 and 1.31 eV for
the disc and sphere, respectively. In spite of the fact that volumes
of these two clusters are nearly the same, a difference between
their shapes produces a significant mismatch in eEC.

The calculations of the characteristic Coulomb energy of charg-
ing eEC, using self-capacitance of a single granule in vacuum, dem-
onstrated [7] that these C values are too small for the width of the
current gap to be explained. Therefore we determine the character-
istic energy of clusters charging as eEC ¼ e2=Ceff . Effective capaci-
tance Ceff ¼ ðRþ dÞ is used in order to explain experimental
results for spherical clusters. The additional small quantity d is
caused by an increase of radius of the charging electron ‘cloud’.
For gold d is equal approximately to 0.1 nm [41]. The most obvious
example is the case of a disc, since almost half of the disc surface
contacts to the dielectric film with � ¼ 3. In this case Ceff is esti-
mated as a capacitance of the spheroid with minor axis of length
H. A major axis a is obtained from a condition
pR2H ¼ 4paðH=2Þ2=3. Thus, we have

Ceff ¼
1þ �

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 � ðH=2Þ2

q
arccosðH=2aÞ :

We note that the value of the capacitance is sensitive to the
shape of the granule surface so that even small deviation from
the spherical shape can change significantly the capacitance.

Clusters under consideration are non-magic. The Fermi level lg

and levels of lowest unoccupied eLU and occupied eHO electron
states in the clusters are in line. Spectrums were calculated and re-
ported in our earlier works [7,8].

Taking into consideration the conditions of experiments [3–6]
and the symmetry of measured I—V curves, the following numbers
have been chosen as input parameters in our calculations:
de ¼ 1 nm; dc ¼ 0:1 nm (Fig. 1), and b � Ce=Cc ¼ 2 and 1/2 for
structures based on a disc and sphere, accordingly.

Calculated I—V curves for different magnitudes of a parameter b
were analyzed in Ref. [7] where the effects of broadening and over-
heating were neglected. As follows from the expression

DVg ¼
eEC

2e
1

2� gþ
þ 1

2� g�

� �
;

the width of the current gap is independent on b. However, the cur-
rent jumps are very sensitive to the value of b which, in its turn, has
no influence on threshold voltages. With the growth of b, the slope
of the parts of I—V curves which correspond to V > 0=V < 0, de-
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creases/increases, respectively. For granular films a theory of Ref.
[43] gives a similar result, however, measurements of Ref. [43]
demonstrate the influence of tunneling resistances (in other words,
of parameter b) on the current gap width.

We perform calculations for gold clusters with the electron–
phonon interaction constant Ue-ph ¼ 1 eV [25], the Debye tempera-
ture TD0 ¼ 150 K, the density of Au q ¼ 19:3� 103 kg=m3, and the
‘average’ sound speed s ¼ 1500 m=s [36].

The size dependences of the Debye temperature TDðRÞ were
analyzed taking into account Eq. (21). The actual forms TDðRÞ in a
wide range of sizes are plotted in Fig. 2. Different asymptotic
behaviors of these two curves is due to the fact that in Eq. (21)
at R!1, one has S=X! 0 for spheres and 2=H for discs.

The injected power leads to the overheating of the electron sub-
system. With the increase of the bias voltage V the number of elec-

trons relaxing in the granule increases significantly. Among them
are all the electrons with energies in the interval egV below the
Fermi level of the granule, since the flow of tunneling electrons in-
creases from low lying levels, thereby, involving large number of
conductivity electrons to the relaxation process. The granule does
not fragmentize during the significant overheating of the electron
subsystem, because the I—V curves are reproduced during the cyc-
lic changes of the bias voltage [3–6].

The dependences TeðVÞ for two structures based on sphere and
disc (temperature of ions 5 K and 30 K, accordingly) are also plot-
ted in Fig. 2. One can observe strong dependence of electronic ki-
netic temperature on voltage. Heating of electrons in a disc is
much more intensive than in a sphere: the corresponding temper-
ature is almost one order of magnitude higher and it achieves
thousands of Kelvin. It is of interest to note that the tunneling cur-
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Fig. 2. Size dependences of the Debye temperature TDðRÞ in spheres (solid line) and
discs (dashed line). Values of TDðRÞ are depicted (�) at the curves, and these values
are then used in calculations of electron heating in the sphere and disc. For these
two clusters, voltage dependences of electronic kinetic temperature TeðVÞ are
presented too.

Fig. 3. Size dependences of the electronic kinetic temperature TeðNÞ in spheres
(solid line) and discs (dashed line) for different values of injected power
P ¼ 10a

P0; P0 ¼ 10�12 W. N is the number of atoms.

Fig. 4. Calculated eI—V curves for structure based on spherical cluster of the radius
of 1 nm at two values of two-temperature of structure and 1 – Te ¼ T i ¼ T (i.e.
without the account of broadening and overheating), 2 – with the account of only
overheating, 3 – with the account of only broadening, 4 – with the account of both
the broadening and overheating. 5 – Experimental curves [5,6]. For presentation
purposes, the curves are shifted slightly in a vertical direction. In the experiments,
the width of the current gap DVg is 0:55� 0:1 V at T ¼ 30 [42] and 300 K [6].
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rent in 1 pA only is provided by�106 of electrons per second that is
a significant number for the granule, which contains hundreds of
conductivity electrons.

In the recent article [16] a thermo- and photoemission charac-
teristics of Ag and Au granular films under the action of the pico-
and femtosecond laser pulses were investigated. One of the conclu-
sions of [16] is the fact of increase of the kinetic electron temper-
ature with decrease of cluster size for P ¼ const. Also the
estimation of electron temperature in 2800 K for Au granule with
5 nm diameter was given. The results of our calculations, which
are presented at Figs. 2 and 3, are in agreement with these
conclusions.

The calculated I—V characteristics for structures, based on
spherical and disc clusters, are plotted in Figs. 4 and 5. At low tem-
peratures, the calculated values of gap width DVg are in accordance
with the experimental data for a structure on disc-like cluster

(Fig. 5). An approximately 1.5 times difference for a structure on
a spherical cluster (Fig. 4) can be possibly attributed to the fact that
we have neglected the mutual capacities effect (the dependence ofeEC on the mutual location of the electrodes within the tunnel
structure).

The broadening of the levels mimics a quasi-continuous spec-
trum in a cluster. The calculation of broadening cðeÞ is performed
for disc in absence of a bias of a voltage. This approximation has
to be considered as an estimate of a minimum broadening for
the whole eIðVÞ curve (here b ¼ Ce=Cc is input parameter). In the
disc-shaped dot, the electron states are realized only with ‘sub-
bands’ nz ¼ 1 and 2. States with nz ¼ 1 almost do not decay. The
broadening of the levels with nz ¼ 2 equals approximately 0.7 eV.
Fig. 6 demonstrates the dependence of broadening on the width
of the tunnel junction. Estimation of broadening in spheres is
rather rough, since it does not take into account obvious three-
dimensionality of the tunnel junctions.

It can be noted that it is not possible to calculate separately the
tunnel rates Ce; Cc and values of broadening ce; cc for the disc in
the structure with two tunnel junctions. Only in the case of nonin-
teracting electrons and one gate model, the tunneling probability
from level em to jth electrode is CjðemÞ ¼ 2pc2

m;jqjðeFÞ=�h, where qj

is the density of final state [44]. Moreover, in order to calculate I
we have to know P0 (see (3)), the problem of computation of P0

being rather hard.
Width DVg for non-magic clusters is determined only by charg-

ing energy eEC. An overheating in current gap is not substantial, be-
cause injected energy is minimal. At T ¼ 300 K our calculation
gives DVg, in satisfactory agreement with experiment for structure
based on the disc. The result for a disc however is quite sensitive to
the temperature. It can be due to the change of cluster shape and
its metallic properties because of the thermal fluctuations.

Steps of the Coulomb and quantum staircases are clearly visible
outside the region of current gap in I—V curves, which are calculated
neglecting the broadening and the overheating. The broadening and
the overheating give similar results in smoothing of staircases for
granule-molecule at low temperatures (however, a role of the broad-
ening is much more significant). It is check out by plotting the differ-
ential conductance deI=dV . Unfortunately, in experiments [3–6], the
differential conductance dI=dV was not reported.

5. Conclusion

In this work the semi-empiric estimations of two mechanisms
are performed: (i) broadening of electronic levels due to a tunnel

Fig. 5. Calculated eI—V curves for structure based on cluster-disc of the radius 2 nm
at two values of two temperature of structure and 1 – Te ¼ T i ¼ T (i.e. without the
account of broadening and overheating), 2 – with the account of only overheating, 3
– with the account of only broadening, 4 – with the account of both the broadening
and overheating. 5 – Experimental curves [3]. In the experiments, the width of the
current gap DVg ¼ 0:3� 0:075 V at T ¼ 5 K and DVg ! 0 at T ¼ 300 K.

Fig. 6. Calculated dependences of ‘work subband’ broadening cF vs. granule-
collector distance for three-electrode structure based on the sphere with R ¼ 1 nm
(solid line) and disc with R ¼ 2 nm (dashed line).
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effect, (ii) heating of electronic gas in the isolated metal clusters in
presence of bias voltage. The calculations are carried out for two
gold clusters of close volume and different shapes (cylindrical
and spherical).

A calculation scheme of S-matrix poles for the broadening effect
in simplest model of rectangular barriers of three-electrode struc-
ture is suggested. For monoatomic disc of Au, containing approxi-
mately 250 atoms (DeF 
 f0:2; 0:5g eV [8]), the broadening of
‘work subband’ cF 
 0:7 eV (DeF and cF are the difference between
discrete levels and the ‘average’ broadening of the levels in the
vicinity of the granule’s Fermi level, accordingly). Due to the small
thickness of right barrier ðdc ¼ 0:1 nmÞ, calculations lead to a
noticeable broadening (Fig. 6). We expect that cF is weakly depen-
dent on bias voltage in the range ±1 V, because the height of tunnel
barriers W0 ¼ 5:13 eV.

In the framework of two-temperature model of metal cluster,
and by using a size dependence of the Debye frequency, the effec-
tive electron temperature vs. bias voltage is found approximately.
For helium temperature of ion subsystem, the heating temperature
of electrons in a quantum disc is almost one order of magnitude
higher than that in a sphere; it achieves thousands of Kelvin. Note
that results for electron temperature in the clusters, presented in
Fig. 2, are somewhat overestimated, because we did not take into
account the process of heat transfer from the metal cluster to the
substrate. Nevertheless, our simple scheme of electron heating
gives the size-dependent electron temperature that is in qualita-
tive agreement with the experimental results for free clusters
[33] and granular films [16].

We suggest an explanation for the effect of smoothing of cur-
rent–voltage curves in structures based on clusters consisting of
accountable number of atoms which was observed experimentally
at low temperatures. We believe that smoothing effect can be
attributed to the electron levels broadening. Effect of hot electrons
is not almost noticeable at calculated eI—V curves.

The indicated mechanisms can violate the basic inequalities,
which have to be fulfilled for single-electronic devices to be able
to workeEC; DeF � kBT;

because, in these conditions, it is necessary to replace DeF by
DeF � cF and T by Te.

Fabrication of elements stable in terms of their sizes and shapes
is one of the key problems of nanoelectronics. For technological
purposes, the use of structures based on metallic clusters is prob-
lematic from the viewpoint of reproducibility, because these clus-
ters are self-organized both in sizes and shapes. Hopefully, this
problem can be solved on a picoelectronics level by using individ-
ual atoms of metal, each atom being covered by a dielectric shell
(for instance Zn@C28 clusters [45]). This approach seems to be
more perspective, since it is easier to control tunneling contacts
between atoms. It turns out to be a difficult task to describe a de-
vice based on such a cluster by using simple models: in particular,
because it is not possible to use a charging energy eEC as an infor-
mative parameter. For this purpose it is necessary to know an elec-
tron affinity and ionization potential of metal atom in the shell of
carbon atoms. Moreover there will be no effect of overheating ow-
ing to the lack of a free electron gas in the Zn@C28.

A thermoemission current depends exponentially on the ratio of
granule electron work function and the kinetic temperature.
Change of current is substantial, provided that the temperature is
changed in tens of times. We suppose that the broadening of the

levels must be also taken into account for the proper description
of thermo- and photoemission in similar structures [16].
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