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The microscopic model of suppressing thermal smearing of electrons in reso-
nant tunnelling structures with nonlinearity due to electron-phonon interac-
tion under the assumption of the presence of degenerate levels in the quan-
tum well is proposed. The electron-phonon interaction results in an effective
attraction with breaking the degeneracy and lowing the energy level. We note
the manifestation in this model of the Fano effect associated with multichan-
nel tunnelling. As an example, the effect of suppressing the thermal spread
of electrons in a nanotransistor with a metal quantum dot is considered and
compared with the experiment. A rather significant (about 200 K) heating of
the quantum dot was detected caused by the passage of a current through the
nanotransistor. Despite heating, the effect of cold electrons filtration is
clearly observed. The theory and experiment were found to be in a good
agreement.

Key words: resonant tunnelling, quantum dot, electron-phonon interaction,
degenerate levels, filtration of electron thermal smearing.

3amnporoHOBAaHO MiKPOCKOIIIUHY MOJeJIb IPUTHIUyBAHHSA TeMIIEPaATyYPHOI'O PO-
B0y eJIEKTPOHIB Y PE3OHAHCHUX TYHEJbHUX CTPYKTYpax 3 HeJiHiHiHicTIo,
00yMOBJIEHOIO eJIeKTPOH-(DOHOHHOIO B3AEMO/I€I0 B IPUITYIIIeHHI HasgBHOCTi BU-
POIKeHuX PiBHIB y KBaHTOBill sami. EjlekTpoH-oHOHHA B3aEMOMisl IIPU3BO-
IUTH M0 e(PeKTUBHOTO MPUTATAHHSA 31 3HATTAM BUPOMKEHHS Ta 3HUIKEHHAM
eHepreTu4yHOTro piBHa. Mu BigsHauaemMo, 110 y 3alIPOIOHOBAaHIN MOIeJIi IIPOsAB-
aseTbed epeKT PaHOo, OB’ A3aHUN 3 0araTOKAaHAJLHUM TYHEJOBAHHAM. SIK
IIPUKJIAJ, POSTJIAHYTO eDEKT IMIPUTHIYEHHS TEIJIOBOTO POSKUAY €JEKTPOHIB B
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HAHOTPAH3UCTOPI 3 MeTaJIeBOI0 KBAHTOBOIO TOUKOI0. BHUABIEHO JOCUTH 3HAUHE
(6auspko 200 K) HarpiBaHHA KBAaHTOBOI TOUKM, BUKJIUKAHE IMPOXOMKEHHAM
CTPYyMYy uepe3 HaHOTpaH3ucTop. HesBarkawouu Ha HarpiBaHHA, epexkT (iabT-
parii XoJ0MHUX eJIEKTPOHIB YiTKO cmocTepiraerbcsa. Teopid Ta eKCIIepUMEHT
Iobpe y3roaKyThCA.

Karouori caoBa: pesoHAHCHE TYHEJNIOBAHHS, KBAaHTOBA TOYKA, €JIEKTPOH-
(GoHOHHA B3aEMOJidA, BUPOJ:KeHi PiBHi, QiibTPyBaHHA TEPMIiUYHOTO PO3KUIY
eJIEKTPOHIB.

(Received September 2, 2020 )

1.INTRODUCTION

The use of nanodevices based on quantum dots for information pro-
cessing seems to be very promising for the practical application [1, 2].
However, their characteristics are washed out at room temperatures,
which is a serious drawback to a practical use. It seems very actual to
overcome this objection.

Recently, several groups of researches [3, 4] reported about a few
nanometre silicon point-contact quantum dot (QD) (the so-called ‘sin-
gle-electron transistor’), which can operate at room temperature. It
was shown that if the QD size is sufficiently small (<10 nm), any spac-
ing between excited states is much greater than T ~ 25 meV such that
these states control electron tunnelling across the QD even at room
temperatures.

In Ref. [5] it was reported about a nanotransistor with the property
of controlled changing of conductivity that was not exposed to temper-
ature. The device consists of a nanoparticle of a size of 10 nm made of a
semiconductor or of a metal (served as a QD) embedded in a matrix of
Si0, that was positioned on an insulating layer of Cr,0;.

The authors of this paper explained the phenomenon by taking into
account two factors. The first one is an existence of the Coulomb block-
ade, which leads to the appearance of current steps in current-voltage
characteristics. The second one is the formation of a three-barrier
structure, in which current carriers pass sequentially through the
quantum well and QD. In such a structure, the suppression of the
thermal spread looks like a successive transition of electrons between
levels with emission of phonons [6]. However, the emission of phonons
automatically leads to heating of the nanostructure, which was not
taken into account in this work.

In contrast to Ref. [5], in our previous paper [7], we have shown that
the appearance of the conductive peaks is due to the spatial quantiza-
tion in a nanoscaled semiconductor QD. The states in the QD are degen-
erate and can be split as a result of the electron-phonon interaction.
The splitting energy levels can have lower energies than the Fermi en-
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ergy of the source electrode. Such an approach permits to describe ex-
perimentally observed suppressing of temperature smearing in the
tunnelling device.

In the present paper the thermal smearing suppression concept pro-
posed in our early paper [7] is used to explain the filtration ability of a
tunnelling device with a metal nanoparticle as a QD that was experi-
mentally studied in Ref. [5]. In the experiments with a metal nanopar-
ticle, the gate electrode was added to the device.

2. ENERGY SPECTRUM OF A METAL NANOPARTICLE

Unique properties of nanoobjects are due to a spatial quantization lead-
ing to an essential transformation of their spectrum. A metal nanopar-
ticle (~10 nm Au nanoparticle) embedded in a dielectric matrix and
connected through tunnelling barriers to two electrodes is called a
‘quantum dot (QD). A dot with a linear size L forms a one-dimensional
box with energy levels
222 2
nh V; ‘E.,
2m,L

E() = 1)

where v, =0,+1,£2,... and m, is an electron mass. Its spectrum is giv-
en in Fig. 1. Since the conduction band of the metal QD is completely
occupied by electrons, then E_. =min E , where E, is the electron en-
ergy level in the conduction band. In the following weset E_; = 0.

It can be seen in Fig. 1 that the energy spectrum of the nanoparticle
acquires a discrete character. The allowed state with a quantum num-
ber of v, corresponds to the energy E(v,) = E,. Using Eq. (1) we get
v, = L2m,E  / nh. For nanoparticles made of gold, the Fermi energy
equals E =5.54 eV. The allowed states are formed due to a spatial
quantization in a cavity having the particle size, hence the electron
mass in the QD will correspond to the mass of a free electron. Then for
the p-electron state in the QD with L = 10 nm, the quantum number will
be of v ~ 40.

In the case of the spatial quantization, the distance between energy
levels is not a constant value. It depends on the quantum number v, as
follows from Eq. (1)

AE, = E(v, -1) - E(v,) = ¢,(2v, - 1),

2
AE, = E(v, +1) - E(v,) = £,(2v, +1). (2)
Here ¢, = n°h* / 2m,L*.
Experimental plot [5] of the current J through the tunnelling device
as a function of the gate voltage V, is shown in Fig. 2. Due to large cur-
rent fluctuations observed in the plot, a small change in the spacing
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between the levels is difficult to identify. To define a number v, from
the experimental data, it is appropriate to use the following relation
AE = (AE, + AE,) / 2 = 2¢g,v,. From the experimental plot in Fig. 2, we
get the wvalue AE ~0,3 meV. Taking into an account that
g,v> =5.54 meV, the following values can be found ¢, ~4.05 meV
and v, = 37. These values are close to those that were calculated with
the use of the expression (1).

From these considerations we can conclude that the experimentally
observed peaks in the current dependence on the gate voltage are most
likely due to a spatial quantization.

3. THEORETICAL MODEL

It follows from Fig. 1 that the allowed states in a QD are degenerate by
a quantum number n and spin. Thus, every quantum level may be at
least four-fold degenerate. If electron-electron or electron-phonon in-
teraction is taken into account, the degeneracy may be removed.

We calculate the tunnelling current through the allowed four-fold
degenerate level with the use of the results of our previous papers [7—
10]. Here we consider only situations where the applied voltage be-
tween the two electrodes is small, so the system is in a steady state.

o
T
o
=t
B
(5]
)
=
()

electrode

Fig. 1. Energy spectrum of a metal nanoparticle embedded in a dielectric ma-
trix. y;, ug, u are chemical potentials in left, right electrodes, and a nanopar-
ticle, respectively. Dashed lines correspond to the allowed electron states and
symbol e denotes the states occupied by electrons.
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The current through a QD having the lowest energy E(v,m)=E, ,
where m = 0,1, 2,3, will be determined by the relation

Iy =D J (V) 3)

The interaction between electrons lifts the degeneracy and the energy
E,, will depend on a number m. In the case when AE, >> k,T, where kg
is a Boltzmann constant and T is temperature, J_,(v) can be calculated
independently for each level v by the formula [7-10]:

JoaV) = D I (B N(E,,) — (E, )1 -n)"n"C +J, (4)

m=0

where J,(E, ) = ¢ _TpE, ), (B, ) and n is the average value of the
Al (E,,)+T,(E,)

occupation number of a splitting energy level; I',(E )/#% and

(T',(E,,)/ h are the rates of electron passing through left and right

barriers, respectively; f, .(E,,) =[exp((E,, —u; )/ k;T)+ 11" are
Fermi—Dirac distribution functions in leads, the chemical potentials in
the left and right leads, By respectively, are related to the bias V'

and gate V, voltages; E

m = E, +V, +mU —yV are the energies of the
allowed states in a QD.

In the case of a metallic particle, E(v,)=n and y=aqa, /(a, +ay),
where o, and o, are the widths of the left and right barriers, respec-
tively. In the experimental conditions a, ~ a, so, y = 0.5 The chemi-

cal potentials of the left and right leads are connected by the relation

Fig. 2. Demonstration of the experimentally observed [5] differences in ener-
gy spacing v, - (v, -1) and (v, +1)-v, (AE, > AE,) on the plot of the cur-
rent versus the gate voltage.
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u, =pp +V. In the following we set p=p,. The parameter
U=U,-U,, defines the value of energy splitting. It consists of the
two terms, one is a Coulomb repulsion U, and the other, U,, is due to
the interaction between electrons through phonons leading to the at-
traction of electrons. The current J, is due to the transmission of elec-
trons through other channels and it is rather small to be neglected.

In the expression for the current (4) the main parameter is the occu-
pation n of the splitting levels after the removal of the degeneracy.
This number as is shown in Refs. [7—10] can be calculated using the
equation

n = F(n), ()
where
F(n) = mzd;)c:gm 1 -n)y*"n", C% = %, (6)
T B, (E) + TR (E)R(E)

g, =8(E,), g(E) =

I (E)+TL(E)

In the following, we’ll use the assumption that I (E))=
=T, (E,) =T are constant values.

4. DEPENDENCE OF LEVEL OCCUPATION NUMBERS
ON THE GATE VOLTAGE

In this Chapter we’ll consider a level occupation of a four-fold degen-
erate state when its position shifts with respect to the chemical poten-
tial of electrodes. This shift can be caused by the gate voltage V, which
controllably tunes the energy levels in the QD. When the value of V, is
such that E_ > p for all m numbers (m =0, 1, 2, 3), then the QD is not
filled with electrons and the degeneracy is not removed, as demon-
strated in Fig. 3, a. With increasing of the gate voltage, the value of E,
reaches the value of the chemical potential (E, = p,, but E, > pn,). At
that moment, the energy level splits abruptly (see Fig. 3, b).

Every splitting level will be occupied by electrons. However, an elec-
tron on the level E, may have the energy that exceeds the Fermi energy
on the value U. This follows from the fact that the total electron energy

d-1
W = z (E, —p) will be negative in this case.
m=0

In the range of voltage values at which E, < p < E, in accordance
with Eq. (6), the system becomes bistable and may be in three states.
The states with occupation numbers n, =0 and n, =1 are stable, and
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the state with n, = 0.5 is unstable. The appearance of bistability is due
to the requirement of a stepwise change in the energy of electrons in
the QD by U. Therefore, the QD with a negative energy of splitting can
save the state of electrons created at the previous value of V,. Here, an
analogy is observed with the effect of a state memory, which was de-
scribed in Refs. [10—-12].

For the numerical simulation of the current J versus V, dependences
we take the value of the bias voltage V to be 10 meV as in the experi-
ment of the Ref. [5].

When the gate voltage V, is such that E, = p, then
f,(E,) =fz(E,) =1. The degeneracy will be removed and all levels in
the QD will be filled by electrons. As V, is increased, the distribution
functions will take the values close to zero. But electrons that have oc-
cupied levels E,, E, will block the transport through them as is shown
in Fig. 4, a. This situation will be continued until V, reaches a value at
which E, =u-V,.

When E, > p-V,, the occupation of states changes dramatically be-
coming partial, and tunnelling through these states is carried out as
shown in Fig. 4, b. The current sharply increases, while the electrons
participating in the process are injected with an energy lower than the
Fermi energy. With a further increase in the gate voltage, when the
value E; > u -V, isreached, the current decreases sharply, as shown in
Fig. 4, c¢. The dependence of J vs V, has a bell-shaped character with a
maximum at the voltage V, = p+38U /2. Then with the increase of V,,
the occupation of the QD drops to zero.

The dependence of level occupancies in the QD on the gate voltage
shown in Fig. 4, b illustrates the role of the degenerate level splitting
in suppressing thermal spread of current carriers.

Vv, — =
13‘ Vg N
QD
E5t2s l Ey=p
Ef U -—
T g .
! U E;=h I
0] 7] w E2 l
= =) = U
E sl Bl B |k
2 (s = O 2 (M= g v
= B H:-0:E E :
QD QD
a b c

Fig. 3. Dependence of the QD occupation on the mutual position of energy lev-
els with respect to the chemical potential of electrodes. The gate voltage shifts
energy levels of the QD by the value of V, with respect to chemical potential p.
The case when E, > (a). Breaking of degeneracy at E, < p (b). Hysteresis in
the dependence of the QD occupation n on V, (c).
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The calculated dependencies of the current J and occupation n of
levels on the gate voltage V, at different values of level splitting U with
the value of the bias V equal to 10 meV is shown in Fig. 5.

It can be seen that with increasing of 11U| (U being negative), the cur-
rent peak narrows and its maximum shifts by the value —3 |U| /2 and at
the same time the peak narrows. Narrowing is due to an increase in the
rate of change in the filling of quantum levels from zero to unity. In
general, the width of the current peak is determined by the voltage
range in which the population of quantum levels varies from zero to
unity (see Fig. 5, b). At sufficiently large values of |U| (comparable
with k;T), the transition occurs very quickly and is practically inde-
pendent of temperature.

In an experiment, voltage fluctuations can play a significant role. In
the interval where the sharp increase of the level occupancy takes
place, small changes in the voltage cause large changes of the current
as is shown in Fig. 5 (curve 3) with a negative value of U. For the simu-
lation of fluctuations, the equation AV, =r,(1-2r) was used where r,
is the amplitude of fluctuations and r (0 < r <1) takes random values.
The obtained dependence (Fig. 6) resembles the typical experimental
behaviour [5]. Such a dependence is dictated by a sharp change in the
occupation of quantum states from zero to unity, which is a manifesta-
tion of the collectivization of electrons in quantum dots. Electrons
simultaneously collectively leave the QD or occupy it. Under such con-
ditions, small voltage fluctuations can dramatically change the occu-
pation of the QD.

Figure 7 shows the total current through all resonance levels for U =
=-10 meV and ET = 10 meV (solid curve). Due to the splitting of the

ng

=Ey+3U/2

i
.

wu
Pl
=
o
4
=
Q
@
—
=

Electrons
Barrier
Barrier
Barrier

QD

a b c

Fig. 4. Dependence of level occupancies in the QD (a, b) and current through it
(c) on the gate voltage V,. V, =0 (a), current is zero (b). V, shifts splitting lev-
els. Current runs through some of them (c).
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degenerate level, the maximum of the total current forms at the value
of —3U /2 with respect to its position without interactions.

5. COMPARISON WITH EXPERIMENT

With the use of Eq. (4) we can calculate the current through the system
as a function of the gate voltage using experimental parameters and
compare theoretical and experimental dependencies. We’ll consider
only three levels that are formed in the QD by a spatial quantization
and are situated near the Fermi level of the left lead. In Fig. 8, we pre-
sent the experimental dependences from Ref. [5] and theoretical simu-

20 4

J, pA

10+

0.8 1

0.4 1

0.0+

60 40 20 0 20 40 60
Vg, mV

Fig. 5. Dependence of the current J (a) and occupation n (b) on the gate volt-

age V, at different values of the splitting potential U: U=0; U=-10meV; U =

=-20 meV. Other parameters are the same for all curves and equal to the fol-

lowing values: V=10meV, E,=nu=0, J,=140 pA, kT =10 meV.
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lations for different temperatures. System parameters in all cases were
the same.

From the experimental plot in Fig. 2, which is also the lowest plot in
Fig. 8, the value U can be found from the condition V, =-3U /2 that
defines the shift of the peak maximum relative to the position of the
level when interactions are absent. Its value appeared to be equal to
U ~-17 meV. At the same time from the experimental plots, we can
see that U = —25 meV what is a sufficiently good agreement. The inter-
vals between peaks appeared to be AE, = 297 meV and AE, = 303 meV
in all plots.

It was unexpected to us that the result of comparison the theory and
experiment was satisfactory only if the heating of the QD when a cur-
rent flowing through it was taken into account. In this case, the heat-

104

J, pA

44

0.0+

T T T T
-150 -100 -50 0 50

Fig. 6. Current J and occupancy n dependence on the gate voltage V, in the
case of voltage fluctuations. Parameters of the calculation are: U = -20 meV,
Jo=140 pA, E,=pn=0, kT =20 meV, V=10 meV. The solid line corresponds to
the absence of fluctuations. Circles connected with thin lines were obtained
with the amplitude of fluctuations of the value of r,=5.
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ing temperature has to be equal to k,T, = 22 meV. However, this re-
sult is predictable, since an estimate of the density of the current will
be (at a peak maximum of ~10 pA) of approximately ~100 A/mm?. At
such a current density, heating of the QD is natural. The heating phe-
nomenon of QDs, which were fullerene molecules, was also revealed in
Ref.[13] by comparing the experimental and theoretical dependences.

By adjusting the theory and experiment, the value JJ, turned out to
be equal to 140 meV and was the same for all temperatures. Using the
numerical value found for J,, the transparency of the tunnel barriers
between which the nanoparticle is enclosed can be estimated. It follows
from the expression J, = el' / 71 =140 pA, that I' 1 meV.

On the other hand, time that takes an electron to pass through the
QD, is t=h /T and according to [14] it corresponds to the value
1=L/QUv,, where Q is the transparency of the barrier, and v; is the
electron velocity at the Fermi level. For gold it has the value of
v, =1.4-10° cm/s. Thus, we obtain the value of the transparency of
tunnel barriers to be @ ~ 1072 The low value of the transparency justi-
fies the approximations we use.

From Fig. 8 it can be seen that the peaks remain well resolved up to a
high temperature.

2.0
ET=10meV
U=10meV
15
a
2
=
2
;g 1.0
=
~
~
0.5
I
0.0 |
| 30U/2
1
-50 40 -30 -20 -10 0 10 20

Vg, mV

Fig. 7. The formation of the total current passing through the QD by electrons
(solid curve), which are transported through the resonance levels E,, E;, E,,
E, (thin curves).
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6. CONCLUSION

In conclusion, we have analyzed the experiments of Ref. [5], where the
suppression of thermal smearing of current carriers in tunnelling sys-
tems with a gold nanoparticle as a QD was observed, in terms of a mi-
croscopic tunnelling model with account of electron-phonon interac-
tions.

In the behaviour of the system, the manifestation of the Fano effect
[15, 16] is clearly seen but with one essential addition—the energy po-

50 1

40 A

200 K

30 A

J, pA+ms15pA

—400 -200 0 200 400
Vg, mV

Fig. 8. I-V, characteristics for different ambient temperatures. Above 10 K,
each I-V, plot is vertically displaced by m.15 Pa for clarity. Solid lines repre-
sent simulation results. Circles connected by the thin line are experimental
data of Ref. [5]. The bias voltage V was 10 mV.
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sition of tunnelling channels depends on an occupancy of the QD by
electrons. In each channel, the current-voltage dependence may have
an asymmetrical form but the total current through all the channels
will be a symmetrical one. In other words, the inversion of the Fano ef-
fect is possible, when the symmetrical dependence is formed from
asymmetric contributions from each of the channels.

As compared to a semiconductor QD, in a metallic QD a separation
between levels is 20 times less and is comparable to a thermal spread of
electrons at room temperature. So, at current-voltage dependencies,
the steps are significantly smoothed, nevertheless, this turned out to
be enough to observe the effect of thermal suppression in the depend-
ences of the current on the gate voltage.

From the comparison of the simulated current-voltage characteris-
tics and the experimental plots, the value of U is confirmed to be nega-
tive and significantly large. The question remains, how it can be
achieved in such device? The value of U is negative, when the electron-
phonon interaction exceeds the Coulomb repulsion. The magnitude of
the electron-phonon interaction is inversely proportional to the fre-
quencies of phonons involved in the interaction. It is known that low-
frequency vibrations take place on the surface of the nanoparticle. For
a nanoparticle of a very small size, surface effects can play a signifi-
cant role.

We can expect that the device presented in Ref. [5] and analyzed by
us in this paper, with a metal QD of a few nanometre sizes, will find
practical application in quantum devices at elevated temperatures.
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