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Abstract—A quasi-one-dimensional model was developed for the transport of electrons in the scanning tun-
neling microscope needle–CdTe/CdSe tetrapod-shaped nanocrystal system. This model was used as a basis
to study the effect of the concentration of charge carriers in the tetrapod and its energy band structure, the
geometry, and the spatial orientation with respect to the substrate on the voltage–current characteristics. The
major classes of voltage–current characteristics that could be experimentally measured were determined by
numerical modeling. The thus-determined classes of voltage–current characteristics were immediately
related with the spatial orientation and sizes of tetrapods. This classification of voltage–current characteris-
tics was used to separate the voltage–current characteristics, which corresponded to the transport of electrons
from the scanning microscope needle through the tetrapod into the substrate, from the array of previously
measured characteristics. The numerically calculated and experimental characteristics were compared with
each other to determine the best-fit parameters of this model.

Keywords: tetrapods, tunnel effect, nanocrystals, electron transport, voltage–current characteristic.
DOI: 10.3103/S0027134918060267

INTRODUCTION

Semiconductor crystals with characteristic sizes
from several nanometers to several tens of nanometers
and a complicated spatial structure and atomic com-
position are characterized by rather unusual size-
dependent optical and electrical properties, which are
governed by the effects of the tunneling of electrons
and the size quantization of their electron energy spec-
trum [1–5]. High-quality nanocrystals with a nearly
ideal atomic structure are synthesized by the methods
of colloid chemistry [6–11]. Semiconductor crystals
can be used as a functional material for the elements of
nanoelectronics and photovoltaics and the creation of
metamaterials [12–14].

One of the interesting classes of semiconductor
nanostructures is branched nanoparticles, e.g., tetra-
pods [15, 16], octopods [17], and hyperbranched
nanoparticles [18]. In the works on such nanocrystals,
great scientific interest exists in studying the properties
of electrical conductivity in branched tetrapod nano-
crystals by both theoretical and experimental methods
[16, 19–21]. Tetrapod-shaped nanoparticles consist of

four rays linked at a tetrahedral angle  = 100–110 in
the central point. Tetrapods can have a homogeneous
chemical composition or consist of several different
areas. One distinctive feature of such nanocrystals is a
high ratio of the number of surface atoms to their total
number (>20%). Due to their shape and great number
of surface atoms, tetrapods can be used to construct
optoelectronic devices, e.g., solar batteries [13, 22],
light-emitting diodes, and single-electron devices with
several active charge centers [19].

One of the methods used for the experimental
characterization of tetrapod-shaped nanocrystals is to
study the properties of their electrical conductivity.
For this purpose, the voltage–current characteristics
of individual particles immobilized on the surface of a
conducting substrate are experimentally measured
with a scanning tunneling microscope (STM) [21].
Such a method was used in the previous works in the
experimental study of isolated CdTe and CdTe/CdSe
tetrapod-shaped nanoparticles [20] on a surface of
gold and titanium [21]. As a result of these works, the
question of how tetrapod-shaped crystals on the sur-
face of a conducting substrate can be identified from
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STM data has remained open. For this reason, the
theoretical study of the transport of an electrical
charge through isolated nanoparticles is of both fun-
damental and great practical interest [19, 23, 24].

In this work, a quasi-one-dimensional model of
the transport of electrons through isolated
CdTe/CdSe tetrapod-shaped nanocrystals was devel-
oped and the properties of their electrical conductivity
were studied by numerical calculation.

1. MODEL OF THE CONSIDERED SYSTEM
The properties of electrical conductivity in isolated

CdTe/CdSe tetrapod-shaped nanocrystals were stud-
ied by developing a physical model that incorporate
the following components: a conducting substrate, an
oleic acid monolayer, a CdTe/CdSe tetrapod-shaped
nanocrystal, a vacuum tunneling barrier, and a STM
needle. The spatial structure of the model ideal
CdTe/CdSe tetrapod located on the surface of a solid-
state substrate is shown in Fig. 1a. The experimental
photos taken of tetrapods with the use of scanning and
transmission electron microscopes (SEM and TEM)
are shown in Figs. 2b and 2c [20]. A detailed consider-
ation of this system is given in Appendix 1.

The major part of the model calculations were per-
formed at a model temperature of T = 300 K. Some
voltage–current curves (VCCs) were calculated using
a model temperature close to absolute zero T = 0 K to
provide a better presentation for the microstructure of
their current steps.

This work was performed using the phenomeno-
logical quasi-classic approximation, in which the con-
duction-band electron and the valence-band holes
were considered as a certain liquid. In such an approx-
imation, the electron or hole density may vary and

redistribute in the volume of a tetrapod under an
external electrical field by any elementary charge frac-
tion. Such a redistribution is understood to mean the
polarization and probabilistic redistribution of the
charge of corresponding carriers, which satisfy the
condition of normalization to the total charge

(1)

Such an approach provides the ability to use the
quasi-classic transport equations to determine the
equilibrium electron density distribution inside the
volume of a tetrapod depending on the applied exter-
nal electrical field.

To determine the initial electron and hole density
distribution, the concentration of the intrinsic charge
carrier, conduction-band electrons, and valence-band
holes was estimated. The concentration of these carri-
ers was estimated by the formula

(2)

where Ec and  are the conduction band bottom and
the valence band top, respectively, f(E, T) is the Fermi
distribution function, and dN/dE is the density of
states. The concentration of intrinsic charge carriers
was neglected in this work.

The energy band diagram of this structure is shown
in Fig. 2, where the z axis is always oriented along one
of the legs of the tetrapod, i.e., it has an inflection in
the center. This leads to a kink in the diagram profile
in the center of the tetrapod, as the projection of the
field is changed after the leg is turned around. The
conduction band of CdTe is higher than for CdSe;
thus, a second barrier is formed inside the tetrapod.
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Fig. 1. The spatial structure of a model ideal CdTe/CdSe tetrapod, whose leg is oriented (a) upwards and (b) downwards, on the
surface of a crystalline substrate with the metallic STM needle tip, which is schematically shown in the (a) right and (b) left upper
corner and (c) SEM and (d) TEM photos of real CdTe/CdSe tetrapods on a crystalline substrate.
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This barrier disappears at a rather high voltage, thus
producing an effect on the voltage–current character-
istics of the tetrapod.

The change in the concentration of free charge car-
riers (holes and electrons) at a certain external field E
is described by the following self-consistent equations
[25–27]:

(3)

where n and p are the concentrations of holes and elec-
trons, n and p are their mobilities, Dn and Dp are their
diffusion coefficients, Gn and Gp are their generation
rates, and tn and tp are their characteristic recombina-
tion times.

We assume that the electron transport process has
a ballistic character. The model of the relaxation of
carriers due to scattering processes can be used as a
further improvement of our model.

The transmission factor of the potential tetrapod
structure were calculated by the method of the trans-
port matrix [28]
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where j = , kj = , and  is the

effective mass of an electron. The probability of tun-
neling through the tetrapod structure (transmission) is
the ratio of the incident f lux to the transmitted f lux

T = .

The tunneling conductivity was calculated by the
Landauer formula (following from the Tsu–Esaki for-
mula at a constant density of lateral modes [29]):

(5)

where  is the density of laterally quantum modes,

f() is the Fermi–Dirac distribution at a correspond-
ing temperature, and T() is the structure transmis-
sion. The current is found via the numerical integra-
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Fig. 2. The energy band diagram at a positive external field (left), a reverse polarity (right), and zero field (bottom right).
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tion of the conductivity taking the fact that I(VT = 0) =
0 into account.

2. RESULTS AND DISCUSSION
2.1. Perturbation of the Field by Charge Carriers
If a certain external field E is specified and the cur-

rent concentrations of electrons (n) and holes (p) are
known, it is necessary to solve the Poisson equation

, where e is the dielectric permittivity
of the medium, to calculate the effective field in which
mobile charge carriers reside. Assuming that the tetra-
pod leg is approximately a cylinder with a radius R, it
is possible to pass to the quasi-one-dimensional distri-
bution of the electrical field. Let us orient the Z axis
along the leg. Then, the potential at the point z0 from
the element with a thickness h (along the Z axis) at the
point zi, i.e., at a distance zi = |z0 – zi| is

(6)

where  is the bulk charge density (C/m3). Assuming
that the tetrapod charge is uniformly distributed over
the cross section of a leg, the contribution to the elec-
trical field at the point z0 from the element, which has
a thickness h and is located at the point zi, is

(7)

The resulting vector of the electrical field intensity
in the element z0 is

(8)

The considered tetrapod consists of four legs. The
field from a certain leg can be calculated in the above
described one-dimensional model and the field pro-
jection onto the Z axis on a certain leg from the other
leg will be calculated assuming that the elements of the
other leg are point charges. Since the angles between
the legs and the surface are small  = (4–19), the
field from the other legs on a certain leg will be small
and the inaccuracy of such a calculation is not essen-
tial.

2.2. The Tunneling Current
To calculate the electrical current through the tet-

rapod, the intensity of the external electrical field E0
was specified at the first stage. Equation (3) was solved
by the explicit difference scheme. The self-consistent
field was calculated according to the method
described in Section 2.1. The recurrent procedure was
further used to determine the steady-state distribution
of charge carriers via the comparison of carrier distri-

  ee0 ( )n p e

   
    e

0 2 2
00 0

( )21( , , ) ,
4

h R
i i i

i

i

r z rz h r dh dr
r z

   


           
0

2 2 2 2

2( )
4

(( ( ) ) ( )).

i

i i i i

E z

z h R z h z R z

ee


   0 0

1
( ) ( ) ( ).

n

i i
i

E z E z sign z z

butions at sequential calculation steps. The effective
electrical potential along the system axis was calcu-
lated from the steady-state electrical charge distribu-
tion in the tetrapod.

The established concentrations of carriers at cer-
tain external fields, the effective energy profile, and
the electrical field contribution are shown in Figs. 3a,
3b, and 3c, respectively. Since the concentrations and
field profiles in three legs adjacent to the substrate are
the same due to symmetry, all the profiles are plotted
along the Z axis with an inflection in the tetrapod cen-
ter (i.e., the Z axis passes through the symmetry axis of
one of the legs adjacent to the substrate and through
the symmetry axis of the upper leg). It can be seen that
charge carriers are generally concentrated at the
boundaries of the zones. However, the concentrations
of carriers in the considered structure are 1017 cm–3

and do not introduce any appreciable change to the
electrical potential. Considerable distortions will
occur in the potential profile at concentrations that are
increased by 100 times.

The effective potential profile and the transport
matrix method (Eq. (4)) were used to calculate the
structure transmission T() for different electron ener-
gies. The energy step was dynamically varied, as the
dependence T() is nonlinear and has resonance
peaks. Immediately after the relative change T
exceeded 20% at a certain step, the energy was taken
equal to the energy at the previous step and the energy
step was decreased by two times, while if the relative
change was less than 5% the energy step was increased
by two times. The current was then calculated by the
Landauer formula (Eq. (5)) with numerical integra-
tion. To improve the precision of calculations near
T() resonances, the method described in Section 2.3
was developed.

To estimate the change in the concentrations of
charge carriers inside the tetrapod in the process of
their transport it is necessary to determine the density
of lateral quantum modes (see Appendix 1), which lie
between the substrate and STM needle chemical
potentials. In addition, to estimate the possibility of
the concentration of charge carriers inside the tetra-
pod, we assume that the internal structure of the tetra-
pod is ideal, i.e., it does not have any crystal lattice
defects and admixtures. The number of such modes
and the transmissions of barriers provide the ability to
estimate the f lux of arriving and departing electrons.
The total number of states inside the tetrapod can be
estimated as

(9)

which at a voltage of 1 V gives the estimate n ~ 200 for
the total number of states for charge carriers within an
energy range from the conduction band bottom to the
substrate or STM needle chemical potential.
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2.3. Correction for the Resonant Transmission Behavior

The dependences of the transmission T on the
electron energy E (Fig. 3d) can be seen to have a kink:
electrons pass over the CdTe barrier at this energy.
Periodic narrow peaks, which attain 1 and can be
approximated by the Breit–Wigner formula for the
structure with one or two quantum wells [30, 31], can
also be observed. These are associated with the quasi-
steady states formed due to the resonant states of elec-
trons between the substrate and STM needle tunneling
barriers. Assuming that the Fermi–Dirac distribution
is almost constant near a peak, it is possible to derive
the analytical expression of integral (5) near the peaks:

(10)

As can be seen from Fig. 3d, the numerical calcula-
tion of T() peaks did not bring them to 1, even with a
dynamic step, as they are very narrow. The behavior of
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the T peaks can be described by the Breit–Wigner for-

mula T() = . The existence of a peak

is possible in the regions where T becomes strongly
nonlinear (the energy step appreciably decreases). To
perform the precise identification of a peak, the
dependence lnT @ ln( – peak) was plotted at T ≪ 1. If
this dependence is linear and the coefficient calcu-
lated by the least-squares technique is –2 ± 0.1, it is
really transmission resonance. Most of the candidates
for being classified as peaks satisfied this condition;
however, the coefficient calculated for the others by
the least-squares technique strongly deviated from 2.

It was revealed that transmission peaks make the
most appreciable contribution to the conductivity, i.e.,
the current occurs predominantly due to the resonant
tunneling between the substrate and the STM needle.

The major difficulty in the consideration of such a
structure is that the quasi-one-dimensional method is
used to calculate the transmission of the potential
structure of a tetrapod without incorporating the
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Fig. 3. (a) The effective potential, (b) concentration of holes (blue) and electrons (red), and (c) electrical potential versus tetrapod
longitudinal coordinate (this axis is curves and passes along one of the three legs and then along the central leg and (d) probability
of tunneling through the tetrapod versus electron energy at four voltage differences of –1.5, 0.15, 2.3, and 4.1 V.
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Fig. 4. Current versus voltage at a change in different parameters at the first (blue) and second (red) limits and current versus (a)
oleic acid monolayer thickness ranged from 0.24 to 0.08 nm with a step of 0.04 nm, (b) concentration increased by 1, 10, and
100 times, (c) central CdTe part length varied from 10 to 40 nm with a step of 10 nm, and (d) interleg angle varied from 96 to
140 with a step of 11 at a temperature T = 0 K.
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branching point into such calculation. The quasi-one-
dimensional model of a tetrapod with 3 legs is consid-
ered in Appendix 3.

2.4. Analysis of the Voltage–Current Characteristics and 
Comparison with an Experiment

The current was theoretically calculated and exper-
imentally measured in the system whose model is
described in Section 2 and schematized in Fig. 2,1

including a substrate, an oleic acid layer, a tetrapod,
and an STM needle.

All the calculated plots (Fig. 4) contain a step that
has a length of ~0.5–1 V and occurs at a voltage of 2–
6 V in both the forward and backward directions (the
differential conductivity abruptly decreases in this
case). However, rapid nonlinear growth in the current
occurs both before and after the step. At great magni-
fication, it is possible to see small stepped current
jumps that occur due to the resonant tunneling of elec-
trons.

The oleic acid barrier value has an effect on the
location of this step (the lower the barrier is, the
sooner this step occurs). In a similar way, it has been
established that the vacuum barrier thickness also has
an effect on the location of this step in the backward
direction.

The effect of the concentration of intrinsic carriers
on the shape of VCC plots has also been determined in
the plot (Fig. 4b). It has been established that the
shape of this plot undergoes an appreciable transfor-
mation only when the concentrations of carriers are
increased to 1019 cm–3. The tetrapods used in the
experiments were not specially doped and the concen-
trations of free charge carriers in them were less than
1017 cm–3.

The length of CdTe legs (varied within a range of
10–50 nm) has a slight effect on the shape of VCCs
(Fig. 4c), but appreciably changes the current ampli-
tude.

The angle in an ideal tetrapod is tetrahedral, but
the tetrapod leg may bend under an electrostatic field
[32]. It has been revealed that the angle between
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CdSe/CdTe tetrapod legs has an effect of the symme-
try of VCCs (Fig. 4d). At angles close to 90, the con-
ductivity at a positive field is several orders of magni-
tude higher. At 130, the voltage–current characteris-
tic is nearly symmetric. The symmetry of plots also
depends on the thickness of barriers; however, this
dependence is not very strong.

The calculated VCCs were compared with previous
experimental results [21]. The measured and calcu-
lated VCC for the needle located just above the upper
leg are shown in Fig. 5 at the parameters specified in
the figure caption.

CONCLUSIONS
A quasi-one-dimensional model of the transport of

electrons through the nanocrystals of CdSe/CdTe tet-
rapods has been developed in this work. The model
was used as a basis to study the dependence of the
properties of electrical conductivity in the nanocrys-
tals of CdTe/CdSe tetrapods on their geometric
parameters (the length and radius of the legs and the
tetrahedral angle), the concentration of charge carri-
ers, the spatial orientation with respect to the crystal-
line substrate, and the width of the oleic and vacuum
tunneling barriers.

It has been established that the concentration of
charge carriers in a tetrapod has almost no effect on
the shape of the dependence of the electrical conduc-
tivity on the applied bias voltage under normal condi-
tions that correspond to a real experiment. Neverthe-
less, an increase in the concentration of charge carriers
by 100 times in comparison with its normal level
already appreciably changes the shape of the depen-
dence of the electrical conductivity on the applied
voltage due to the occurrence of additional Coulomb
barriers in the regions where charge carriers are con-
centrated.

It has been revealed that the tetrahedral angle value
is crucial for the symmetry of voltage–current charac-
teristics. When the angle between the legs is close to 
= 90, the currents at one voltage are several orders of
magnitude greater than at a reverse voltage.

At low temperatures, the voltage–current charac-
teristics of a CdTe/CdSe tetrapod-shaped nanocrystal
contain a great number of small current steps at differ-
ent bias voltage scales; their existence can be explained
by the additional reflections on heterojunctions, near
which additional local tunneling barriers and potential
wells are formed.

A characteristic feature of the voltage–current
characteristics of CdTe/CdSe tetrapods is the exis-
tence of a large-scale current step in the region of pos-
itive bias voltages from 2 to 5 V. When the bias voltage
is higher than this threshold value, the current almost
ceases to grow within a range of nearly 0.5–1 V. The
crucial factor for the location of such a step is the
width of tunneling barriers formed by oleic acid on the

surface of the substrate and the vacuum gap between
the STM needle and the tetrapod-shaped nanocrystal.
This step can be used for the unique identification of
tetrapod nanocrystals on substrates during their STM
study. Among the great variety of the previously mea-
sured voltage–current characteristics of CdTe/CdSe
tetrapod-shaped nanocrystals, a great number of
experimental curves with such characteristic steps
were revealed by STM methods.

The voltage–current characteristics obtained by
numerical calculation agree with the available experi-
mental data with a good degree of precision.

3. ADDITIONAL MATERIALS
3.1. Appendix 1. A Detailed Description 

of the Studied System
Conducting gold and titanium substrates were used

as a substrate in the experiments [21]. In the proposed
model, the substrate material is taken into account
with the use of model parameters, such as the Fermi
level position EF, sub and the near-surface density of
electron states el. The model values of Fermi level
positions for these materials were determined from the
tabular data as EF, Au = 4.3 eV and EF, Ti = 3.95 eV.

The oleic acid monolayer creates the tunneling
barrier between the substrate and the tetrapod. The
spatial width of such a tunneling barrier in the pro-
posed model is equal to the oleic acid monolayer
width, and the energy height is determined as the dif-
ference between the lowest unoccupied molecular
orbital (LUMO) position for the closely packed
molecular layer and the metal Fermi level. In the
experiments in [21], the oleic acid layer was necessary
to immobilize tetrapod crystals on the substrate sur-
face in the atmosphere. The model parameters
selected for the oleic acid monolayer were the mono-
layer width LA and the relative dielectric permittivity
A. The tabular data A = 2.46 were taken for the rela-
tive dielectric permittivity. The thus-determined
dielectric permittivity must take the effect of polariza-
tion between acid molecules in the external electrical
field created by the STM needle into account. The
width of the oleic acid monolayer was varied in calcu-
lations within a range LA = 0.1–1.5 nm.

Heterojunction tetrapods, whose central part con-
sists of CdTe and has a wurtzite-type crystal structure,
and whose leg tips consist of CdSe and have a sphaler-
ite-type structure, were studied in this work. The geo-
metric characteristics of a CdTe/CdSe tetrapod nano-
crystal strongly depend on the method of its synthesis
and conditions of its growth. Among its principal
characteristics are the tetrahedral angle between the
legs , the radius of the legs R, the total length of the
legs L, and the length of tetrapod leg components
LCdTe and LCdSe, which meet the condition

(11) CdTe CdSc.L L L
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The total model length of the legs was varied within
a range L = 20–150 nm. The basic value taken in this
work for these components is LCdTe = LCdSe = 12 nm,
which corresponds to the real experimental situation
[15, 16, 20, 33]. The properties of electrical conductiv-
ity in CdTe/CdSe tetrapods were also studied in this
work depending on their orientation with respect to
the substrate. Three possible orientations were consid-
ered, that is, where the tetrapod is supported by three
legs, the tetrapod is turned around and supported by
two legs, and the tetrapod is turned upside down and
supported by one leg. It should be noted than the tet-
rapod legs that contact the substrate are equivalent to
each other with respect to their turning, respectively,
around the third- and second-order axes perpendicu-
lar to the substrate in the first two cases; this was taken
into account in the numerical calculation of the volt-
age–current characteristics.

In the general case, the radius of the legs can grad-
ually change from the tetrapod center to the leg tips as
required by the specified function R(z), where z is the
coordinate along a tetrapod leg. In this work, the
radius change along a leg was not taken into account
and the radius of a leg was assumed to be constant
throughout its entire length, but can be varied as a
model parameter. The range of the radii of tetrapod
legs was specified as R = 1.0–3 nm. Tetrapod nano-
crystals may also have more complicated geometric
configurations with bent legs due to mechanical stress
[32]. Such a bent configuration unavoidably compli-
cates the shapes of the effective potential, in which an
electron move in a tetrapod.

A second tunneling barrier, whose width is gov-
erned by the operational regime of a scanning tunnel-
ing microscope and may attain Lvacuum = 0.5–3 nm, is
formed between the STM needle and the tetrapod.
The height of this tunneling barrier is determined by
the position of the Fermi level of STM needle with
respect to the continuum.

For a tetrapod with a total length of one leg L =
24 nm and d = 3 nm, the leg volume can be estimated
as V ≈ 1.7 × 10–19 cm3. The estimates obtained for the
number of states per unit volume by Eq. (2) are given
in Table 1. The given estimates for the density of states
per unit volume correspond to nearly 1.4 electrons in
the tip half of the tetrapod leg. The central part of the
tetrapod with consideration for four legs contains
nearly three electrons at such dimensions. The elec-
tron liquid and such low numbers of electrons imply
the inner tetrapod charge associated with certain car-
riers. The charge density concentration per unit length
can be estimated as follows:

(12)

The summary electron charge in the tetrapod of
Qe = 1e–3e was used for numerical calculations.

3.2. Appendix 2. Estimating the Density of States

The density of lateral quantum modes without
consideration for spin can be estimated on the basis of
a two-dimensional rectangular potential square well
with a base surface area S equal to the surface area of a
leg cross section. The estimated density of laterally
quantum tetrapod modes is

(13)

where m* is the effective mass of the electrons. The
number of laterally quantum modes between the
chemical potentials of the substrate and the STM nee-
dle per unit applied bias voltage can be estimated as

(14)

For a tetrapod with a transverse leg size of 4 nm,
this parameter is n⊥ ~ 5 V–1.

 10.0 nm .01edN
dz

 
2

2 * .dn m S
dE

   
 2

2 * .
T

n dn m See
V dE

Table 1. The estimated number of electron and hole states per unit volume dNe/dV and dNp/dV and unit leg length dNe/dz
and dNp/dz for different CdSe/CdTe tetrapod parts

Tetrapod part dNe/dV dNp/dV dNe/dz dNp/dz

CdSe 1017–1018 cm–3 1017–5 × 1017 cm—3 0.001–0.01 nm–1 0.001–0.005 nm–1

CdTe 1017–5 × 1017 cm–3 1017–5 × 1017 cm–3 0.001–0.005 nm–1 0.001–0.005 nm–1

Table 2. The effective mass (m*) and mobility () of electrons and holes and relative dielectrical permittivity in different
CdTe/CdSe tetrapod parts

Tetra-pod part e p

CdSe 0.13me 0.45me 620 cm2 (V s)–1 14 cm2 (V s)–1 10

CdTe 0.13me 0.35me 1200 cm2 (V s)–1 50 cm2 (V s)–1 10

Oleic acid 2.34

*
em *

hm e
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The number of longitudinal states within the range
from the energy of a laterally quantum mode to the
chemical potential of the STM needle of substrate on
every laterally quantum mode with consideration for
spin can also be estimated from the potential square
well model as

(15)

where (…) is the Heaviside function, Ec is the con-
duction band bottom of a tetrapod leg, which is defi-
nitely different for the different legs, but may be taken
for estimation as a certain averaged characteristic, and
 is the output voltage ratio governed by the geometry
of a tetrapod and tunneling barriers and the position of
the conduction band bottom inside the tetrapod. The
number of longitudinal states on one lateral mode
within a voltage range of 1 V for one tetrapod leg with
a characteristic length of 50 nm is n|| ~ 40.

3.3. Appendix 3. Correction for the Real Geometry
of a Tetrapod

Let us further consider the quasi-one-dimensional
model of a tetrapod with three legs. Let the branching
point be denoted as zb. Let two tetrapod legs on the left
of this point be labeled by the indices (l, 1) and (l, 2),
and the leg on the right of this point be labeled with r.

Since Kirchhoff’s law will be true in real experi-
ment for the sum of currents at the branching point, it
should be expected that the density of probability cur-
rents at the branching point must also satisfy the ana-
logue of Kirchhoff’s law

(16)

This equation will be fulfilled if the first derivative
of the wave function meets the requirement of conti-
nuity on the left and right in the form

(17)

As the tetrapod, as assumed, has a symmetric
structure, the condition

(18)

must be fulfilled.
The probability density distribution must be con-

tinuous at the branching point, as there are no physical
factors that could result in the formation of its jump.
Hence, the wave function must also change in a con-
tinuous manner. From this fact it follows that the wave
function must satisfy the following condition:

(19)
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Using all the above, the boundary conditions for
the transition from the left tetrapod leg with the index
“1” into the right leg can be written in the matrix form

(20)

Denoting the probability of transmission through
the leg with an index “1”and “2” as T1 and T2, respec-
tively, and the probability of reflection as 5, we write
the normalization condition as

(21)
By defining these probabilities in a standard fash-

ion as the ratio between the inlet and outlet f luxes, it is
possible to assume that the probability of transmission
through such a structure is equal to 2T1.

The similar normalization condition for the back-
ward process can be written as

(22)
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