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In the introductory part of the work, experimental data on the influence of various factors on the con-
ductivity of porous silicon (PS), in particular, the surface structure, doping level, temperature, electric
field, and the atmosphere of active molecules, are analyzed. Analysis of the theoretical models of PS con-
ductivity, proposed to date, shows that none of them can simultaneously explain all experimentally estab-
lished results. In particular, the models do not explain the energy range of thermal activation of PS con-
ductivity Eq, the presence of two E, values in different temperature ranges, the dependence of E, on the
size of PS nanocrystallites, the mechanism of influence on the PS conductivity of NO2 molecules.

In this paper, a model of PS conductivity is proposed, according to which the main factor that causes
low conductivity of PS is the presence of charged pyn-centers (Si atoms with dangling bonds) that remotely
passivate the impurity atoms of boron or phosphorus. Barriers for free carriers appear around charged
pv-centers, which prevent them from passing through thin sections of nanowires in PS. To test this hypoth-
esis, 3D modeling of the passage of free carriers through a thin (2-5 nm) cylindrical nanowire with a sur-
face barrier was performed. For this, the finite-element method was used to solve the single-particle
Schrodinger equation with “transparent boundary conditions” on the bases of the cylinder. The potential in
the barrier was taken from previous papers on DFT modeling of long-range passivation. The transparency
Tr of such a barrier structure was calculated depending on the energy E of the free carrier. According to
the obtained dependences Tr(E), the values of the energy Eu for overcoming these barriers in nanowires of
different diameters were found. The obtained values Ex = 0.1-1 eV are in good agreement with the range of
experimental values of the thermal activation energy of PS conductivity. The energy Eu increases with de-
creasing diameter of silicon nanowires, which also agrees with the experimental results. The presence of
two values of the activation energy can be explained by the dominance of the processes of impurity depas-

sivation at low temperatures and thermal overcoming of barriers near pp-centers at high temperatures.
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1. INTRODUCTION

Porous silicon (PS), due to its huge specific surface,
has been widely used in recent years as a material for
creating gas sensors, biomedical applications, etc. [1].
Although over the past 30 years, PS has been studied
extensively enough, some of its properties have not yet
found a generally accepted explanation. In particular,
the reasons for the high PS resistance and the mecha-
nism of its conductivity were explained differently by
the authors of various papers [1]. The absence of an
exhaustive theory of the conductivity of PS is associat-
ed not only with a large variety of sizes and pore mor-
phology in different types of PS. The difference in the
conductivity of PS samples manufactured under nomi-
nally identical conditions prevents the comparison of
the results of studies of various scientific groups [2].
Even within a single PS sample, inhomogeneity of the
microstructure can lead to inhomogeneity of the electri-
cal properties [3]. The electrical properties of PS de-
pend not only on its microstructure, but also on many
other factors [1]. In particular, this is the type of silicon
substrate from which PS is made (crystallographic di-
rection, type and doping level), the etching method, the
formation method and the geometry of the metal con-
tacts, the presence of an un-etched substrate in the
structure, the annealing process, and the electrical
measurement method. In addition, external factors
such as the chemical structure of the surface, the aging
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process, the presence of electrolyte residues, the com-
position of the surrounding atmosphere, and tempera-
ture greatly influence the electrical conductivity of PS.
Thus, the explanation of the transport properties of PS
is a difficult task due to the disordered structure of the
PS and a large number of factors affecting conductivity.

By DFT modeling of the effect of active NHs and
NOz2 molecules on the conductivity of PS and other sili-
con structures, we established the possibility of pas-
sivation of impurity boron [4] and phosphorus [5] atoms
by distant py-centers. When a boron atom is passivated,
the electron density from the py-center is transferred to
B, and an increased potential region appears near the
pv-center, that is, a barrier for free holes (which is re-
moved by adsorption of NOz molecules). This work is
devoted to the explanation of the experimentally ob-
served behavior of the PS conductivity by the presence
of these barriers near py-centers.

2. RESULTS OF EXPERIMENTAL
RESEARCHES AND THEORETICAL
MODELS OF PS CONDUCTIVITY

The study of the influence of internal and external
factors on the conductivity of microporous and mesopo-
rous silicon and the creation of carrier transport models
in PS has been the subject of many publications. Vari-
ous research groups studied and tried to explain the
effect of temperature [6-17], constant [9] and variable
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[6] electric displacement, doping level [9, 11], porosity
[10, 14], preparation conditions [11], NO2 atmosphere
[15] on the conductivity of the PS, and also investigated
the current-voltage characteristics (I-V) of PS-based
structures [13, 15, 16]. Analyzing these works, it is pos-
sible to establish the following peculiarities of PS con-
duction behavior under the influence of various factors.

1. At sufficiently low temperatures (up to ~ 200 K),
in PS there are conduction mechanisms characteristic
of substances in which the concentration of free charge
carriers is very low and there are no extended (delocal-
ized) states or unblocked percolation paths:

— this is the Berthelot-type conductivity (tunneling
between thermally vibrating barriers) at
180<T< 280K [17];

— Mott's hopping conductivity over states near the
Fermi level with variable hopping length at T'<200K
[14], 140<T< 180 K [17]; the average hopping length (~
27 A) was estimated in [14];

— Efros-Shklovskii conductivity with hopping be-
tween states near the Fermi level through Coulomb
barriers at 50< T'< 120K [17];

— the resistance does not depend on temperature at
T<200K [6], and at T<40K [17].

2. At higher temperatures, activation conductivity is
observed in PS, which is subject to the Arrhenius law
[6-11, 17]

o(T) = ovexp[-Ea/ (ks T)], 1)

where Eq is the thermal activation energy of conductiv-
ity, ov is a constant, which is a parameter of the mate-
rial PS, kg is the Boltzmann constant, 7 is the tempera-
ture. Such a law of the temperature dependence of con-
ductivity is characteristic of carrier transfer over ex-
tended (delocalized) states.

3. Although it is generally accepted that the activa-
tion energy of conductivity E. lies in the range of 0.3-
0.7 eV [1], significant deviations from these values were
observed both in the direction of decrease and increase.
For example, for various nano-PS samples studied in
[10, 11], the value of E, varied within 0.1-1.0eV.

4. The thermal activation energy of conductivity in-
creases with decreasing size of PS nanocrystallites,
which indicates the presence of quantum effects:

— when the substrate resistance decreases (with an
increase in the doping level) from 15 to 0.3 Q cm, Eq
increases from 0.37 to 0.67 eV [9];

— with an increase in porosity from 40 to 80 % (with
a decrease in the size of nanocrystallites from 6 to
3nm), E, increases from 0.3 to 1.0 eV, and the trans-
mission spectrum shows a blue shift (the band gap in-
creases), [10];

— the value of E. increases with an increase in po-
rosity [24];

— with an increase in the intensity of illumination
and anodization current during etching of n-type PS
(with a decrease in crystallite size), the E. increases
from 0.1 to 0.44 eV [11].

5. In a number of works [12, 13, 17], two linear re-
gions of the temperature dependence of PS conductivity
were observed in Arrhenius coordinates: with low val-
ues of E, at low temperatures and large E, at high T.
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For example, at 170<7T<280, E, = 0.05eV, and at
T>300K, E«=0.51eV [17].

6. The conductivity of PS at relatively high temper-
atures depended exponentially on the square root of the
applied voltage [10] (obeyed the Poole-Frenkel law) and
increased with increasing frequency [6]. This indicated
the presence of conductivity over partially localized
states.

7. The I-V of the meso-PS with the tree structure of
the pores described in [15] had a threshold character
and obeyed the power law
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where Vi is the threshold voltage, and the exponent ¢
lies in the range between 1.7 and 3. Such a law is char-
acteristic of matrices of metal or semiconductor nano-
particles and is explained by the appearance of a Cou-
lomb blockade (CB) for free carriers [18]. An increase in
temperature linearly decreased the value of Vi, without
changing the shape of the I-V.

8. The p-type PS conductivity grows in NOs atmos-
phere [15]. The value of Vin in expression (2) logarith-
mically decreased with increasing NO2 pressure.

Summing up, it can be said that at low tempera-
tures, micro- and meso-porous silicon behaves as a
blocked network of nanocrystallites (with quantum
properties), which unblocks as T grows and in the pres-
ence of NO2 molecules.

During 1990-2010, many PS conductivity models
were proposed that had some degree of explanatory and
predictive ability. The low PS conductivity and its
growth with temperature were first explained by the
effects of quantum confinement and carrier depletion
(reduction of their thermal generation) due to expan-
sion of the band gap [10], impurity depletion (increase
in its activation energy), narrowing of conductive chan-
nels due to repulsion from surface traps [7] or by cap-
turing on them [8] and the occurrence of CB [11, 12,
15]. Percolation models were also created that took into
account the PS disordered or fractal structure [6, 12,
15]. Other models described PS as a combination of
several phases: two (amorphous and crystalline silicon)
or three (vacuum, SiO2, and Si nanocrystallites) — a
model of an effective medium [16].

In various works, the authors also interpreted the
activation energy of conduction E, in different ways:

—as the energy distance between the Fermi level
and extended states in the conduction band [8, 13, 17].

— as the barrier height between neighboring local-
ized states [9, 13];

— as the activation energy of surface traps [7] or im-
purities [11, 13];

— as the energy of quantum confinement of carriers
[10];

—as the charging energy of nanocrystallites (or
overcoming CB) [15].

So, at present, there is no generally accepted model
of PS conductivity, and the existing models cannot
simultaneously explain all the experimental facts de-
scribed above.
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3. DISCUSSION OF POSSIBLE MECHANISMS
OF INFLUENCE OF BARRIERS NEAR THE
Ps-CENTERS ON THE PS CONDUCTIVITY

Since the increase in p-PS conductivity under the
action of NO2 molecules was explained by the removal
of barriers near charged pv-centers [4], it can be as-
sumed that these barriers play a significant role in the
PS conductivity mechanism. The task arose to clarify
this role, to explain the experimental facts about the
behavior of the PS conductivity, in particular, to clarify
the origin and variation of the values of E..

The first was the assumption of thermally stimulated
reactivation of impurity atoms remotely passivated by pb-
cents (modified model [7, 11, 13]). In this process, free
carriers should appear and barriers near py-centers should
disappear. At first glance, the results of our calculations
show the validity of such a hypothesis [4, 59]. The simula-
tion showed that the reactivation energy of the impurity
atoms B and P increases from 0.03 to 0.8eV as the dis-
tance [ between the impurity atom and the pv-center de-
creases from 23 to 6 A, that is, lies in the range of experi-
mental values of F. The increase in the impurity reacti-
vation energy with decreasing [ (or decreasing size of
nanocrystallites in PS) also does not contradict the exper-
imental results. But the hypothesis of thermal reactiva-
tion of impurity atoms has several disadvantages. DFT
calculations [4, 5] also show that when approaching impu-
rity atoms with py-centers, the magnitude of the increased
potential and the region of its propagation around the pb-
centers decreases. For example, for the reactivation ener-

of a boron atom to be 0.8 eV, the distance ! must be ~ 6
A. In this case, the region of increased potential near the
pp-center narrows, for example, the barrier for holes at a
distance of a=5A from the pp-center is only 0.25V. So,
closely spaced pairs of impurity atom — pp-center do not
create significant barriers for free carriers, that is, they do
not affect the PS conductivity. The described process of
reactivation of the impurity can only increase the concen-
tration of free carriers, and does not affect the number of
percolation paths blocked by barriers in the PS network.
The fact that boron atoms must be far from py-centers
and, therefore, have a low reactivation energy (~0.05eV)
is also suggested by the hypothesis put forward in [4].
According to this hypothesis, the p-type electrochemical
etching of silicon should stop when the B atoms are at a
distance of ~25A from the Si/electrolyte interface. Then
the pp-centers that are formed at this interface begin to
remotely passivate the boron atoms and charge positively.
With their electric field, they block the movement to the
surface of free holes, which is necessary for further etch-
ing [32].

The following assumption was to explain the behav-
ior of the conductivity by the action of several pairs of
an impurity atom — pp-center, which could cause the
appearance of a CB for free carriers. This was indicated
by the characteristic I-V behavior of the PS samples
described in [25]. To pass a current through the PS
network, it is necessary that a free electron (hole) fall
into each nanocrystallite, that is, charge it with an el-
ementary charge e [12]. For a crystallite of small diam-
eter (and small electric capacity C) the charge energy

AE = ez/ (2C) can be quite significant. This means that

J. NANO- ELECTRON. PHYS. 11, 02016 (2019)

the percolation path for free carriers is blocked by the AE
barrier, which creates the CB. In the work [15], it was
hypothesized that in some thin sections of the p-PS nan-
owires (on both sides of the nanocrystallites) some posi-
tive charge can be accumulated, which causes the CB. In
the NO:z atmosphere, this charge is screened and CB is
removed. In [4], we showed that it is the pv-centers that
passivate boron atoms that can cause CB in p-PS, and
also explained the mechanism for removing barriers for
holes by NOz molecules. But the hypothesis of the occur-
rence of CB also has a significant drawback. The charge
energy AE of a spherical nanocrystallite with a minimum
diameter of d=2 nm, at which quantum confinement is
not very significant, is only

e2

AE=—— —
2-2mee,d

~0.06eV,
where ¢=12 is the dielectric constant of silicon,
&, =8.85-10 "2 F/m is the vacuum permittivity. So, the

CB phenomenon also cannot correctly explain the ex-
perimentally obtained values of E ~0.5¢V.
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Fig. 1 —(a) The distribution of the potential change on the
Si1soH136B cluster atoms (with a distance of 1~23A between
the B atom and the pp-center) after an electron transitions
from the B atom to the pp-center (the green and red colors
correspond to the areas of increase and decrease of the poten-
tial); (b) dependence of the potential change on atoms on their
distance a to py-center. The dotted curve reflects the hyperbol-
ic law of potential reduction with distance
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Finally, the region of high (low) potential near ps-centers,
which passivate impurity atoms, can affect the conduc-
tivity through narrow sections of PS nanowires (modi-
fied model [7]). However, the assessment of such an
impact is not a trivial task. The DFT simulation carried
out in [4, 5] made it possible to calculate the potential
change on atoms, which occurs during the transition
from the non-passive (triplet) state to the passivated
(singlet) state, Fig. 1a. Fig. 1b shows the values of the
variation of the potential Ag calculated on the atoms of
the SiisoH136B cluster (with /=23 A) depending on their
distance from the pp-center. The Agp values are calcu-
lated for atoms lying in a plane perpendicular to the
B—pb-center line. From Fig. 1b it can be seen that the
barrier height for holes can reach large values, for ex-
ample, at a distance of =10 A from the ppv-center, the
change in potential is Ap = 0.65eV. Therefore, the value
of Eq correlates with the values of Ap for small a. How-
ever, nanocrystallites (or nanowires) in n}eso-PS have
minimum sizes (diameters) of about 20-30 A [1]. At such
sizes of nanocrystallites, the barriers for carriers moving
far from prv-centers are significantly reduced. For ex-
ample, at a=20 A, Ap decreases to a value of ~0.25 eV,
and at a=~30A, Ap tends to zero, Fig. 2b. Thus, free
carriers that pass along the part of the nanowire dis-
tant from the py-center must overcome minor barriers
or move without barriers. Therefore, at first glance, the
direct influence of areas of high (low) potential near py-
centers cannot explain the decrease in the PS conduc-
tivity and the experimental values of E,~0.5eV. But
this conclusion does not take into account the quantum
effects that arise when carriers move near the barriers
in thin sections of the PS nanowires.

4. MODELING THE PASSAGE OF CHARGE
CARRIERS THROUGH NANOWIRES WITH
SURFACE BARRIERS

In order to evaluate the influence of areas of high
(low) potential near pv-centers on the conductivity of
PS, one can consider the passage of free carriers
through a thin section of a cylindrical silicon nanowire
with a charged pp-center on the side surface. Such a
quantum-mechanical problem reduces to solving the
single-particle Schrodinger equation for a free particle
in a field with an effective potential in the envelope
function approximation [19]. The problem was solved
by the finite element method in the Comsol Multiphys-
ics software environment.

For a cylinder 20 nm long and d=2-5nm in diame-
ter, the stationary Schrodinger equation was solved in
a three-dimensional formulation:

2
[—;Aw(x,y,z)]w(x,y,z) - Ey(xy.2), 3
m

where 7 i1s the Planck constant, m =0.56 m. is the effec-
tive mass of a free hole in silicon (or m = 1.08 m. for free
electrons), U(r) is the potential energy distribution ap-
proximated from DFT calculations of the electrostatic
potential near the pp-center (Fig. 2); the energy E of a
free hole was set by the boundary conditions, and as a
result of solving equation (3), the distribution of the
wave function ¥(r) was determined.
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Fig. 2 — Distribution of the electrostatic potential on the model
cylinder

The conductivity of the structure under considera-
tion can be characterized by the transmission coeffi-
cient of carriers Tr (ratio of the fluxes of particles pass-
ing through a cylinder with a barrier and entering the
cylinder). The transmission coefficient characterizes
the probability of tunneling and is defined as

Tr= J‘ (4)

m‘ .

In (4), J;, is the probability flow entering the left base
of the cylinder, and <J,,; is the flow leaving the right
base (Fig. 2). In the general case, the probability flow is
determined by the expression [19]:

- h = = & h —

J=7.(l// Vy —yVy )=f1m(l// V) . )
2mi m

For this problem with the geometry of a long cylinder,

the wave functions on its basis can be considered as

plane waves:

Vin =%o0in eXp(ikZ) s (6)
l//reﬂ = WO refl eXp(ikZ) ) (7)
Your = Yo out eXp(ikZ) ’ (8)

where equation (6) describes a wave that enters the left
base, (7) — which comes out of it, reflected from the bar-
rier, and (8) corresponds to a wave that leaves the right
base, Fig. 2. The modulus of the wave vector k will be
the same for all three waves, provided U = 0 on the fac-
es of the cylinder, and depends on the energy E, which
can be set when solving the problem [19]:

k={2m(E-U)/h=~2mE /h . 9)

In the case of a plane wave, the probability flow will be
equal to

T =" Im(y V) =
m

" " . (10)
= Im (€ (i €7)) = = |y
m m
Then the transmission coefficient will be
2
7 ol i : (11)
‘Jm‘ ‘V/Oin ’

If introduce the normalization
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V/Oin =1 ) (12)

into the boundary conditions and take into account the
existence of the spatial dependence of v, (x,y), we

obtain the final expression for calculating the trans-
mission coefficient of the model cylinder:

: [ \%m(x,y)\zdS. (13)

Sbase Sbase

Tr=

In accordance with the formulated problem of find-
ing T7r, the following boundary conditions were chosen.
On the right (emitting) base of the cylinder, on which
the y,,,,(x,y) distribution is calculated to find 7r from

the expression (13), the “transparent boundary condi-
tions” were used. Such boundary conditions should al-
low the wave function of a particle with energy E to
leave the modeling region without reflection from the
specified face. The "transparent boundary condition"
can be obtained from equation (8), taking the derivative
with respect to 0z from its left and right sides:

M iy (14)

The particle (probability wave), which is described
by equation (6), must enter the left base of the cylinder
without reflection. The part of the wave that is reflect-
ed from the barrier and described by equation (7) must
also go out through the left base of the cylinder without
reflection. Therefore, on the left base of the cylinder,
the "transparent boundary conditions" were also used
for the waves entering and reflected from the barrier.
These conditions can be obtained after adding deriva-
tives of expressions (6) and (7) and taking into account
the normalization condition (12):

W iy +WYin ik = ik +i2kexp™ .(15)
02 |gin 0z

On the side of the cylinder we took
1//‘ s=0. (16)

This condition, although somewhat narrows the region
of localization of a free hole (electron), but corresponds
to the actual behavior of the wave function outside the
silicon nanowire.

First, the problem was solved for the case U =0, that
is, for a free electron or a hole in the cylinder without
the influence of the field of pp-centers. This was done to
assess the contribution of the quantum confinement
effect to the overall transmission coefficient and test
the adequacy of the model. Fig. 3 shows the dependence
of the logarithm of the transmittance on the energy E
of a free hole for cylinders with different diameters d.
Extrapolation of curves to the intersection with the line
Tr=1 gives the value of the decrease in the depth of the
valence band AEv, that is, describes the quantum con-
finement effect of a hole in a thin nanowire. Similarly,
AEc values were calculated for the case of free elec-
trons, and the total increase in the band gap
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Fig. 3 — Dependences of the logarithm of the transmittance
Tr on the free hole energy E for cylinders with diameters
d = 2+5 nm (indicated on the corresponding curves)

E,=E, . +AE;+AEy, am

where Egwop 1s the band gap in bulk silicon, Fig. 4. The
values of Eg calculated in this way (curve 3 in Fig. 4)
are in fairly good agreement with the results of exper-
imental work [20], where the Eg of silicon nanowires of
various thickness (marks # in the figure) were studied
by scanning tunneling spectroscopy. Although the enve-
lope method (or effective mass method) usually gives
overestimated values of Es; for small d, calculations
show even a slight underreporting compared with ex-
perimental results [20]. This can be explained by the
effective narrowing of real silicon nanowires due to the
influence of the hydrogenated surface. Fig. 4 also shows
that at d >3 nm, the quantum confinement effect be-
comes insignificant.

After the preliminary calculations described above,
we studied the effect of the field of positively charged
pb-centers on the transmission coefficient of nanowires
of different diameters for free holes. A centrally sym-
metric potential energy distribution was used, obtained
and approximated by DFT calculations of the potential
change near the charged pyv-center [4]. Fig. 5 shows the

distributions of ‘«//‘2 for cases Tr <<1 (a) and 7r ~1 (b).

In the first case, a hole is reflected from the barrier, the
probability of its being on the right side of the cylinder
is zero. In the second case, a hole with a nonzero prob-
ability passes through the barrier and exits through
the right base of the cylinder. Note that the increased
probability density of finding a hole near the pv-center
is associated with an increase in its potential energy in
this region, therefore, a decrease in velocity and an
increase in the residence time near the pp-center.
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Fig. 4 — The calculated dependences of the change in the posi-
tion of the valence band (1), conduction band (2) and the band
gap (3) depending on the nanowire diameter d. The # marks
show the experimental values of E; according to [20]

Fig. 5 — The distribution of ‘V/‘Z for a free hole in a cylinder with

a barrier created by a positively charged pp-center: a — when
reflected from the barrier, b — when passes through the barrier

Fig. 6a shows the calculated values of the depend-
ence of the logarithm of the transmittance 7r on the
free hole energy FE for cylinders of diameters d=2~+5nm
with barriers. According to the obtained dependences
1gTr(E), the threshold energy values E:» were found, at
which a hole begins to pass through the barrier struc-
ture with probability 7r ~1 (Fig. 6b, curve 1). In the
same figure (curve 2), the energies AEc are shown,
which correspond to the barriers for holes arising from
quantum confinement in thin nanowires. From a com-
parison of the curves, it is clear that the influence of
barriers near the pp-centers is more significant than
the quantum confinement effect. These barriers affect
the movement of holes and in relatively thick nan-
owires (with d >3 nm), in which the region of increased
potential does not cover the entire cross section. This is
due to the reflection of a quantum particle from a bar-
rier lower than the particle energy.

The calculated values of Ei lie in the range of
0.1+1eV, which correlates with the experimentally
obtained values of the thermal activation energy Eq of
PS conductivity. The increase in Ei, with decreasing d
also agrees with the experimentally observed increase in
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Fig. 6 — (a) Dependences of 1gTr on the free hole energy E for
cylinders with diameters of d=2+5nm; (b)— dependence of
the threshold energy Eus (1) and the quantum confinement
energy of holes AEv (2) on the cylinder diameter d

E. with decreasing sizes of PS nanocrystallites. The
diameters of the thinnest nanowires in the PS network
are determined by the substrate doping level and PS
preparation conditions (electrolyte composition, etching
current density, etc.). This means that for a particular
PS sample, the diameters of the thinnest nanowires are
about the same. Therefore, the values of Ei, will be ap-
proximately the same for the entire percolation net-
work of this PS sample. Therefore, the value of Eux can
be interpreted precisely as the energy necessary for
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thermally overcoming barriers near charged pn-centers
in thin sections of the nanowires of which PS is com-
posed. Similarly, calculated Eim» values for electrons
were about half as much (which is due to their higher
effective mass). This also agrees with the experimental
data [11], according to which in n-type PS the values of
the energy E. are lower than in p-PS.

The presence of two linear sections in the tempera-
ture dependence of conductivity in Arrhenius coordinates
(with Eq~0.05eV at low temperatures and E.~ 0.5eV
at high 7), which was observed in [12, 13, 17], can be
explained as follows. At low 7T, the main mechanism of
the increase in conductivity is the depassivation of im-
purity atoms, which requires energies of just about
0.05eV. This process is accompanied by the simultane-
ous removal of barriers near the py-centers (unblocking
of some percolation paths in the PS network) and a
slight increase in the concentration of free carriers.
Note that after depassivation, passivation of the impu-
rity by distant pp-centers occurs very quickly, since the
passivated state is more energetically favorable. There-
fore, the number of percolation paths that are un-
blocked (due to the depassivation of the impurity) de-
pends insignificantly on 7' and has little effect on the
PS conductivity. Higher values of Eq~0.5eV at high T,
as already noted can be attributed to thermal overcom-
ing of barriers near charged pp-centers. More signifi-
cant values of Eq>1eV can be explained by the pres-
ence of several charged py-centers located nearby. The
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Biutue masexoniodoi nacusaii JOMIiIIKOBHX aTOMIB [IOBEPXHEBUMU
o0ipBaHuMU 3B’I3KaMU HA MPOBIAHICTH IIOPYBATOI0 KPEMHiIO

®.0. ITrameunxo

Hauionanvruii ynisepcumem «QOoecvia mopcvia arxademisn, 8y, Hiopixcona, 8, 65029 Ooeca, Yrkpaina

V BerymHIN YacTHHI poOOTH MPOaHAaJIi30BaH] eKCIIepHUMEHTAIbHI JaHHI PO BIUIMB HA IIPOBIIHICTD IIOPY-
Baroro kpeMHin (PS) pisHUX YMHHUKIB, 30KpeMa, CTPYKTYPH OBEPXHI, PIBHSA JIETYBAHHS, TeMIIEPATYPH, eJIe-
KTPHUYHOTO II0JIsA, aTMOocepr aKTUBHUX MOJIEKYJI. AHAJII3 TEOPeTHIHUX Moje el mposigrocti PS, aki sampo-
IIOHOBAHI HA JAHUI 4Yac, IOKa3ye, 10 JKOJHA MOJeJIb He MOKe OJHOYACHO IOSICHUTU BCl €KCIIePUMEHTAIBHO
BCTAHOBJICH] 3aKOHOMIPHOCTI MOBEAIHKN IPOBIIHOCTI. 30KpeMa, He IMOSICHeHUMU € po30ir 3HaYeHb eHepril Te-
PMIYHOI aKkTHBAIlil IpoBigHOCTI K, HAsBHICTH JBOX 3HAUEHb Fq B PI3HUX TeMIIepaTypPHHUX Iialla3oHax, 3aje-
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SKHICTB Fq B po3MipiB HaHOKpHCTAMTIB PS, MexaHiam BIyimBy Ha TpoBLTHICTE MOJTeKyT NOs.

B po6ori 3ampomornoBana mojests mpoBimHOCTI PS, 3rigHo 3 sIK010, OCHOBHIUM YHHHHUKOM, IT[0 00yMOBJIIOE
HU3BKY MPOBIAHICTE PS, € HAABHICTH 3apSIKEHUX Ph-IIEHTPIB (ATOMIB KPEMHII0 3 00ipBAHUMU 3B’SI3KAMMU), K1
BIJJIAJIEHO TACUBYIOTH JOMIIIKOBI aTtomu 6opy a6o docdopy. HaBroso 3apsipreHnx ph-IIEHTPIB BUHAKAOTH
bap’epu I BUTBHUX HOCIIB, SIK1 IIEPEITKO/KAIOTE IX PyXy Yepe3 TOHKI JuIaHkn HauoAporiB y PS. Jlisa mepe-
BIpKH I1iel rinoTe3u O0yso mpoBedeHo 3D-MofeToBaHHs TPOXOYKEHHS BUILHOTO HOCIS Yepe3 JUISHKY TOHKOTO
(2-5 HM) IWIIHIPWYHOTO HAHOAPOTA 3 MOBEpXHEBUM Oap’epom. s IIbOTO0 MeTONOM KIHIEBHUX eJIeMEeHTIB
pO3B’sA3yBasoca omHoOYaCTUHKOBe piBHAHHS [lIpemiHrepa 3 «Ipo3opwMu rpaHUYHAME yMOBAMI» HA OCHOBAX
muwtiaapy. [orenrian ma 6ap’epl 6yB y3saTwmii i3 momepeaHix pobit, mpucBsyenux DFT-momemoBanH0 masme-
Ko/Iioovoi macusariii. PospaxoByBasacs mposopicts Tr Takol 6ap’€pHOI CTPYKTYPH B 3aJIEsKHOCTI Bl eHeprii K
BlIBHOTO HOCisA. [To orpumarnum 3anexuocrsam Tr(E) Oynu 3uatifeHi SHaYeHHs eHeprii Ky, T0IaHHSI BKa3aHUX
bap’epiB y HaHompoTax pisHoro miamerpy. Orpumani suavenns En = 0.1-1 eB mobpe ysromxyoThes 3 eHepri-
sIM# TepMIuHOI akTuBaIi nposimHocTi PS. Exeprisa Ex 3pocTae pu 3aMeHITeHH] iaMeTPIB KPEeMHIEBUX HAHO-
JIPOTIB, IO TAKOK BIMIIOBIJA€ eKCIIePUMEHTAILHUM pedyJibrataM. HasBHICTD JBOX 3HAYEHDb €HEepPTil aKTUBAaIlil
MPOBITHOCTI MOYKHA IIOSICHUTH JIOMIHYBAHHSIM IIPOIECIB JIETACUBAITIl JTOMINIKKA TPU HU3BKUX TeMIIepaTypax
Ta TePMIYHOTO JOJIaHHS 6ap epiB MOOJIHM3y ph-I€HTPIB IIPH BUCOKUX TEMIIEPATYpax.

Kirouori cnora: IIposiguicts, [lopysaruit kpemsiit, Kpemuiesi HaHOIPOTH, ph-II€HTPH.
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