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It is known that the physical properties of granulated semiconductors that appear under certain
conditions depend on their size or access state or defects on their surface, and their formation depends on
the methods of obtaining granulated semiconductors. Structural models of granular semiconductors and
charge transfer processes in them are explained in this work. Research shows that in practice, granulated
semiconductor particles can be arranged in a row or next to each other. In the first case, the process of charge
transfer from the first particle to the second particle is carried out through the inter-particle boundaries
formed between them. In this case, Ju current will appear. As the temperature increases, localized traps
with E;, energy level appear successively in the interparticle boundary regions. An increase in the amount
of charges (€:) captured in localized traps leads to an increase in the height of the potential barrier (¢),
which, in turn, leads to a decrease in electrical conductivity. In the second case, the particles are located next
to each other, and the charge transfer processes occur simultaneously, as in the first case, along the adjacent
interparticle boundary areas. In this case, the conductivity of the traps increases, since the charge transfer
process mainly occurs along the interparticle border areas located next to each other.
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1. INTRODUCTION

The physical properties of granulated nano-semicon-
ductors under certain conditions depend on the access
state or defects in the volume or surface of the semicon-
ductor, and their formation depends on the methods of
obtaining granulated semiconductors [1-9]. From the
analysis, it can be seen that in the process of obtaining
semiconductor materials, a change in thermodynamic
balance or foreign atoms or molecules entering from the
external environment lead to the distortion of the crystal
lattice. Such processes mainly occur strongly in micro-
sized semiconductors and form boundary areas between
two crystals characteristic of a polycrystalline structure.
In nanoscale structures, it leads to size effects.

In this work, the theoretical and practical results of
the study of the structure of two adjacent granules and
the specific models and mechanisms of their explanation
are proposed. The results of the research show that the
surface of silicon particles consists of different uneven-
ness and roughness of silicon dioxide. In our opinion, the
processes of charge transfer in them depend on the size,
structure and arrangement of the granules.

Granular silica particles can be arranged in two dif-
ferent ways, in a row or side by side (Fig. 1 and 2). The
charge transfer processes in them are completely differ-
ent from each other. Below we will consider the location
schemes and structure model of granulated silicon.

2. STRUCTURE MODEL AND CHARGE

TRANSFER MECHANISM
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2.1 Granular Semiconductors Arranged in Series

Fig. 1a shows the structural model of a granular semi-
conductor with its particles arranged in a row and the cor-
responding zone diagram. In order to explain the scheme of
sequential arrangement of particles, it is appropriate to
consider the size of the base occupied by the particles and
the size of the particle. For this, a heat-resistant dielectric
base, for example, a ceramic tube, can be used [1-4].

When the particle size is equal to the diameter of the
ceramic tube, a sequential arrangement of granular semi-
conductor particles is observed inside the substrate (Fig.
1a). The ohmic contacts Ma and Mp are pressed from the
two ends of the dielectric case by an external force, result-
ing in the formation of contact areas between the silicon
particles (Fig. 1a, area 5). When heat @ is given by A of the
sample, an electric force appears due to the temperature
difference between M4 and MBp contacts.

When the temperature is increased by one standard,
electron-hole pairs are formed in area A. Charge carriers
move to B side. In this case, the process of charge trans-
fer takes place through the areas of the boundary be-
tween two adjacent silicon particles (area 5). In this
case, the charge transfer processes can be explained as
follows on the basis of the zone diagram of the interpar-
ticle boundary areas presented in Fig. 1b.
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Fig. 1 - Arrangement scheme (a) and zone diagram (b) of gran-
ulated semiconductor particles arranged in series. 1-2 — rough
surface area of the particle, 3 — particle core, 4 — dielectric body,
5 — interparticle boundary area

The process of transfer of charge from the first parti-
cle to the second particle is carried out through two con-
tiguous interparticle boundary zones formed between
them. In this case, Ji current will appear. As the tem-
perature increases, localized traps with Ei» energy level
appear successively in the interparticle boundary re-
gions. An increase in the amount of charges (Q;) cap-
tured in localized traps leads to an increase in the height
of the potential barrier (¢), which, in turn, leads to a de-
crease in electrical conductivity.

2.2 Granular Semiconductors Arranged Parallel
to Each Other

Figure 2 shows the structural model of a granular
semiconductor with adjacent particles and the corre-
sponding zone diagram. This type of particle arrange-
ment can be observed in a heat-resistant ceramic tube
like the one above. For this, the size of the particles
should be several times smaller than the inner diameter
of the ceramic tube. In this case, the location of the par-
ticles can be described as in Figure 2a. Inside the ce-
ramic tube, the particles form a series of particles ar-
ranged parallel to each other, as shown in Figure la.
Their number is equal to how many times the particle
size is smaller than the pipe diameter. That is, inside
the tube, it forms a set of parallel and side-by-side gran-
ulated particles as shown in Fig. 2a. In contrast to

Fig. 2 — Arrangement scheme (a) and zone diagram (b) of gran-
ular semiconductor particles whose particles are adjacent to
each other. 1-2 — rough surface area of the particle, 3 — particle
core, 4 — dielectric body, 5 and 6 — interparticle boundary
formed between consecutive and adjacent particles, respec-
tively area, M4 and Mp are ohmic contacts in areas A and B,
respectively, @ is the amount of heat supplied
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Fig. 1a, an interparticle boundary (6 areas) is formed in
parallel between granulated particles located in a row.
also, the process of charge transfer in such a structure is
fundamentally different from the process of charge
transfer in a structure located in a series with each
other, discussed in the previous paragraph.

When @ heat is applied, electron-hole pairs are formed
in the A region of the sample, and they move to the B re-
gion. The charge transfer process takes place simultane-
ously through the granules connected in series and across
6 areas formed between the granules connected in parallel.
In this case, the charge transfer process can be explained
as follows based on the zone diagram.

According to the thermoelectric emission model, the
charge carriers formed as a result of heating of the field
A are trapped in the localized traps (Ei») above the Fermi
level Ef and the Jss current appears as a result of their
release. Jss depends on the current and Ei, on the full
conductance of the level traps (Yss).

In [9, 10], the conductivity Yss of localized traps in
two adjacent areas was determined and a model was
proposed to explain the charge transfer mechanisms
through them. According to it, successively different en-
ergy levels under the influence of temperature, for ex-
ample, at T ~ 70+420 °C, successively Ein1 ~ 0.15 €V,
Ein2 ~0.17 eV, Ein3 ~ 0.36 €V, Eins ~ 0.3 eV energy level
traps can appear. The charge leaving the E, valence zone
is first trapped in Ein1, then Ein2, Eins, Eina energy level
traps (Fig. 2b). This event continues until the traps are
filled. The migration of charges across the levels leads to
the generation of current Jss and Yss.

We believe that the same process can occur in gran-
ular semiconductors. That 1is, charge carriers are
trapped in traps with energy levels Ein1, then Eine, Ein3,
Eins, which appear successively in the interparticle
boundary (5 areas, Fig. 2a) and move along the traps
(Fig. 2b). This in turn can lead to Jss current and local-
ized trap conductance (Yss). In granulated semiconduc-
tors, the process of charge transfer takes place in two
adjacent 6 interparticle boundary zones (Fig. 2a). It
should also be noted that charge carriers caught in lo-
calized traps do not move towards the core of the gran-
ule. That is, the charge carriers caught in the localized
traps that appeared in the 5 interparticle boundary ar-
eas move to the localized traps that appeared in the 6
areas that are energetically close to each other. This, in
turn, leads to an increase in the current Jss and Yss.

3. THERMOELECTRONIC EMISSION MODEL
FOR GRANULAR NANO SEMICONDUCTORS

Above, we considered the structural models of gran-
ular semiconductors. Let's consider the charging pro-
cesses in granular conductors and their production pro-
cesses using the proposed models and the thermoelec-
tronic emission model. As discussed above, when @ heat
is applied, the temperature difference is the difference
between Ma and Mp contacts. In this case, compared to
the charge carriers formed due to the heating of the A
area, the carriers of the B area, which have a lower tem-
perature, move and the concentration of the charges in-
creases under the influence of temperature. Tempera-
ture, transfer of charge carriers from area A with higher
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temperature to area B occurs. This process continues un-
til a balance appears in both areas. Charge migration
processes in such structures are similar to charge migra-
tion processes in polycrystalline semiconductors.

It is known from the physics of polycrystalline semi-
conductors that intergranular boundary areas act as lo-
calized traps for charge carriers [9-15]. The capture and
release of charge carriers in localized traps leads to an
increase in the potential barrier height (¢) in the inter-
granular boundary region, which in turn increases the
resistivity (p) of semiconductors with a polycrystalline
structure [14, 15]. Even in granular semiconductors, in-
tergranular boundary regions act as localized traps for
charge carriers. Accordingly, Figure 2b shows a zone di-
agram of two adjacent areas.

According to the thermoelectron emission model, a
thermoelectron emission (Ji) current appears during
the transfer of charges from left to right [12, 13]:

Jy = A" -T? exp(-B(¢ + )1 -exp(-pU)) (1)

where, B=e/kT — potential difference, A* _ Richard-

son's efficiency constant, U — given voltage,
e@ — height of the barrier on the left, e — Fermi level

depending on the doping concentration of the inputs in
the grain.

It can be seen from the zone diagram that in addition
to the Jin thermoelectron emission current, the second
Jss current is also present. This current occurs when
charge carriers are captured and re-released in localized
traps (Ein) in the intergranular boundary region above
the Fermi level Ef when moving from left to right. Jss
current is the difference between the intensity of trap-
ping and re-release of charge carriers in localized traps.
This current depends on the total permeability of the
traps (Yss), i.e., the complete permeability, which de-
pends on the grain surfaces and energy distribution of
the traps, and the potential barrier height (5¢).

Jss = Y536¢ (2)

Jss and J0p have an inverse dependence due to the
capture and release of charge carriers in traps. Such vi-
brational dependence is determined by the properties of
traps.

In [9, 13-15], during temperature change from 300 K
to 800 K, the capture of charge carriers in localized traps
(Ei) increases the value of d¢ from 0.3 eV to 0.9 eV, on
the contrary, during temperature decrease, d¢ it is de-
termined that it leads to a decrease and that it consists
of a feedback process. One of the more important prop-
erties for two connected fields is the dependence of not
only Jss, but also the Jth current generated during the
thermoelectronic emission process. A change in the
height of the potential barrier (5¢) also causes a change
in the current J;». When the temperature changes, the
trapping and re-release of charge carriers in the local-
ized traps leads to a change in 6¢p and Jss, which leads to
a change in the total current. In such cases, the total
current can be expressed as:

Soor =T+ 3

tot
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It can be seen from expression (3) that the total cur-
rent depends on the trapping and re-release of charge
carriers. As the temperature increases, the generation of
electron-hole pairs increases. Due to them, the total cur-
rent will also increase. So, the process of charge transfer
in polycrystalline semiconductors mainly depends on the
complete conductivity of the Jss current and Ei-level traps
(Yss) appearing in the two junctions, i.e., intergranular
boundary areas. In [9, 10], an increase in total conductiv-
ity of Ei-level traps (Yss) was determined, which was ex-
plained on the basis of the appearance of thermo-voltaic
effects with penetration in two junction areas. In our case,
the processes taking place in the boundary between two
adjacent granules may depend on the manifestation of
voltaic effects with input heat.

4. MECHANISMS OF FORMATION OF LOCAL-
IZED TRAPS IN INTERPARTICLE BOUND-
ARY AREAS

Defects formed in the intergranular boundary areas
of polycrystalline semiconductors during crystallization
or preserved crystalline states form deep or shallow lo-
calized traps for charge carriers [9, 11, 12]. They can ap-
pear or disappear during temperature changes. For ex-
ample, in the range of ~ 20+400 °C of thermal treatment,
in series The emergence of recombination centers at
Eini = 0.15 €V, Ein21 = 0.17 eV; Eixz1 = 0.36 eV and
Eins1=0.3 eV levels has been found to cause a dispropor-
tionate change of electrophysical parameters of poly-
crystalline silicon with increasing temperature [8]. In
granular semiconductors, localized traps appear in the
areas of the boundary between two adjacent particles.

The interparticle boundary field appears between
two particles during the process of pressing the particles
together. As we have seen in the previous paragraphs,
the atomic structure of this field consists of various de-
fects or entry states. The appearance of localized traps
in granular semiconductors at different energy levels
and the mechanism of charge transfer in them can be
explained as follows.

Figure 3 shows the zone diagram of a granular semi-
conductor and the mechanism of charge transfer in re-
combination centers [9, 10]. Electrical contacts are placed
in areas A and B of the sample. In order to explain the
occurrence of localized traps at different energy levels and
the process of charge transfer in them, we will condition-
ally divide it into sections I, II, ITI, TV, V and VI.

1. At the initial stages of temperature increase when
@ heat is given, for example, when the temperature of
section I is T1 < 50 °C, the charge carriers that have
passed from the valence zone to the conduction zone
move from the area A with a higher temperature to the
area B with a lower temperature. In this case, the charge
carriers move along sections II, III, IV, V and VI (Fig.
3a), resulting in a current in a closed circuit.

2. As the heat energy @ increases, the temperatures
in the sections change. For example, the temperature of
section I is 50 °C < T2 > 70 °C and the temperature of
section II is increased to 741 < 50 °C, let a recombination
center with energy level Ein1~ 0.15 eV appear in section I.
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Fig. 3 — Zone diagram of granular semiconductor and mecha-
nism of charge transfer in recombination centers

In this case, the migration of generated charge carriers de-
pends on the concentration of recombination centers. If the
recombination centers are greater than the concentration
of charge carriers generated in the II section, the charge
carriers are caught in localized traps with an energy level
of Ein1 ~ 0.15 eV and move towards the I section (Fig. 3b).
On the contrary, if the concentration of recombination cen-
ters is less than the concentration of charge carriers gener-
ated in section II, charge carriers move from A to area V.
3. If the temperature of section Iis 70 °C < T3 > 100 °C,
that of section II is 50 °C < T% > 70 °C, the temperature of
section III is 71 < 50 °C, as well as the energy level
Ein2 ~0.17 eV in section I, Let a recombination center with
an energy level of Ein1 ~ 0.15 eV appear in section II. The
charge carriers generated in sections I and II are trapped
in the recombination centers of levels Eine ~ 0.17 €V and
Ein1 ~ 0.15 eV, respectively. Even in this case, charge mi-
gration depends on the concentration of recombination cen-
ters. That is, if the concentration of recombination centers
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is greater than the concentration of charge carriers gener-
ated in section III, charge carriers move towards sections I
and II along the levels that appear in these sections (Fig.
3c). In this case, charge carriers move from area B to area
A of the sample. Otherwise, charge carriers move from A to
B.

4. If the temperature of areas I, II and III changes to
100°C < Ty >250°C,70°C < T5>100°C, 50°C < T3> 70°C,
respectively, in these sections, Eins ~ 0.3 eV, Einz ~ 0.17 eV
and Ein1 ~ 0.15 eV energy level recombination centers
should appear, and the IV region temperature should in-
crease to T1 < 50 °C. In this case, as mentioned in point 3,
the generation and migration of charge carriers is observed
(Fig. 3e, 3f, 3g and 3h). In this case, charge carriers move
from B to A area. This process continues until the process
of manifestation of recombination centers stops or the lev-
els disappear. With the loss of successive recombination
centers in sections I, II, III, the direction of charge carriers
changes from area A to area B.

At the next stages of temperature increase, such pro-
cesses are observed that, due to the increase in the concen-
tration of charge carriers generated in sections I, IT and III,
and the appearance of the above-mentioned recombination
centers in sections IV, V and VI, correspondingly, charge
carriers move from A to B area. it accelerates. The amount
of current in the closed circuit increases. In addition, the
generation of charge carriers in localized traps can be ob-
served at later stages of temperature increase. This process
also accelerates the transfer of charge carriers from A to B
area. The considered considerations play an important role
in the explanation of thermal voltaic effects in a granular
semiconductor.

5. CONCLUSIONS

Thus, in practice, charge transfer processes depend on
the arrangement of granular semiconductor particles. If
the granulated semiconductor particles are located in a
row, charge transfer processes take place from the first par-
ticle to the second particle through the interparticle bound-
ary areas formed between them. In this case, such a process
occurs that localized traps with energy level Ei, appear suc-
cessively in the interparticle boundary areas as the temper-
ature increases. An increase in the amount of charge carri-
ers trapped in localized traps (@) leads to an increase in
the height of the potential barrier (¢), which in turn leads
to a decrease in electrical conductivity. On the contrary, if
the granular semiconductor particles are located next to
each other, the charge transfer processes simultaneously,
as noted above, from the first particle to the second particle
in the interparticle boundary areas formed between them.
through and along the interparticle boundary areas. In this
case, as the temperature increases, localized traps with an
energy level of Ei, appear successively in the interparticle
boundary areas. Charge carriers are trapped in localized
traps. With the appearance of localized traps with a new
energy level, charge carriers move along the localized
traps. This process leads to an increase in the permeability
of localized traps. That is, localized traps participate in con-
ductivity.

The considered considerations can be of great im-
portance in explaining the kinetic phenomena occurring in
granular semiconductors and two adjacent boundary fields.
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CTpyKTypHIi MOJeIi Ta mpoecu NepeHocy 3apanay y rpaHy/ibOBAHNX HAHOHAMIBIPOBIIHUKAX
Lutfiddin Olimov

Andijan University of Economics and Pedagogy, Andizhan, Uzbekistan

Bigomo, 110 isuyHi BJIACTHBOCTI TPaHyJILOBAHWX HAINBIIPOBIOHUKIB, AKI BUHHUKAIOTH 34 IIEBHUX YMOB,
3aJesKaTh BiI X po3Mipy a6o medeKTiB Ha iX HMOBEpPXHI, a IX YTBOPEHHS 3aJIEKUTh BiJl METOIIB OTPUMAHHS
TpaHyJIbOBAHUX HAIIBIPOBITHUKIB. ¥ poOOTI IIpeicTaB/IeH]l CTPYKTYPHI MOJIeJIi 3ePHUCTUX HAIIBIPOBIIHUKIB
1 mpoItecu mepeHocy 3apsaay B Hux. J[ocmiikeHHS TOKa3yooTh, 10 HA MPAKTUIN TPAHYJILOBAHI HAIIBIIPOBII-
HUKOBl YaCTHHKN MOXKYTh OyTH PO3TalIoBaHl B psif abo mopyd. Y IepuioMy BHIIAIKY IIPOIlEC IepeHeCeHHs
3apsiy BiJ IepIIol YaCTUHKH JI0 JPYTol 3MIMCHIOETHCS Yepe3 YTBOPEH] Mik HUMU MIKIACTKOBI MeXl. Y 11boMy
BUIAIKY 3'SBUTHCS oJ-i cTpyM. 31 301/IbIIEHHSIM TeMIIEpATypPU B 00JIACTSIX MIKYACTKOBUX MEIK IIOCIIIIOBHO
BUHMKAIOTh JIOKAJII30BAHI ITACTKY 3 piBHEM eHepril Ei,. 36iabInenHs KiTbKoCTi 3apsaaiB (@), 3aX0IUIeHUX JIo-
KaJTNi30BAHUMU [TACTKAMU, IIPU3BOAUTD 10 30LIbIIEHHS] BUCOTH MIOTEHIHOTO 6ap’epy (¢), 110, y CBOIO 4epry,
IPU3BOAUTE [0 3MEHIIeHHS eJIEKTPOIIPOBITHOCTL. Y IpyroMy BHIIAJKY YACTHHKH PO3TAIIOBAHI IIOPYY, 1 IIpO-
I1eCH TIePEHECEeHHS 3apsay BIJI0YBAIOTHCS OJHOYACHO, SK 1 B IIEPIIOMY BUIIAIKY, Y3IOBXK CYMUIKHUX MIKIACTH-
HKOBUX I'PaHUYHUX MITHOK. [Iportec mepeHecenHs 3apsaay BiiOyBaeTbCss B OCHOBHOMY B3[I0BK MIsKUaCTHHKO-
BUX JUJISTHOK, PO3TAIIIOBAHUX IIOPYY.

Knrouosi ciosa: 'parynbosani HaHoHamiBnposigaukn, [Iponecu neperecenns sapany, Yacruaku, Mixua-
CTUHKOBI MesKi.
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