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Based on a non-standard choice of contact materials: non-crystalline silicon and nanosized crystalline lead
chalcogenides (PbX), the possibilities of increasing the efficiency of solar cells by creating a solar cell with
multiple nanoheterojunctions are substantiated. Based on the principle of self-organization, the possibilities of
growing PbX nanocrystals in the form of coherent nanostructures on the surface of non-crystalline silicon are
shown. The dependence of the solar cell efficiency on the properties of the materials of its components is
determined. The features of the formation of the con-tact field of the solar cell are shown and its electrical
parameters are calculated. The parameters of the contact field of the <Si:PbX> nanoheterojunction are
calculated by solving the Poisson equation. The mechanism of contact field formation by equalizing the Fermi
levels is explained, and the state of the final Fermi level is calculated. To determine the optimal parameters of
the contact field of the nanoheterojunction, the number of electrons transferred from silicon to PbX was
calculated. Calculations show that the parameters of the contact field of the nanoheterojunction <Si:PbX> are
not inferior to similar parameters of conventional silicon solar cells.
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1. INTRODUCTION

Many energy crises in recent years have led people to
realize the urgent need to search for new energy sources to
replace the gradually depleting reserves of hydrocarbons.
Naturally, renewable energy sources (RES), including
solar energy, are at the forefront of this search.

The potential of solar energy is indeed impressive
due to its inexhaustibility, which, unfortunately, cannot
be said about the current practical capabilities of
harnessing it. The main issue lies in the low efficiency
of solar panels, along with a number of operational
challenges in using solar electricity. As a result, this
issue has attracted the attention of many researchers.

The efficiency of a solar panel is primarily deter-mined
by its main component — the solar cell (SC), and more
specifically, by the properties of its p-n junction, where the
conversion of solar radiation into electricity takes place.

The solar cell (SC), as the fundamental component of
solar energy systems, is largely responsible for their
efficiency. More precisely, the efficiency of an SC is
determined by the conversion properties of its p-n
junction, which depend on the choice of contacting

* Correspondence e-mail: asqarovm@list.ru

2077-6772/2025/17(5)05017(5)

05017-1

PACS numbers: 73.50.Pz, 73.63.Bd, 84.60.Jt

identical, the
if the materials are

materials: when the materials are
junction is a homojunction;
different, it is a heterojunction.

This study examines the properties of a SC com-
posed of a unique and entirely unconventional
combination of contacting materials for solar energy
applications: amorphous non-crystalline silicon (Si)
combined with numerous nanoinclusions of lead
chalcogenide semiconductors (PbX, where X = S, Se, Te).

The unconventional nature of this SC lies not only in
the rather "unusual" combination of materials but also
in its application within solar panels for the large-scale
production of solar electricity. These panels must retain
their conversion efficiency while operating over
extended periods in open environments with extreme
fluctuations in climatic conditions. Therefore, a
thorough justification is required for the SC’s long-term
operational stability, specifically the need to:

. provide a detailed rationale for the choice of
contacting materials (Si and PbX);

. justify the manufacturing technology necessary
for producing such a complex solar cell that retains
stable conversion performance over years of use;
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. substantiate the mutual compatibility of the
contacting materials (Si and PbX).

At present, high efficiency in solar cells is achieved
primarily through the use of monocrystalline silicon as the
base material (or, at minimum, polycrystalline silicon).
The idea of using amorphous, non-crystalline silicon as one
of the contacting materials in a solar cell — while expecting
high efficiency — has long been regarded as entirely
unpromising, if not outright meaningless.

However, contrary to these negative expectations, a
number of experimentally confirmed and patented
properties have demonstrated that it is indeed possible
to create efficient energy conversion devices based on
the combination of amorphous silicon and lead
chalcogenide (PbX) nanocrystals [1-5].

The conclusion that efficient conversion devices can
be developed from these two non-traditional materials —
Si and PbX — whose contact can provide a solar cell with
long-term, stable energy conversion efficiency,
necessitates a thorough investigation of the physics of
each SC material and the formation process of the
heterojunction between them.

We Dbegin with an individual analysis of each
component. We aim to determine the extent to which the
unique optical and electrophysical properties of amorphous
silicon and lead chalcogenide nanocrystals can contribute
to the formation of a nanoheterojunction <Si:PbX>.

2. FORMATION OF THE CONTACT FIELD OF A
NANOHETEROJUNCTION <SI:PBX>

The formation of the contact field is accompanied by
transitions of N electrons from Si to PbX (Fsi > Fppx).
They cease when the Fermi levels become equal, at
which the contact potential

_ Fsi—Fpx
e

Po

According to the theory of fluidity, the occurrence of a
directed flow of particles between two volumes occurs from
a material with a higher W — volumetric energy density
(dimension J/m3) to a lower W.

Further, the beginning of the energy count is
transferred to the position Fppx=0. In this case (see
Fig. 1), the initial energy of all N electrons moving from Si
to PbX is equal to: Fsi = ggn.

Energy

Feox =0

Fig. 1 — Fermi level alignment
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The complete formation of the contact field is ac-
companied by:

. the flow of electrons into the nanocrystal (PbX)
due to some part of the volumetric energy density of
silicon, equal to
F,-F

13

W= 5
5 R

. an increase by the same value of

W= _r 5
Eppx@d
— the volumetric energy density in the PbX nanocrystal due
to the influx of IV energy-saturated electrons from silicon;
. the establishment of an equilibrium state of the
entire nanoheterojunction with a single final energy level F.
Contact field of a nanoheterojunction. By analogy with
the theory of a semiconductor thin p-n junction [6-11], the
contact field of a nanoheterojunction <Si:PbX> is calculated.
Integration of the one-dimensional Poisson Eq.:

d2
=L (D)
dx £g:€0

determines the magnitude of the electric field strength
vector E(x) of the contact field and its potential ¢(x). For
o(x) and d¢/dx, taking into account the boundary
conditions and continuity conditions, the solutions E(x)
and ¢(x) of the Poisson equation (in the interval 0 < x< R
and with p— the space charge density) have the form:

Ew -2 B _p [i —1) (2a)
Egi€o R
__pR-x [ xY
o(x) = R o, [1 Rj (2b)

The amplitude values (at x=0) of the contact field
parameters (Fo — the modulus of the field strength vector
and g — the potential difference) at the end of the process
of nanoheterojunction formation are equal to:

and ¢, =- 3)

The final potential difference of the contact field (or the
amplitude value

1
Po :EEOR ’

established at the end of the process of nanoheterojunction
formation, is determined by the difference in the
equilibrium values of the Fermi energies of the initial
materials (Si and PbX):
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_ By = Fpx )

Do
e

The length of the contact field R = Nbo is determined by
N, the number of electrons whose transition from Si to PbX
forms the contact field, and bo, the average length of
chaotic thermal jumps of an electron, which is also the
average distance between adjacent local defect energy
states (LDES) in the for-bidden band of Si (see Fig. 2).

PbX Si
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Fig. 2 — Band diagram of the formed nanoheterojunction <Si:PbX>

Considering a nanocrystal PbX in the form of a flat plate
of thickness d and area a2, according to the Gauss theorem
for a conducting and charged (¢ =eN) plane, at the end of
the process of formation of the nanoheterojunction, the
values of Eo and ¢o will take the form:

R
.9 _aR
depyxEoQ

0~ 2
28 px €00

and ¢, = 4)

Here & is the permittivity, and &si and eppx are the
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permittivities of Si and PbX. The volume charge density

is formed due to transitions of N electrons (electrons or
holes depending on the ratio of the initial values Fsi and
Fppx, it is further assumed that Fsi > Fppx) from LDES in Si
into the nanocrystal. The space charge region in Si has the
shape of a parallelepiped with a square base a2 and a
height R. The base a2 is located in the center b2, adjacent
to the nanocrystal of the illuminated square surface of
silicon. The spatial distances between the charged LDES
(neutrality is violated by the transition of electrons in
PbX), which form the con-tact field of the
nanoheterojunction in silicon, deter-mine the sides b and
bo: b is the distance between two surface crystallites
(ns=b-3 is their surface concentration); bo is the distance
be-tween two bulk crystallites (no = bo~3 is is their volume
concentration).  The  geometric  shape of the
nanoheterojunction in Si has the form of two squares
inserted into each other at the center: bo? in-side b2 (b > bo
— see the Fig. 3). The volume of the con-tact field in the
form of a parallelepiped is equal to R bo?.

For the convenience of discussing the problem, we will
introduce some dimensionless coefficients, the values of
which will characterize the parameters of the
nanoheterojunction <Si:PbX>:

kzﬁ bO «_ Esi
a

a=—"
’ ’
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Fig. 3 — Formation of the contact field of the nanoheterojunction <Si:PbX>

By comparing two correct relationships (3) and (4)
for the amplitude value of the electric field strength Eo,
we find the number of electrons N, the transition of
which from Si to PbX forms the final value of the con-
tact field of the nanoheterojunction. Indeed, taking into
account the relationships

L2

E,=2% . b -aak, q=eN, R=Nb,, k=2,
R a

FSi_FPbX
e

Do =

we can obtain:

1
N= [4%‘15131;)(50 JZ )
eak

From this relation it is evident that the number of
electrons N is essentially determined by the parameters of
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the nanoheterojunction materials, i.e. Si and PbX. F5s;, Fppx,
a, a, k. Knowing ¢o, and also assuming that Fs;, Fpox, &%, k&,
a, z are given (i.e. considering them to be known a priori),
using the calculated N (5) all the parameters of the contact
field of the nanoheterojunction <Si:PbX> are found:

. N(¢g) is the number of electron transitions from
Si to PbX;

. Eo(g) is the amplitude of the modulus of the
electric field vector;

. q(N(go)) is the number of electrons on the surface
(a?) of the nanocrystal,;

. R(N(@o)) is the length of the space charge region
in silicon;

. F — equilibrium Fermi level in the formed nano-
heterojunction.

3. RESULTS AND ITS DISCUSSION

As noted above, to determine the most optimal
parameters of the contact field of the nanoheterojunction,
it is necessary to know N — the number of electrons
transferred to PbX from silicon. It is determined by the
amount of work per unit volume to form the potential ¢o.
In our case, this is the volumetric energy density of silicon.
It is spent on two types of work:

- The first part Ar — on the work of "shifting" the
electron from the initially neutral LDES to the adjacent
free defect level (or "push" to detach the electron from the
neutral defect and give it speed). Using Coulomb's law, the
value of Az is defined as:

e, N e’
A, = = 6
k 2Rb; ©)

2 444
drege,a ok

— The second A- is the fraction of the volumetric energy
density spent on the work of overcoming the electrical
resistance of the silicon medium by the electron (on the
way to contact with the PbX nanocrystal). Using the Joule-
Lenz law, the value of A, is defined as:

2

Ar:%:lg*ﬂ(2N2—3N+1)-Ak (7
e Nbjac 3

From the above follows the equality:

F  Fy—F

24 2
epxad &g Rb;

which allows us to determine F' — the value of the energy
level finally established for the entire nanoheterojunction:

— FSi :q(DO (8)
1+y 1+7/’

where

. e ROy ak’zN

0=
Epxa d £

Thus, as a result of the work on transferring N
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electrons from silicon to PbX, the volumetric energy
density of silicon decreased by the value

A:Ak+Ar=[1+%g*z(2N2—3N+1)]Ak )

The volumetric energy density of the lead chalcogenide
nanocrystal increased by the same amount. By equating
them and assuming

we obtain an equation for determining N, taking into
account changes in the values of the volumetric energy
densities of the lead chalcogenide nanocrystal and non-
crystalline silicon:

3+£*7Z'(2N2—3N+1)
N = .

10
3’ k? Y (10)

At first glance, a rather complex equation was obtained
for the number of electrons. However, if

is set almost equal to unity (since y is the ratio of the
volumetric energy densities of silicon and the lead
chalcogenide nanocrystal is significantly greater than
unity), then with such simplification (10) is reduced to a
quadratic equation with respect to IV:

2 272 3 *

2N —3N(1+yak )+T+1=o (10%)
&'

The found number of electrons N, forming the contact
field of the nanoheterojunction, depends mainly on three
parameters: a, k and &*. For example, at

b _2 b oo fs 12

,h=—=3, & =—2=
b 3 a ey 176

the value of N=7. And this means that at @=0.2V
and N=T:

. length of the contact field in silicon:
R(N(go)) = 7-20/3 = 46 nm;

. on the surface of 11 nm2 the number of electrons:
g(N(gn)) = T-e;

. amplitude of the electric field strength:
Eo(po) = 9108 V/m,;

. Fermi level in the formed nanoheterojunction:

F=0.03eV.

As noted above; to determine the most optimal
parameters of  the contact field of  the
nanoheterojunction, it is necessary to know the number
of electrons transferred to PbX:
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3+g*;z(2N2—3N+1)
N = .

3o’ k?

Y.

Variation (5) or (10) by k, « and z allows us to
determine the most optimal parameters of the
nanoheterojunction and the corresponding physical
conditions for converting solar radiation into electricity.

4. CONCLUSION

Innovative choice of contacting materials of the so-lar cell
(nanosized crystalline lead chalcogenide and structureless
non-crystalline cheap silicon) determines its efficiency.

Significant improvement of the converting properties of
the solar cell is achieved by the detailed specific

REFERENCES

1. T. Bronya, “Electromagnetic Radiation Converter (Options)”, Patent
in the Eurasian Patent Office. EP2405487 A1, (2012.08.30).

2. T.Bronya. “Method of Manufacturing a Beam Junction, Beam
Converter of Electromagnetic Radiation”, Patent in the World
Intellectual Property Organization, No. WO 2011/040838 A2
(04/07/2011).

3. R.D. Schaller, V.I. Klimov, Phys. Rev. Lett. 92, 186601 (2004).

4. R.D. Schaller, M.A. Petruska, V.I. Klimov, Appl. Phys. Lett. 817,
253102 (2005).

5. V. Stancu, E. Pentia, A. Goldenblum, et al, Romanian <J. Inform.
Sci. Technol. 10 No 1, 53 (2007).

J. NANO- ELECTRON. PHYS. 17, 05017 (2025)

electrophysical properties of PbX and Si.

Creation of a highly efficient solar cell based on non-
crystalline silicon is possible in combination with lead
chalcogenide nanocrystals.

Such solar cells can become new, promising devices for
solar energy, which are almost impossible to create by
other methods of combining contacting materials.

The dependence of the solar cell efficiency on the
properties of the materials of its components is determined.

Features of the model for the formation of the con-tact
field of the nanoheterojunction <Si:PbX> are shown.

Electrical parameters of the contact field of the
nanoheterojunction <Si:PbX> are calculated. Also, the number
of electrons forming the nanoheterojunction is calculated.

6. E.Z.Imamov, R.A.Muminov, R.Kh.Rakhimov, Kh.N.Karimov,
M.A. Askarov, J. Comput. Nanotechnol. 9 No 4, 70 (2022).

7. M.A. Askarov, E.Z.Imamov, R.A.Muminov, KA. Ismaylov,
J. Sci. Education Karakalpakstan No 4-2, 226 (2022).

8. R.A. Muminov, E.Z.Imamov, R.Kh. Rakhimov, M.A. Askarov,
J. Comput. Nanotechnol. 10 No 1, 119 (2023).

9. M.A. Askarov, E.Z.Imamov, R.A. Muminov,
Nanotechnol. 10 No 4, 110 (2023).

10. M.A. Askarov, E.Z. Imamov, Kh.N. Karimov, . Nano- Electron.
Phys. 16 No 1, 01030 (2024).

11. M.A. Askarov, E.Z. Imamov, Kh.N. Karimov, J. Nano- Electron.
Phys. 17 No 1, 01007 (2025).

J.  Comput.

Busunauyennsa nmapamMeTrpiB KOHTAKTHOIO IOJIA COHAYHOIO eJIeMeHTa 3 KiJIbKoMa
HaHorerepomnepexogzamu <Si:PbX>

E.Z. Imamov?!, R.A. Muminov2, M.A. Askarov3, Kh.N. Karimov!

1 Tashkent University of Information Technologies named after Muhammad al-Khwarizmi, 100084 Tashkent,
Uzbekistan
2 Physical-Technical Institute, Academy of Sciences of the Republic of Uzbekistan, 100084 Tashkent, Uzbekistan
3 Tashkent Institute of Chemical Technology, 100011 Tashkent, Uzbekistan

Ha ocHoBi HecTanmgapTHOr0 BHOOPY KOHTAKTHUX MAaTepiasiB: HEKPUCTAIYHOTO KPEMHII0 Ta HAHOPO3MIPHHX
KPHUCTATIYHUX XaJbKOreHiniB cBuHI0 (PbX), 00rpyHTOBAHO MOMKJIMBOCTI HMIABUINEHHS €PEeKTHBHOCTI COHAYHUX
€JIEMEHTIB IIJIAXOM CTBOPEHHS COHSYHOIO eJIeMeHTa 3 KIJIbKOMa HaHorereporepexogaMu. Ha ocHOBI mpuHIIHILY

caMoopraHisaifli IIOKa3aHO MOKJIMBOCTI

BHUPOIIYBAaHHSA HaHOKpucrtayumis PbX y Burasami

KOTepeHT-HUX

HAHOCTPYKTYP HA IIOBEPXHI HEKPHUCTAJIYHOrO KpeMHiln. Br3HaueHO 3aJIeKHICTH e(EeKTHUBHOCTI COHSYHO-TO
eJleMeHTa B1J BJIACTUBOCTEH MaTepiasie #oro xommoHeHTIB. [lokaszaHo ocobsmBocTi hopMyBaHHS KOHTAKTHOI'O
[IOJISI COHSIYHOTO eJIeMEeHTa Ta PO3PAXOBAHO MOro eJIGKTPUYHI mapamerpu. [lapamMerpy KOHTAKTHOIO IIOJIS
HaHorereporepexoxy <Si:PbX> pospaxosano misxom poss'asanus piBusHHA [lyaccoma. IloscrHeHo mexanism
dopMyBaHHS KOHTAKTHOTO IIOJISI IIJISXOM BUPIBHIOBaHHS PiBHIB Pepmi Ta po3paxoBaHO CTAH KIHIIEBOTO PIBHSA
®@epwmi. [l BU3HAYEHHS ONTUMAJIBHUX IIapaMeTPiB KOHTAKTHOTO II0JIsI HAHOTeTepoIlepexoay 0yJio po3paxoBaHO
KIJIBKICTH €JIEKTPOHIB, IO IepeHocsaThess 3 KpemHilo Ha PbX. PospaxyHKM IOKasyoTh, IO MHapaMeTpu
KOHTAKTHOTO IIOJIA HaHorerepomepexomy <Si:PbX> He mocTymamoThcs aHAJIOTIYHUM [apaMeTpaM 3BHUYANHUX

COHSYHUX KPEMHIEBUX €JIEMEHTIB.

Karouosi cimosa: Comsunuit enement, Kpewmmuiit, Hawnorerepomepexin <Si:PbX>, XasbkoreHiim CBHUHILO,

Hexkpucramiuunii, Eqexrusaicrs.
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