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Based on studies of various electrical manifestations and properties of non-crystalline silicon and
crystalline lead chalcogenides in the nanoscale state, for the first time it was concluded that it is possible to
create a highly efficient solar cell based on them. It has been demonstrated that the phenomena of carrier
multiplication and multiexciton generation play a significant role in ensuring high efficiency, due to which a
significant reduction in energy losses associated with heating the solar cell is possible. The dependence of the
efficiency of a solar cell on the properties of the materials of its components has been determined. The features
of the formation of the contact field of a solar cell are shown and its electrical parameters are calculated. The
contribution of the absorption of high-frequency photons to the efficiency of the solar cell is calculated.

Keywords: Energy, Photocell, Photocurrent, Nanoheterojunction, Structure, Non-crystalline, Efficiency.

DOTI: 10.21272/jnep.17(1).01007

1. INTRODUCTION

Currently, high efficiency of solar industry is achieved
through the use of contact structures (solar cells — SCs)
made of expensive monocrystalline silicon in solar panels
(or, in extreme cases, the use of poly-crystalline silicon for
this). It is known that the solar cell is the main device
that converts solar energy into electricity in any solar
energy systems.

As for the use of non-crystalline silicon as one of the
contact materials of a solar cell and the expectation of high
efficiency from its contact field, in practice this was
considered absolutely unpromising and even meaningless.
This circumstance is due to the fact that in non-crystalline
silicon almost all electrons are localized in defective
potential wells and are unable to diffuse over long
distances. This means that the contact field is not formed,
that is, the formation of a solar cell is not possible.

However, in works [1-5] results were obtained:

— asserting an improvement in the transforming
properties and efficiency of a solar cell with a single p-n
junction while reducing its size [1, 2];

— demonstrating a significant increase in the
efficiency of photoconversion in nanocrystals of lead
chalcogenides on the surface of amorphous silicon due to
the effect of multiexciton generation (MEG) and the
phenomenon of current carrier multiplication (CM) [3, 4];

— determining the most likely preferential self-
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organizing growth of “islands” of the nanocrystal of lead
chalcogenides precisely on random crystallites of non-
crystalline silicon [5].

Based on these results, in [6-23] the problem of
creating SC NHJs - a solar cell with many
nanoheterojunctions (per square cm about 108-1019) on its
surface from non-crystalline silicon was considered.

From these studies it follows that in order to create a
fairly highly efficient solar cell based on non-crystalline
silicon, it is important to choose nanocrystals of lead
chalcogenide, that is, PbX NCs (X can be Sulfur-S, or
selenium — Se, or tellurium — Te), as its other component.

In addition, it is clear that solar panels created from
parallel and series-connected solar cells with many
heterojunctions (<Si:PbX>) are able to provide stable
performance and operation for a long time in open areas
with harsh climatic conditions (tens of years). In other
words, the reality of creating effective <Si:PbX> based on
a combination of cheap non-crystalline silicon and
nanocrystals of lead chalcogenide is shown. It is with this
combination of contacting materials that <Si:PbX> is able
to retain its transformative qualities.

2. PROPERTIES OF SOLAR CELL MATERIALS
THAT ENSURE ITS EFFICIENCY

Let's consider the properties of materials of a solar cell
with many heterojunctions <Si:PbX>, ensuring its efficiency.
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Features of non-crystalline silicon. The general
concepts of band theory, despite the disordered
arrangement of atoms, are conditionally applicable to
non-crystalline materials. The concepts of permitted and
prohibited zones are acceptable to them. The band gap
can be determined, as in crystalline semiconductors, by
measuring optical phenomena.

Real non-crystalline semiconductors consist of small
crystalline inclusions (crystallites) or other irregularities in
homogeneity. Crystallite sizes range from one to 10 nm.

In the band gap of a non-crystalline semiconductor,
there is a characteristic quasi-continuous spectrum of
localized defect energy states (LDES), the appearance of
which along the “band gap” of Si is shown in Fig. 1. Each
electron in these states is characterized by the defect
coordinate r, its binding energy E(r) and with the energy
density along the “band gap” (both donor and acceptor
nature) g(E) [24]. This density is determined by the
concentration of defects no= 1024+ 1026 m-3 [24, 25]. At
such concentration values, the average side of the square
b, completely covering one crystallite located at a
distance r=5b from the neighboring defect, is equal to
2.15 + 21.5 nm (therefore no=r-3=>5b-3).

Energy

Fig. 1 — View of localized defect energy states in the “band gap”
of noncrystalline silicon

Due to the deep location of localized defect energy
states in the “band gap”, their ionization with the
formation of free current carriers is unlikely.

The Fermi level is fixed near the middle of the “band
gap”. Energy levels near the Fermi energy owe their
origin to natural lattice defects such as crystallites

Relatively small distances r - between deep local
discrete energy states allow mutual transitions be-
tween them [24, 25].

Features of nanocrystalline lead chalcogenide. Nano-
crystals of lead chalcogenides grow on random
crystallites near the silicon surface in the form of
individual “islands” of nanoinclusions [26-31].

Nanocrystals of lead chalcogenide are characterized by:

— an energy spectrum consisting of narrow “quasi-
levels” C; and Vi, similar to discrete states of a single
atom (Fig. 2);

— the distances between individual sublevels C; of free
and V; filled zones are equal to each other due to the
practical equality of the corresponding effective masses of
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current carriers (mp=mn) [32], and the size of this
distance is inversely proportional to the size of the
nanoinclusion (the smaller the size, the wider the
sublevels are located in C; and Vj);
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Fig. 2 — Change of energy bands of a semiconductor in
nanoscale states

— the width of the “gap band” (Eg"X) in all PbX in-
creases with a decrease in their dimensions (for exam-ple,
E/PS at 300K is 0.39eV, and in nanosized PbS it
increases by 1.3—2 times [32]);

— PbX crystals have very high eppx — static dielectric
constants, which determines their high electrical capacity
(for example, at 77K: epx=178+ 184, &pose =227,
epvTe = 1300 [33]);

— in PbX it is possible to exhibit large values of f -
quantum yield (for example, in PbS f=4, and in PbSe
B="1T), providing an increase in the efficiency of SCs when
absorbing high-frequency light due to the manifestation
of multiexciton generation of carriers in them [34] and
the phenomenon carrier multiplication [35].

The above features of NCs PbX and non-crystalline
silicon justify the possibility of creating efficient solar
radiation converters.

3. RESULTS AND DISCUSSIONS

3.1 Mechanism of Formation of the Contact Field
in the Nanoheterojunction <Si:PbX>

The mechanism of formation of the contact field usually
begins at the moment when the Fermi levels of the
contacting materials differ from each other and is carried
out by mobile free current carriers. However, in non-
crystalline silicon, the mobility of carriers is carried out
mainly due to their jumps between neighboring states of
the band gap [24]. From these states, an electron can go to
PbX, whose static Fermi level is lower than that of silicon
by the amount Ay = Fsi — Fpex. The transition will occur if
their corresponding states coincide. A diagram of the
dynamics of such a <Si:PbX> formation process is shown in
Fig. 3. It can be seen that PbXs interact with silicon only
when the energy levels a; and Ci coincide.

The formation of a contact will begin when the level a1
of the electron in Si is equal to the energy of the first
multiexciton level Ci in PbXs. The transition of the first
electron from level a1 will cause:
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Fig. 3 — Dynamics of the formation of <Si:PbX>: at the begin-
ning (Fs; > Frex (a)), and at the end of the process (Fsi = Fpox (b))

— transformation of localized defect energy states into a
positively charged defect state (conditionally into a “hole”),
thereby fixing the beginning of the formation of a space
charge region;

— the appearance of a certain proportion of contact
potential ¢1 = @/N;

— deformation of the energy spectrum of Si with the
appearance of some bending of its “conduction band”, equal
to the difference in energies of two successive levels
e g1 = (a1 — az);

— jump-like shift in energy of the density of defect
states g(E).

The next transition cycle of the second electron will
occur only when the energy of level a2 coincides with level
C1 (a2 coincides with C1 due to a jump in the con-tact field
and the corresponding bending of the bands. In this case,
the formation of a second hole, an additional contact field
(a2 — a3) and subsequent coincidence of level as with the
multiexciton level Ci, conditions appear for the transition
of the third electron with the formation of the third “hole”.

And so on until comparing the Fermi levels (Fs; = Frox)
with the transition of N electrons from Si to PbX.

As a result, the nanoheterojunction <Si:PbX> is finally
formed with the formation of a space charge region (SCR)
along the length R in silicon, and the final value of the
contact potential difference ¢ = Ai/e is established.

3.2 Determination of the Electrical Parameters of
the Contact Field of the Nanoheterojunction
<Si:PbX>

The electrical parameters of the contact field of the
<Si:PbX> nanoheterojunction are determined from the
solution of the Poisson equation [25]:

d2
£8--2L ()
dx £g:80

where &si is the dielectric constant, p is the space charge
density in the contact field, & is the dielectric constant.

Here p — the charge density of ions of localized defect
energy states (or "holes") is assumed to be a linear,
uniform and homogeneous value.

Integration of the equation is carried out taking into
account the boundary conditions of continuity ¢(x) and
dg/dx along the entire field, as well as the presence of a
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connection between the electric field strength vector E(r)
and its potential ¢(r): E(r) = — grade.
In the one-dimensional case, the solution has the form:

E(x) = pa-R) _ E, [f_lj (2a)
Egi€o R
p(x) = Seasy ®o (1 Rj (2b)

1 1
. 3 . 3
where R:[%SL‘SOL%] , N:[%&%L%j . L — silicon
en, e

thickness, no — defect concentration, Fo and ¢o — values of
E(x) and ¢(x) at x =0:
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4 2 3
E, =|demat P N @
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From the obtained relations it is clear that the
values of Eo and R at different values of ¢ depend
differently on no and L:

Eo increases as no'3, and R, on the contrary, decreases
as no~ 13,

Eo decreases as L~13, and R — increases as L3,

Therefore, for each value of ¢ from the dependence
E(no); R(no) and E(L); R(L) the most optimal values of no
and L were determined, at which a higher efficiency of the
nanoheterojunction is achieved.

Table 1

For example, with ¢o=0.2'V

At B 105 R(no) = 0.947
no = 25 ‘1022 m73 Eo(no) = 4.22 10 V/m Hm
AtL=10"4%m Eo(L)=3.9210°V/m | R(L)=1.02 um

These values of the strength, potential and length of
the contact field, combined with the fact that the
heterojunction is concentrated directly on the surface of
the solar cell, make it possible to take into account minor
recombination processes only in a relatively thin region of
the space charge R.

The most optimal values of the surface density of
nanoheterojunctions on the silicon surface at
no=2.5-1022m-3 is 8.55 -10°cm~-2. This means that
even with pico ampere photocurrents generated in each
nanoheterojunction in macro solar panels, the total photo-
current generated will be quite large.

In addition, calculations have shown the possibility
of reducing the thickness of the solar cell and bringing it
to 80-100 microns without much loss of efficiency (un-
like the current solar cells in use, the thickness of which
1s 200-450 microns).

3.3 Efficient Absorption of
Photons in NCs PbX

High-Frequency
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One of the most important properties of solar
panels is their operation only in the red and infrared
spectra of sunlight, while the remaining spectra are
scattered uselessly.

In conventional silicon solar cells, absorption of high-
frequency photons generally only leads to heating and
degraded efficiency. However, in a solar cell based on non-
crystalline silicon and nanocrystals of lead chalcogenide, it
is possible to effectively convert high-frequency
components of solar radiation. This effect is possible due to
the special properties of nanosized lead chalcogenides.

A separate section of a solar cell with many densely
arranged nanoheterojunctions in a checkerboard pattern is
shown in Fig. 4. One nanoheterojunction cell occupies area
b2, and the area of the nanoinclusion it-self occupies ao.
Light absorption occurs in both areas (b2 and az), but in
different ways: in b2 — as in silicon (0<hAw<1.7eV —
maximum 26.5% of the solar radiation spectrum — “red
light”), in a2 — as in lead chalcogenides (0 < Aw < 2.9 eV —
maximum 69.7% — “blue” light).

Fig. 4 — A single section of a solar cell with multiple densely
packed nanoheterojunctions in a checkerboard pattern

In PbX with large quantum yields, the effects of MEG
and CM are actively manifested, which causes the birth of
a number of additional current carriers as a result of the
absorption of one high-frequency photon.

The efficiency of the <Si:PbX> solar cell is largely
determined by the ratio of the values: a and b. The
greater the difference between a and b, the smaller the
unique contribution of lead chalcogenides with
characteristic manifestations of multiexciton generation
and carrier multiplication. This conclusion follows from
solving the problem of optimizing the studied value of
solar cell efficiency depending on the parameters that
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Ha ocHoBI mocimimkeHb pIiSHHX eJIEKTPUYHUX IIPOABIB 1 BJIACTHBOCTEM HEKPHUCTAJIYHOIO KPEMHID 1
KPHUCTANYHUX XaJbKOIeHIIB CBHHINO B HAHOPO3MIPHOMY CTAHI BIIEpPIle 3POOJIEHO BHCHOBOK IIPO MOYK-JIMBICTH

CTBOPEHHsSI Ha iX OCHOBI

BI/ICOKOB(beRTI/IBHOI‘O COHAYHOI'O0 eJIEMEeHTa.

HpO,E[eMOHCTpOBaHO, 10 ABHUIIIA

PO3MHOKEHHSI HOCIIB 1 TeHepailii MyJIbTUEKCHUTOHIB BIiZIrpaloTh 3HAYHY POJb y 3a0e3medeHHl BMCOKOL
e)eKTHBHOCTI, 3aBSIKM YOMY MOKJINBE 3HAYHE 3HUIKEHHS BTPAT €HEepril, IOB'SI3aHNX 3 HATPIBAHHSAM COHSIYHOIO
enemeHnTa. Busnaueno sanexnicrs KKJ corauroro eeMenTa BiJ BJIaCTUBO-CTEN MaTepiaiiB MOro KOMIIOHEHTIB.
ITorasano ocobmBoCTI POPMyBaAHHS KOHTAKTHOI'O IIOJISI COHSYHOTO €JIEMEHTAa Ta PO3PAXOBAHO MO0 eJIEKTPUIHL
napamerpu. Po3paxoBaHo BHECOK IOTVIMHAHHS BHCOKOYA-CTOTHHUX (DOTOHIB B €(peKTUBHICTH COHSIYHOIL OaTapei.

Knrouori ciosa: Enepris, @oroenement, @orocrpym, Hawuorerepomepexin, Crpyrrypa, Hexpucramiummii,
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