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Abstract. The question of using non-crystalline silicon as a substrate of an effective solar cell is considered. It is shown that
the creation of an effective solar cell from non-crystalline silicon is possible only at high densities of localized states in the depth
of the silicon band gap. It is shown that a particularly effective conversion of solar energy into electricity is possible when non-
crystalline silicon and lead chalcogenides are combined as components of hetero junctions in the nano-dimensional state. It is shown
that the use of non-crystalline silicon as a substrate for an effective solar cell is possible only when combined with nanoscale lead
chalcogenides. It is shown that the effects of multiexiton generation and carrier multiplication are especially characteristic of lead
chalcogenides. The ranges of the effects of carrier multiplication and multi-exciton generation in nanoclusions of lead chalcogenides
(PbS, PbSe) have been determined.

Key words: non-crystalline silicon, carrier multiplication, multiexiton generation, localized state, carrier tunneling

FOR CITATION: Muminov R.A., Imamov E.Z., Rakhimov R.Kh., Askarov M.A. Factors of Efficient Generation of Electricity in a Solar
Cell with Nanohetero Junctions. Computational Nanotechnology. 2023. Vol. 10. No. 1. Pp. 119-127. DOI: 10.33693/2313-
223X-2023-10-1-119-127

INTRODUCTION

Currently, research is underway on the conditions
for increasing the efficiency of silicon solar cells,
when the absorption of each photon is accompanied
by the appearance of light electricity. This multifactorial
problem is solved taking into account the peculiarities
of solar radiation, as well as the various properties and
structures of the solar cells themselves.
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The radiation factors are the solar constant equal
to 1353 W/m? and its maximum value on the territory
of Uzbekistan (at latitude 41-43°) about 900 W/mZ.
The constants have a different energy distribution, that is,
they have a strong influence on the frequency dependence
of the photocurrent. The value of 900 J/(s - m?) corresponds
to the light transmitted through a dense atmosphere and its
energy absorbed by a unit of the surface per unit of time,
in clear weather at noon. At the same time, the atmospheric
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mass (AM) is also taken into account, which determines
the spectral characteristic of solar radiation on the earth’s
surface corresponding to the relative thickness of visible
light transmission. The minimum daily average annual
value of AM corresponding to the local astronomical noon
for Uzbekistan compose to AM-1.5 (for Belarus AM-2.2;
for Germany AM-2.0; for Russia AM-1.6; for California
AM-1.3 [1]).

Energy
8

Fig.1. The scheme of formation of the nanohetero junction:
NHJ <PbX:Si>

As for the properties of materials and structures of solar
cells, the paper considers the use of non-crystalline silicon
as a substrate for an effective solar cell. It is proposed
to implement this task in combination with the creation
of nanohetero junctions (NHJ) from another semiconductor
on the surface of the substrate.

NON-CRYSTALLINE SILICON IN A SOLAR CELL

Non-crystalline materials maintain a near order
at distances comparable to the sizes of crystallites, that
is, of the order of several tens to hundreds of angstroms.
The electrical conductivity of such structures, in addition
to the insignificant contribution of free carriers,
is determined to a large extent by the tunneling of carriers
through local states, accompanied by transitions from
one atom to another [2; 3]. The density of localized states
in the forbidden zone (both donor and acceptor properties)
can be 10*-10%® m™ - eV, although the Fermi level
is usually located closer to the middle of the forbidden
zone. It is due to such large densities of localized states
in non-crystalline materials that tunneling of current
carriers is possible through them.

In combination with nanosized components of lead
chalcogenides as a substrate, non-crystalline silicon with
a high probability of tunneling forms an efficient solar cell
with many nanohetero transitions (NHJ <PbX:Si>, where
X can be S, Se, Te) [4-6].
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Schematically, this process of formation of NHJ
<PbX:Si> is presented in Fig. 1, in which, for simplicity,
a hump-shaped curve of the “tails” of the density of states
of only donor nature is depicted.

The energy levels of electrons and holes in lead PbX
nanoscale chalcogenides are discrete [7; 8]. The process
of forming a hetero junction between PbX and Si with
a single Fermi level is accompanied by electron transitions
from Si to PbX nanoclusions. From the levels a, a, a, ...
formed by the density “tails” of local silicon states lying
deep in the band gap (dotted density curve), electrons can
tunnel to multi exciton levels of nanoclusions ¢, ¢, c, ...
only when these levels coincide (for example, a transition
of type a, - c,). Then there is a second transition (a, = c,)
when a, coincides with the ¢, level. And so on until
the Fermi energies of both contacting materials are aligned
as a result of tunneling transitions of silicon electrons
from deep-lying a, levels to multi-exciton states of nano
inclusions.

The transition of each electron causes the appearance
of a contact potential and a corresponding shift of the hump-
shaped curve of localized silicon states upward in energy.
In the figure, the position of the curve with a solid line
corresponds to the establishment of a single Fermi level
and the final value of ¢, — the contact potential difference
of the formed NHJ <PbX:Si>.

This is the physical nature of using non-crystalline
silicon as a substrate for an efficient solar cell with many
nanosized lead chalcogenides.

THE STRUCTURE OF SOLAR PANELS

The main component of the technical devices of solar
energy is the solar panel (Fig. 2, 1). In turn, the solar
panel consists of many solar cells connected in parallel
and in series with each other (Fig. 2, 2), on which solar
electricity is generated. The main conversion process
in solar cells goes to numerous diode or contact structures
(p—n-junctions or hetero junctions).

The paper proposes a solar cell with many nanohetero
junctions on the silicon surface (NHJ <PbX:Si>), in which
the second contact material is nanosized lead chalcogenides
(PbX).

The formation of NHJ on the Si surface can be carried
out by the method of molecular beam epitaxy [2] based
on the principle of self-organization of matter [3-5].

The solar cell in the panel, highlighted shown
in Fig. 2, 1 in a circle, consists of many NHJs, an enlarged
one of which in the form of a parallelepiped in a circle
is shown in Fig. 2, 3, the frontal square profile of the NHJ
with an area of a? with a silicon section b® — a? adjacent
to it, is represented by in Fig. 2, 4. The thickness of the NHJ
and the length of its sides are equal respectively to d and a,
the thickness and length of the sides of the parallelepiped,
respectively, are equal to L and b, the thickness of the spa-
tial charge region is equal to R,,.
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Fig. 2. The multicomponent structure of solar panels

THE PROCESS
OF GENERATING SOLAR ELECTRICITY

The efficiency of the photo-conversion process (that
is, when the absorption of photons is accompanied
by the appearance of light electricity) is determined
by the physical properties of the NHJ materials in contact:
Si—silicon and lead chalcogenide. Light electricity in nano-
hetero junctions is largely determined by various quantum
effects [6; 7], many of which are especially strongly
manifested in lead chalcogenides (PbX). Being nano-
sized PbX make a special contribution to the efficiency
of the photo conversion process. In particular, we are talking
about the quantum effect of multi-exciton generation (MEG)
and the effect of multiplication of current (EMC) carriers
[8-12]. These effects determine the process of effective
absorption of light by the illuminated surface (Fig. 2, 4)
with the area a® at different values of the quantum yield
(B) in the corresponding intervals of the solar radiation
spectrum.

According to[6; 9], inthe range of solarradiation, 3 takes

PbS shows the ranges of the effects of carrier multiplication
and a lot of exciton generation at different four values
of B. For NHJ <PbS:Si> N, — the number of effectively
absorbed photons by the frontal part of the NHJ with
an area of a* in PbS is determined by multiplying the peak
light intensity on the territory of Uzbekistan (900 W/m?)
by B and the fraction of absorbed radiation energy, as well
as subsequent division by the average photon energy
values in the corresponding (3 ranges. It is determined
by summing over all four ranges (f3 runs from 1 to 4 in PbS
and from 1 to 7 in PbSe):

Ny = YNb = a?-526- 10 (1)

In the silicon region of NHJ <PbS:Si> the number
of effectively absorbed photons N characterizes
the spectrum of effective light absorption in the area
b’>-a’® and is determined by the fraction of absorbed
radiation energy in the range of 1.1+1.8 eV (excluding

impurity absorption):

4 values for PbS and 7 — for PbSe. For example, Table 1 for Ny, =(b*-a*-1,2-10° )
Table 1
Ranges of the effects of carrier multiplication and multi-exciton generation in nanoclusions PbS
Intervals (eV) in the effective absorption spectrum of PbS 0,3+1,2 1,2+1,8 1,8+2,4 2,43
with different f — quantum outputs <1 <2 <3 <4
Share of light absorption energy, % 16,0 18,0 20,0 18,0
The average value of the radiation energy, eV 1,05 1,55 2,25 2,55
The number of effectively absorbed photons by the front 2. @, 1020 2. 14,1020 2. 151020 2. 141020
part of the NHJ in PbS, phot/(s - m”) — N}, . a”-8,6-10 az-13-10 az-15-10 az-16-10
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The average area of the silicon substrate adjacent
to the NHJ (b?) can effectively absorb a maximum
of 25% of solar radiation, that is, when a’ < b?
(or b*a? > 1) the contribution of this average area will
be small. In the opposite case (b*/a” < 1), when a is large,
the dimensional effects may disappear [11]. Therefore,
in order to find the most optimal size of the NHJ area,
it is only necessary to increase its area within reasonable
limits (a?).

From the obtained ratios (1) and (2) for the two
components of the NHJ (PbS and Si), we have for the total
number of absorbed photons in both parts (N, and N,),
the value

bS

N=N(a, b) = N, + Ny, = -
= a?-4,06- 102"[1 + (b%a®)-(1,2/4,06)].

It can be seen that almost the entire range of incident
solarradiation is effectively absorbed both due to the effects
of multiplication of current (EMC) carriers in PbX, and due
to the absorption in Si of radiation in the 1.0+1.7 eV range.

N, 10° phot./s

b=lpum | __— .
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Fig. 3. Graph of dependence N = N(a, b)

Figure 3 shows a graph of the dependence N = N(a, b),
according to which the variations of the arguments
of the function N(a, b) increases N(a, b) both with the growth
of a and with the growth of b. However, an excessive
increase in b is accompanied by an undesirable decrease
in the number of NHJs on the surface, and an increase
in a can significantly reduce the effective life of the solar
panel due to the risk of coagulation of dispersed nano-
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associations. Therefore, the choice of optimal values
a and b is determined by the specific operating conditions
of the solar panel.

Thus, using the example of NHJ <PbS:Si>, it is shown
that the generation of solar electricity is determined
only by the effective absorption of photons, that
is, when the absorption of photons is accompanied
by a photocurrent. In all other cases, absorption only causes
heating of the solar cell and greatly impairs its efficiency.
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AHHOTaumA. PaccMoTpeH BONPoc 06 MCMNOIb30BAHUM HEKPUCTA/LIMYECKOTO KPEMHUS B KaYECTBE NMOANOKKM 3PEKTUBHOrO Col-

HeYyHoro anemeHTa. MoKasaHo, YTo co3gaHue 3GPEKTUBHOTO CONHEYHOTO 3/IEMEHTA U3 HEKPUCTALIMYECKOTO KPEMHMUA BO3MOMKHO
TONIbKO NPWU BONbLINX NMIOTHOCTAX JIOKA/IM30BAHHbIX COCTOSHUI B IyOMHE 3anpeLLeHHON 30Hbl KpeMHMs. NoKasaHo, YTo 0cobeHHO
apdeKkTnBHOE NpeobpasoBaHme CONHEYHOM SHEPTUN B INIEKTPMUYECTBO BO3MOXKHO NPU COYETAHUN B Ka4eCTBE KOMMOHEHTOB reTepo-
NnepexooB HEKPUCTANIMYECKOTO KPEMHMA U XaIKOTEHUA0B CBMHLA B HAHO Pa3MepHOM COCTOAHMMU. [10Ka3aHo, YTO UCMO/b30BaHME
HEKPUCTA/INYECKOrO KPEMHUA B KauyecTBe NOAJ/IOMKKN 3GHEKTUBHOIO COMTHEYHOTO 3/1EMEHTA BO3MOXKHO TO/IbKO NPW COYETaHUUN ero
C HAHOPa3MEepPHbIMM XaNKoreHUAamm CBMHLA. MoKa3aHo, 4TO 0COBEHHO XaIKOrTeHNAAaM CBUHLLA CBOMCTBEHHbI NposABAeHMA 3hdeKToB
MHOTO3KCUTOHHOW reHepaLmm U YMHOXeHUA HocuTenei. Onpeaenerbl Anana3oHbl NPoABaeHMA 3GDEKTOB YMHOKEHUA HOCUTENEN

1N MHOFO 3KCUTOHHOM reHepaLmmn B HAHOBKIOUYEHMAX XalKoreHnaos cBmHua (PbS, PbSe).

Kniouesble cnoBa: HerMCTaI]/'IMLlECKVIlZ erMHMl\/‘I, YMHOXeHne HOCMTEJ’IGVI, MHOTO3KCUTOHHAA reHepauma, 10Kain30BaHHOE COo-

CToAHUE, TYHHeNnnpoBsaHue HocuTenewn

CCbI/IKA HA CTATbO: MymuHos P.A., Umamog 3.3., Paxumos P.X., AckapoB M.A. ®akTopbl 3pPEKTUBHOM FreHepaL U S1EKTPU-
YyecTBa B CO/IHEYHOM 3/IeMeHTe ¢ HaHoreTeponepexogamu // Computational Nanotechnology. 2023. T. 10. Ne 1. C. 119-127.

DOI: 10.33693/2313-223X-2023-10-1-119-127

BBEAEHUE

B HacTosiiiee BpeMsi BelyTCsSl MCC/IeNOBaHUs yC/IOBUM
noBbIllIeHUs 3(GeKTUBHOCTA KPEeMHUEBBIX COTHEUHBIX
3/IeMEHTOB, KOT/ia TIOIVIoIIeHe KaX/[0ro (hoToHa COMpoBO-
JKJAeTcs MosIBJIeHUeM CBETOBOTO 3/IEKTPUYECTBA. JTa MHO-
rodakTopHas pobsiemMa pelaeTcsi C y4eToM 0CoOeHHOCTel
COJTHEUHOTO U3/Ty4eHUs, a TaKKe pa3/TMYHbIMUA CBOMCTBAMU
1 CTPYKTYPaMH CaMUX COJIHEUHBIX 3/IEMEHTOB.

dakTopamMM H3/yUeHUsl SIBMSIOTCS COJHeYHasl MOCTO-
AHHas, paBHas 1353 BT/M? 4 ee MakcUMa/bHasi BelTMuM-
Ha Ha TeppUTOpUM Y30ekucraHa (Ha mmpore 41-43°)
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nopsagka 900 Br/m?. TIOCTOSIHHbIE MMEIOT pa3TMuHOe
pacrpejiesieHde IO SHepPrusiM, TO eCTb OHHU OKa3bIBalOT
CHJIbHOE B/IMSIHME Ha YaCTOTHYIO 3aBUCHMOCTH (OTOTOKA.
Bemmunna 900 JIx/(c - M?) COOTBETCTBYeT MpOiiieHHO-
My CKBO3b TUIOTHYIO aTMOC(epy CBeTY W TOIVIOLeHHON
€ro SHepruM e[uHULel TOBEPXHOCTH B eJUHUIY BpeMe-
HY, B SICHYIO TOTOZly B TosifeHb. [Ipy 3TOM yuuThIBaeTcs
TakkKe BeJIMUMHA aTMochepHor maccel (AM), KoTopas
oripeZie/isieT CIeKTpa/bHYI0 XapaKTepUCTUKY COJIHEYHOTO
W3y4YeHHss Ha TIOBEPXHOCTH 3eM/IM, COOTBETCTBYHOIIeH
OTHOCHUTE/IbHOM TOJIIL{MHE MTPOXO0XK/eHNsI BUAUMOTIO CBeTa.
MuHUMabHOe CYyTOYHOE CpefiHerofjoBoe 3HaueHue AM,
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COOTBETCTBYIOIIee MECTHOMY AaCTPOHOMHYECKOMY TIO-
nyoHIO [ Y30ekucTaHa coctaeisier AM-1,5 (ans Be-
napycu AM-2,2; nns Tepmanuun AM-2,0; ans Poccuun
AM-1,6; nns Kanmupopauu AM-1,3 [1]).

Urto KacaeTcsi CBOMCTB MaTepUasioB U CTPYKTYp COJI-
HEUHbIX /IEMEHTOB, TO B paboTe pacCMaTpPUBAETCsl BOMPOC
00 WCrob30BaHUM HEKPUCTA/UTMUeCKOr0 KPeMHUs B Ka-
YecTBe TMOJJIOKKA 3PPEeKTUBHOTO COTHEUHOTO 3jieMeHTa.
[pepsiaraeTcs 3Ty 3afiauy peaar3oBaTh B COUETaHUU C CO3-
JlaHMeM Ha TIOBePXHOCTH TIOZJIOKKU HaHO reTeporepexo-
o (HI'IT) u3 apyroro rosyrpoBOAHMKA.

HEKPUCTANZTUYECKNIA KPEMHUN
B CO/THEYHOM S/IEMEHTE

Hekpucrannvueckie MarepHasibl COXPaHSIOT —O/Ik-
HUM TIOPS/IOK Ha PACCTOSTHUSIX CPABHUMBIX C pa3Mepamiy
KPHCTaJUIUTOB, TO eCTb TIOPSiKa OT HECKOJIBKUX /IeCSTKOB
Jl0 COTeH aHIrCTpeM. DJIeKTPONPOBOAHOCTb TAKUX CTPYKTYP
MOMHUMO He3HauuTeJbHOTO BKJIaZia CBOOOIHBIX HOCHTesel
onpeziesisieTrcs: B OOJIBLION CTeleHH TYHHeMpPOBaHWEM HO-
cuTesiel 110 JIOKa/IbHBIM COCTOSTHHSIM, COTIPOBOXK/IAFOLIIMHU-
Cs TiepexoJjaMy C OJJHOTO aTtoma Ha apyroit [2; 3]. Ilmot-
HOCTb JIOKa/IM30BaHHbIX COCTOSIHUM B 3ampellieHHON 30He
(KaK [IOHOPHOTO, TaK W aKLENTOPHOTO CBOWCTBA) MOXKET
cocrapnaTh 10%°-10% M~ - 3B, xots1 yposenn ®epmu pac-
T0JIaraeTcst, KaK MpaBuiIo, OJIFbKe K cepejiHe 3arpereHHON
30HBI. VIMEHHO 3a CYeT TakuX OOJIBIIMX TJIOTHOCTeH JIOKa-
JIM30BaHHBIX COCTOSIHUM B HEKPUCTA/UTMUECKUX MaTepua-
JIaxX 110 HAM BO3MOJKHBI TYHHE/IMPOBaHMEe HOCHUTeel ToKa.

B coueTaHuMM € HaHO pa3MepHbIMM KOMIIOHEHTaMU
W3 XaJIKOTeHW/IOB CBUHIIA B KaueCTBe TIOAJI0KKHM HeKPHCTaI-
JIMUeCKUi KpeMHHUM € BBICOKOM BEPOSTHOCTbI0 TYHHEMPOBa-
HUs1 00pasyeT 3MhEeKTUBHBINA COTHEUHbIM /IEMEHT C MHOTH-
MU HaHo retepo niepexopamu (HI'TT <PbX:Si>, rae X moxeT
6bITh S, Se, Te) [4-6]. CxemaTruecku 3TOT MpoLiecc hopMu-
posanust HI'TI <PbX:Si> nipezicraBieH Ha puc. 1, B KOTOpOM
IUTT TIPOCTOTHI M300paykeHa ropbooOpasHast KpHBasi «XBO-
CTOB» TVIOTHOCTH COCTOSIHUM TOJIBKO ZIOHOPHOM TIPHUPOZIBL.

B HaHopa3MepHbIX xajmKoreHuAax cBuHLA PbX sHepre-
THUECKHe YPOBHM 3/IeKTPOHOB U /ILIDOK MIMEIOT JIMCKDeT-
HBIN Xapakrep [7; 8].

Ipouecc QopmupoBaHusi reTeporiepexofa MeXAy
PbX u Si ¢ eguHbIM ypoBHeM depMuy COTIPOBOXKAAETCS
repexofjaMy 3/1eKTPOHOB U3 Si B HaHOBK/toueHUs PbX.
W3 yposHeii a, a, a, ..., 00pa30BaHHBIX «XBOCTaMU» I/IOT-
HOCTH I7TyOO0KO JIeXKallliX B 3alpeleHHOH 30He JT0KaTbHBIX
COCTOSIHMM KpeMHHs (TyHKTHUpPHasi KpvBasi TUIOTHOCTH)
3/IEKTPOHBI MOTYT TYHHEIMPOBAaTh Ha MY/IETHA SKCUTOHHBIE
YPOBHHM HaHOBK/IIOUEHHUH C, C, C, ... TOJILKO MPU COBIIa/e-
HUW 3TUX yPOBHEW (Hampumep, Mepexof TUna a, — C,).
3areM MpPOMCXOIUT BTOPOH mepexof (a, — ¢,), Korja a,
COBMAaJIeT C ypOBHeM C,. MITak, 10 Tex Mop T0Ka He BBIPOB-
HSIFOTCSE SHeprur depmMu 000MX KOHTAKTUPYHOLLMXCS MaTe-
pUasoB B pe3y/bTaTe TYHHE/IbHbIX [1ePeX0fi0B 3/IeKTPOHOB
KPeMHHs C [Ty6O0KO /1e)Xallux ypoBHe# a, Ha MyJ/IbTH 3KCH-
TOHHbIE COCTOSIHUSI HAHOBKJIFOUEeHMSI.
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Puc. 1. Cxema ¢opmupoBanust HI'TI <PbX:Si>

[Tepexop, KaXK0ro 37€KTPOHA BbI3bIBAeT IIOSIBIEHME
KOHTaKTHOTO TIOTeHIMaja U COOTBETCTBYIOLIUHM CABHUT
rop6ooOpa3Hoii KpHMBOM JIOKaAM30BaHHBIX COCTOSIHUMN
KpeMHHs BBepX 10 3Heprur. Ha puc. 1 mosioxxeHue Kpu-
BOW CIUIOIIHOW JMHUM COOTBETCTBYeT YCTaHOBJIEHUIO
eIMHOro ypoBHs DepMM ¥ KOHEUHOW BeJTUYMHBI @) —
KOHTAaKTHOW pa3HOCTH TIOTeHI[hajsa C(HOPMUPOBAHHOTO
HI'TI <PbX:Si>.

TakoBa (husnuecKast Tprpoyia MpUMeHeH!sT HeKpUCTar-
JIMYeCKOro KpeMHHSI B KaUeCTBe MOZI0KKN 3GPeKTUBHOTO
COJTHEYHOTO 3/IeMeHTa C MHOTMMH HaHO pa3MepHBIMH XaJl-
KOTeHH/laMH CBMHII.

CTPYKTYPA CO/THEYHbIX MAHE/EN

OCHOBHBIM KOMIIOHEHTOM TeXHUUeCKUX YyCTPOWCTB
COJTHEUHOW SHepPreTWKU sIB/sIeTCsl COJHeYHasl TIaHeslb
(puc. 2, 1). B cBoro ouepefib, COIHEUHasi TlaHe/b COCTO-
UT W3 MHOTHX Tapasie/lbHO U TI0C/Ie/[0BaTeIbHO MEXY
000K COeTUHEHHBIX COJTHEUHBIX 37IEMeHTOB (pHcC. 2, 2),
Ha KOTOPBIX TPOMCXOAUT TeHepalusi COMHEUHOro 37eK-
TpruectBa. OCHOBHOM TpoLjecc Tpeobpa3oBaHust B COJ-
HEUHBbIX 7IeMeHTaX WJeT B MHOTOUMC/IEHHBIX AUOJHBIX
WU KOHTAKTHBIX CTPYKTypax (p-n-miepexofiax WM TeTe-
poriepexosax).

B paborte nipe/iyiaraeTcsi COTHEUHbBIN 3/1EMEHT C MHOTH-
MH HaHO TeTepo IepexosilaMi Ha TOBEPXHOCTH KPeMHUSsI
(HI'TI <PbX:Si>), B KOTOPOM BTOpPBHIM KOHTAKTHBIM Mare-
PHasIoM SIBJISIFOTCS HAHO pa3MepHbIe Xa/lTKOTeHH/bl CBUHIIA
(PbX).

®opmuposanue HI'TI Ha noBepxHocTH Si MOXeT OCy-
IIeCTB/ATECS METOZOM MOJIeKy/ISIPHO-TyUeBON  MUTAK-
cuu [9] Ha OCHOBe TIPUHIIUITA CAaMOOPraHU3aLK MaTepus
[10-12].

CoJiHeuHBIN 3/1eMeHT B TIaHe/H, BbIJ|eIeHO TOKa3aH-
HBIM Ha puc. 2, 1 B Kpy»Kouke, coCTOUT U3 MHorux HITI,
YBeJMUeHHbIN OJMH M3 KOTOPbIX B BHZle Tapasuiesiernurie-
Jla B KPY)XOUKe M300pakeH Ha puC. 2, 3, QpPOHTAbHBIN
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KBajpartHblii npoduns HITI momazsio @’, ¢ mpusera-
1oleil K HeMy yuacTKy KpeMHMsi b> — a®, mpejcTaBieH
Ha puc. 2, 4. Tomuuua HI'TI u ayivHa ero CTOpOH paBHBI

COOTBETCTBEHHO d U a, TO/IIMHA U /IJIMHA CTOPOH Tapar-
JleJlenvIie/ia, COOTBETCTBEHHO, paBHb! L u b, TomIyHa 06-
JIaCTH MPOCTPAHCTBEHHOIO 3aps/ia paBHa R,

Puc. 2. MHOTOKOMIIOHEHTHast CTPYKTypa COTHEUHbIX NaHesel

MPOUECC FEHEPALUN
COJZIHEYHOrO 3/IEKTPUYECTBA

OddekruBHOCTL Mporiecca (Goto npeobpazosanus (To
eCTb KOorJa roryiomjeHre (OTOHOB COTMPOBOXKAAETCS T10-
sIBIEHVEM CBETOBOTO 3JIEKTPUYeCTBa) orpeenseTcs: (u-
3UYeCKMMHU CBOMCTBAMU KOHTAKTUPYEMbIX MaTepuasioB
HI'TI: Si — kpemHMeM 1 XaKOreHHWJ0M CBHHLIA. CBeTOBOE
3JIEKTPUUYECTBO B HAHOTeTEpOIepexo/jax BO MHOTOM OTIpe-
JleNisieTcsl pa3IMUHbIMKA KBaHTOBLIMU 3ddektamu [7; 8],
MHOTHE U3 KOTOPbIX OCOOEHHO CU/IbHO TIPOSIBJISIFOTCS
B xankoreHuziax cBuHiax (PbX). Byayun HaHO pasmep-
HbiM PbX BHOCAT 0c006bIi BkIaj B 3((heKTUBHOCTH IMPO-
necca ¢oro npeobpazoBaHus. B uacTHOCTH, peub H7eT
0 KBaHTOBOM 3(eKTe MHOTOIKCHTOHHOHN TreHeparjiel
(M3TI") u sdpdexrom ymMHOXKeHHUsT HOcuTeeld Toka (3YH)
[5; 6; 13—15]. OTrMu 3ddeKTamMu OTpeziessIeTCs MPOLeCC
3¢ GeKTUBHOTO TIOTVIOIeHNsI CBeTa OCBeI[aeMOU MOBepX-

HUSIX KBAHTOBOTO BbIX0OZa (3) B COOTBETCTBYIOIIMX UHTEP-
Basax CrMeKTpa COTHEYHOTO U3/TyYeHHs.

CoryacHo [7; 8] B 1uana3oHe COTHEUHOTO U3TyUeHuUs 3
ripuHuMaet 4 3HadeHus 71 PbS u 7 — s PbSe. Hanpu-
Mep, B Tabn. 1 g PbS yka3aHbl Ziuaria30HbI TIPOSIB/IEHMS
3¢ }eKToB YMHO)KeHUs] HOCHTeNeld 1 MHOTO 3KCUTOHHOMU
reHepanyy NpU Pas/MYHbIX YeThlpex 3HaueHusix (. s
HI'TI <PbS:Si> N, o — uncio 3h(EeKTUBHO MOITIONeH-
HbIX (GOTOHOB (pOHTaILHON yacThio HI'TI momaapio a’
B PbS ompezensiercs ymMHO)KeHMEeM MHUKOBOM WHTEHCHUB-
HOCTU CBeTa Ha Tepputopuu Y3bekucrasa (900 Br/m?)
Ha [} ¥ JO/IO TIOT/IOIIeHHOW SHeprur U3/TyueHUs, a TaKkKe
NOC/IeAYIOIUM Jle/leHHeM Ha CpefiHUe 3HaueHHsl SHepruu
(hoTOHOB B COOTBeTCTBYIOIMX [(-Anana3oHax. OHO orpe-
JiessieTcsl CyMMHUPOBaHKEM [0 BCeM UeTbIpeM JuarasoHaM
(B mpo6eraet ot 1 10 4 B PbS u ot 1 5o 7 B PbSe):

_ i 2 2
HOCTBIO (puc. 1, 4) norazso a? MpY pas3/IUYHBIX 3Haue- prs - ZNi:bs =a*-5,26-10%. ™
Tabauya 1

[unana3oHbl npossieHusa 3PpPeKToB YMHOKEHUSA HOCUTE/NIEN U MHOTO 3KCUTOHHOM reHepaLumu B HAaHOBKAtoYeHusax PbS
Wnrepassl (3B) B criekTpe 3¢hdexkTuBHOrO norsiorieHust PbS 0,3+1,2 1,2+1,8 1,8+2,4 2,4+3
C Pa3/IMYHBIMH 3 — KBAHTOBLIMH BBIXOAAMH <1 p<2 <3 <4
[ons sHepruu NornoleHus ceeta, % 16,0 18,0 20,0 18,0
Cpe/iHee 3HaueHWe SHEPrUU M3TyueHus, 3B 1,05 1,55 2,25 2,55
Yucsio 3(pheKTUBHO MOMIOI[EHHBIX (POTOHOB (DPOHTAILHOM 2 . 1n20 2 17.1020 2 1c 1020 2 1p. 1020
yacTteio HI'TI B PbS, Cl)OT./(C . MZ) _ Ni)bs a 8,6 10 a“-13-10 a--15-10 a-16-10
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B kpemHuueBoii obnactit HI'TI <PbS:Si> uncno s¢dex-
TUBHO TOI/IOLIEHHBIX (POTOHOB N, XapakTepu3yeT CIeKTp
5¢(}eKTUBHOro TOIIOLIeHUs CBeTa Ha Iuowagu b> — a?
U OTIpe/IesIIeTCsI 1016l TOTVIOIIeHHON SHePTUH 3Ty UeH s
B auaraszoHe 1,1+1,8 9B (6e3 yueTa MpuMeCHOTO MOI/IO-
1I1eHUs1):

N = (b ~a?)-1,2-10% )

CpepHsisi TUIOIIAZb KDEMHUEBOU TOAJIOKKH, TIpUsiera-
romjast K HI'TI (b?) a3bheKTUBHO MOXKeT MOMIOTUTL MaKCH-
MyM 25% COJTHEUHOTO M3/Ty4yeHHs, TO eCTh Korja a’ < b?
(um1 b*/a? > 1) Bknaj, 3Toii cpe/iHel M/IOLIA/M OKaKeTCst
ne6onpM. B npotueononoxHoM caydae (b%a’ < 1),
KOTZIa a BEeJMKO pa3MepHbie 3(deKTbl MOTYT UCUYe3HYTb
[11]. TTosTomy A/1st TTOMCKa HauboJsiee ONTUMAaTbHOM BeH-
yuHbl nnowaad HI'TI Hy)KHO TO/IBKO B pa3yMHBIX Mpefie-
nax yBeJIMuMBaTh ero miomazs (a?).

W3 monyueHHBIX cooTHOLIeHuH (1) u (2) A71st ABYX KOM-
noHeHT HI'TT (PbS u Si) umeeMm 11 cyMMapHOTO KoJiue-
CTBA MOMVIO|EHHBIX (POTOHOB B 060ux uacTsax (N, 1 N),
3HaueHue

bS

N=N(a, b) = Ny, + Ng; = 3
= a2+ 4,06+ 10°"[1 + (b/a®)(1,2/4,06)].

BuHO, uTo 3¢h(heKTHBHO MOTTIOIIAETCS ITOUTH BECh /jparia-
30H TAJAIOIIIEr0 COTHEYHOTrO U3MyueHHs Kak 3a cyeT 3ddek-
TaM YMHOXKeHUs1 Hocuresieli Toka (OYH) B PbX, Tak 1 3a cueT
riomionlenys B Si usnyvenus 1,0+1,7 sB guanasoHa.

N, 10° por./c

b =1 MKm /
b
= .
L d
L4
L4
1 - - -

b=05mMkmM| _ .= ="

0 100 200 300 400 500
a, HM

Puc. 3. I'paduk 3aBucumoctu N = N(a, b)

Ha puc. 3 man rpaduk 3aBucumoctu N = N(a, b), co-
IJIACHO KOTOPOY BapHaluy aprymeHToB (yHkuuu N(a, b)
yBennuuBaeT N(a, b) Kak IpHu pocTe a, Tak U IpH pocTe b.
OpHako u3MuIlIHee yBelnWveHWe b cOMpoBOXK/aeTcst C He-

CraTbfl NpoBepeHa Nporpammoit AHTUNAaruaT

JKeylaTeslbHbIM yMeHbIlleHMeM KosimuectBa HI'TI Ha mo-
BEPXHOCTH, a yBe/IMUeHHe a MOYKeT 3HaUUTe/TbHO COKPaTUTh
3¢ dekTrBHBIA CPOK (PYHKI[MOHMPOBAHHMSI COTHEUHOM Tia-
HeJIM 13-3a PUCKa KOoaryJisiLjuy JUCIeprupoBaHHbIX HaHO-
o6beuHeHu. [109TOMy BBIOOP ONTHUMANbHBIX BeTMUMH
a v b oripegensieTcst KOHKPETHBIMU 3KCIUTyaTaliOHHBIMU
YCJIOBUSIMU COJTHEYHOM TaHesIH.

Takum obpasom, Ha npumepe HI'TT <PbS:Si> mnoka3a-
HO, UTO TeHepaljisi COJIHEUHOIo 3/eKTpUuecTBa OIpefe-
JIsieTcst TONbKO 3((eKTUBHBIM TIOT/ON[eHHeM (OTOHOB,
TO eCTb KOrja TMorviolleHre ()OTOHOB COIPOBOJK/AAEeTCs
¢otoTokOoM. Bo Bcex OCTa/MbHBIX CydasiX TOIVIOIIeHWe
BbI3bIBAeT TOJILKO HarpeB COTHEYHOTO 3/IeMeHTa M CUJIbHO
yXyzuaet ero 3(ppeKTHBHOCTE.
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