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ANALYSIS OF THE EFFICIENCY OF A SOLAR CELL WITH NANO-DIMENSIONAL HETERO TRANSITIONS

Imamov E.Z., Muminov R.A., Rakhimov R.Kh.
INTRODUCTION

The paper analyzes the efficiency of a solar cell with nano-
dimensional hetero junctions (SC with NHJ), based on its light-
voltage characteristic (LVC). A special feature of the research
is that nano-dimensional hetero junctions are created
on the surface of a substrate made of technical silicon. Usually,
this modification of silicon is practically not used to convert solar
radiation into electricity. However, in our previous works [1-7]:
e the choice of technical silicon (after additional nano-
technological impact) as a substrate of a solar cell is justified
in detail;

e the technology of creating hetero contact structures on its
surface is considered;

¢ the requirements for contacting materials are defined;

¢ the conditions under which the efficiency of a solar cell with
nano-dimensional hetero junctions will be commensurate with
the efficiency of traditional solar cells based on a crystalline
modification of silicon are estimated.

A solar cell with nano-dimensional hetero junctions is able
to significantly improve the process of converting solar radiation
into electricity, since the transformation is carried out by nanoscale
hetero contact structures that are formed in accordance with
the natural phenomenon of self-organization [8-10].

The creation of self-organized nano-sized semiconductor
hetero contacts on the surface of a solar cell is realized most
successfully if the degree of crystallinity of the contacting
materials is close to each other [11].

It was shown in [12] that lead chalcogenides are close
to silicon single crystals in their crystal structure and are capable
of creating nano-dimensional heterocontact systems on its
surface based on the phenomenon of self-organization.

The study of the structure of real homogeneous technical
silicon [13] showed the presence in it in small proportions (within
one percent) of uniformly distributed nano-sized crystalline
areas on the surface.

By the method of molecular beam epitaxy, it is these areas
of the silicon crystal due to the manifestation of elastic stresses
at the contact boundary of the materials that are the centers
of the formation of stable nano-dimensional heterocontact
structures (the so-called “islands” up to several hundred
million in one cm? [8-11]). In this paper, the transformative
properties of a solar cell with nano-dimensional hetero junctions
are investigated based on the analysis of its light-voltage
characteristic.

LIGHT VOLTAGE CHARACTERISTIC

When studying the optical properties of a solar cell with
nano-dimensional hetero junctions, each of them is considered
as an ideal p-n-junction [14-19]. They are located on the surface
in a strict staggered order, the equivalent scheme of functioning
of which is easy to imagine in the form of a chain of homogeneous
photodiodes connected to each other in parallel. Each of them
has an independent “generator” G of the light current .. Such
effective converters with many p-n-junctions are studied in detail
in [20-21].

From the equivalent circuit diagram of the electrical circuit
(Fig. 1), it can be seen that the light current /, of a separate
photodiode branches into the [ current that ensures its
operation, and into the /_ current flowing through the resistance
p = RR,/(R, + R,) external to the contact structure (with
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subsequent flow to the resistance of the external load R),
thatis, I, =1 + I,

Here R_ is the resistance of the single-crystal section
of the nano-dimensional p-n-junction, and R, is the resis-
tance of the structureless part of the substrate and the contact
of the Schottky barrier.

Fig. 1. An equivalent scheme of a solar cell with
a nanoscale hetero junction

Inturn, [ =1+ Up/Rp, where Up/Rp is the current of the diode
through the internal parallel resistance R, and [,=1 (e?Ur —1)
is the diode current. Thus, the light voltage characteristic of each
single contact structure on the surface of a solar cell has the form:

L=1,-1,~U/R. (1)

Directly on the surface of a thin substrate with a thickness
of 100 to 250 microns, n nano-sized contact structures with
embedded electrostatic fields are formed at distances of about
1-2 microns from each other (Fig. 2).

The current [ through the external load R is formed from
these n independent and identical microcurrents Is from each
single contact structure, functioning due to an independent
source of electromotive force € (the function of the current
generator G). Therefore, it can be represented as an algebraic
sum of n independent microcurrents 1, that is:

I=nl. (2)

Hence, the current-voltage characteristic of a real solar
cell with parallel connected n nano sized p-p-transitions will
be of the form:

I=nl =n(l,~1,~U_/R). (29

To obtain relevant and reliable data circuit consisting
of conductive regions, should be closed. It can be seen from
(2°) that I = nl - the current, as a function of the voltage drop
on the diode Up, decreases from the value of the short — circuit
current (/= nl) to zero when Up changes from zero to U" —
the no-load voltage. Moreover, both values of /_and U’ are easily
measured parameters maximum volt-ampere characteristics:

e when u,=0, I_=nl —short-circuit current is equal to the light
current;

e when Up = U', I = 0, the current through the resistance
of the external load is zero, and I _/n =1, = Id* + U*/Rp.
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Knowing the easily measured values U" and I_=nl,itispos-  will now be:
sible to estimate from this equality the R, value of the parallel F=[Q(1 +ay) - eV} [1/(Q—1)] ()

resistance of the diode part of the equivalent circuit. It is equal
toR = U/ /n—1])= U/, - 1), where I, = IOO(eC‘U* -1) -
is the diode current at the no-load voltage U", and I, is its am-
plitude value.

So, U’ and I, determine the boundary of the change
in the parameters of the current-voltage characteristic: The cur-
rent varies from /__= nl, to zero, and the voltage from zero to U
Accordingly, the P-power of a solar cell with n independent sin-
gle nano-dimensional hetero contact structures is determined
by the product of the current current I = nl_by the current volt-
age Up, thatis, P = 1Up = n[SUp.

To analyze the obtained relations, it is convenient to present
them in a normalized form by dividing the current U, land P
by the corresponding boundary values U’ I_and P. By perform-
ing this operation, we obtain a dimensionless normalized voltage
characteristic:

donl L[y Y%, L% I
I, nl, 1, U,) 1.\U, 1)
?, :(Upj(fj

%~ SC * :

U U\ I,

For ease of analysis, we introduce some dimensionless
coefficients:

1y, e 1+ T_
o Y ELLiy
1, AKT ¥ 1)

I, 1
- * aU® _ 4t alp = QTY L _Tse 1
t=aU e e e’r=e L 1,
1 u P I
f_: y:FE Y= *]sc_UpU75* sc yf

With these dimensionless parameters, the dimensionless
normalized current-voltage characteristic of a solar cell
I —-1,-U,
pt 4 “p

RP

I=
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and the power: P = IUp = Up{IL(l - Up/UCO) +1, (Up/UCO = 1,/1)}
becomes non-dimensional form looks like:

W=P/U-I_=yf=y[1/(Q-1)][Q(1 +ay) —e"]. (5)

Dividing the current Up, I, and P by the corresponding
boundary values U, I, and P_, we obtain a dimensionless view
of the current-voltage characteristic and power of the solar cell:

4_15_(1_%}1:[%_@}
]L [SC UCO [SC UCO I;

P (G L
U* sc F I .
sc

The power, as a function of voltage W = W(y), increases
with increasing y (voltage) from zero to a certain maximum W
at a certain current f,_ and voltage U, . Then the power W = W(y)
is rapidly reduced to zero at y = 1 (or u,= U).

The main indicators of the efficiency of a solar cell are the pa-
rameters of the maximum power: f ,W_andy_(or/_,P_and
U,). If we find y_, then by formulas (4) and (5) we find f,_ and
W . Therefore, by equating to zero dP/dUp — the first derivative
of the solar cell power by the voltage U, (orin the dimensionless
form dW/dy), we obtain the transcendental equation

&t =Q(1+2y, a)/(1+1y,). (6)

The solution of the transcendental equation will allow us
to determine y = U JU", as well as f, and W _. The values
m m m m
of the maximum power P_, voltage U, and current/ atthe same
time, in an explicit and dimensionless form, are equal:

1- I (U I
P=IU U I =1, ﬁjm ploof B _Zd
m~ mZm  Fm U 1 \U, I

co

(7)
Yim €2
l'I’Jm=fmym ym fm:|:(Q_1)(1+Tym):||:r+a(‘[ym_1)]
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The power of a solar cell divided by ISCU* determines its ef-
ficiency — the efficiency coefficient n = P/ISCU*, which in dimen-
sionless form coincides by definition with the normalized power
and has the form:

P . 1 i
Tl:yf:TU :y[a}[0(1+ay)—ey :|

sc

At the point of maximum power, the efficiency coefficient
in the dimensionless form is equal to:

Y

—m (8)
(Q-1D(1+,)

M :[r+a(‘rym —1)]

ANALYSIS OF THE RESULTS OBTAINED

The analysis of the obtained results shows that the value
of the maximum power efficiency is significantly determined
by the parameters of a solar cell with nano-dimensional hetero
transitions: Q, T and the ratio between them.

It follows from the transcendental equation (6) that the left
growing exponential part of e is equal to the right, asymptoti-
cally decreasing part with respectto y,

Q(1+2y,0)

1+1y,

But it follows from (4) that in the entire range of voltage
changes from 0 to U’(y < 1), the value of the normalized current f
must be positive. And this is possible under the condition e” > Q,
which is guaranteed to be fulfilled near the boundary y < 1.
Note that e and Q are large numbers in themselves, but they
are quite close to each other. Since Q >1 and a =e*/Q -1, the de-
crease of the right part of (6) is possible for

1+2y.a -

1.
1+1y,

Thus, the combination of the conditions: e > Q, Q > 1,
(1+2y_a)/(1+1y,)<1and2a<r, allows us to obtain a relation
connecting Q, tand y:

e¥>0>2e"/(2+7)

It follows from this inequality that the greatest efficiency
of a solar cell with nano-dimensional hetero transitions
is manifested when

eU’
_ L 2eAkT :E
I, +1 2+eU" 2+7
AKT

and when the value of the maximum voltage U  is close
to the boundary voltage U’, thatis, U_ < U".

It is precisely with the simultaneous fulfillment of inequali-
ties (9) and U < U’ that the maximum value of the n,, — the ef-
ficiency indicator of a solar cell with nano-dimensional hetero-
junctions can be achieved.

We list several combinations of the numbers Q =1 + /I |
and e' = e/ whose substitution inn_, y_, f, and W_ will
give a high efficiency of a single element with nano-dimensional
heterojunctions. It is only necessary to observe the conditions
e'> () each time.

(€)

Q=8ande'=10; Q=21ande'=24; Q=51ande"=56;

Q0 =101ande'=111; Q=201ande"=203.
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Temperature variations or changes in the non-ideality coef-
ficient of the diode A affect the value T = eU"/(AKT). For exam-
ple, with an increase in AKT or due to temperature, or a change
in the A — coefficient of imperfection, the type of current-voltage
characteristic changes dramatically.

CONCLUSIONS

The optimal ratios of the parameters of a solar cell with
nano-dimensional hetero transitions that provide maximum
power efficiency are determined.

It follows from the obtained relations that a solar cell with
nano-dimensional hetero transitions can be constructed in such
a way that its efficiency will always have the required high level.

It is shown that such a controlled situation is possible
in relation to a solar cell with nano-dimensional p—p-transitions
created due to the phenomenon of self-organization on
a substrate made of technical silicon. Such solar cells can
contribute to improving the efficiency of solar energy,
the formation of highly efficient, cheap photovoltaic converters.

References

1. Jalalov T.A., Imamov E.Z., Muminov R.A., Rakhimov R.H. Computa-
tional Nanotechnology. 2018. No. 1. Pp. 155-167. (In Rus.)

2. Jalalov T.A., Imamov E.Z., Muminov R.A. et al. Computational Nano-
technology. 2018. No. 3. Pp. 85-90.

3. Imamov E.Z., Muminov R.A., Jalalov T.A., Karimov H.N. IlImiy Xabar-
noma-Scientific Bulletin. 2019. No. 1. Pp. 25-27.

4. Imamov E.Z., Muminov R.A., Jalalov TA et al. Uzbek Journal of Phy-
sics. 2019. No. 3. Pp. 173-179.

5. Imamov E.Z., Muminov R.A., Jalalov TA., Karimov H.N. Physics
of Semiconductors and Microelectronics. 2019. No. 4. Pp. 14-21.

6. Imamov E.Z., Muminov R.A., Rakhimov R.Kh. Computational Nano-
technology. 2020. Vol. 7. No. 2. Pp. 58-63.

7. Imamov E.Z., Muminov R.A., Rakhimov R.Kh. Scientific-Technical
Journal (STJ FerPl). 2020. Vol. 24. No. 5. Pp. 31-36.

8. Haken H. Synergetics. Berlin-Heidelberg: Springer, 1997.

9. Shchukin V.A., Ledentsov N.N., Kopev PS., Bimberg D. Spontaneous
ordering of arrays of coherent strained islands. Phys. Rev. Lett. 1995.
Vol. 75. No. 16. Pp. 2968-2971.

10. Ledentsov N.N., Ustinov V.M., Ivanov S.V. et al. Ordered arrays
of quantum dots in semiconductor matrices. UFN. 1996. Vol. 166.
No. 4. Pp. 423-428.

11. Ledentsov N.N., Ustinov V.M., Shchukin V.A. et al. Heterostructures
with quantum dots: production, properties, lasers. FTP. 1998.
Vol. 32. No. 4. Pp. 385-410.

12. Stancu V., Pentia E., Goldenblum A. et al. Romanian Journal of Infor-
mation Science and Technology. 2007. Vol. 10. No. 1. Pp. 53—-66.

13. Raskin A.A., Prokofiev V.K. Technology of materials of micro,
opto- and nanoelectronics. In 2 vols. Moscow: BINOM, Laboratory
of Knowledge, 2010.

14. Gremenok V.F., Tivanov M.S., Zalessky V.B. Solar cells based on semi-
conductor materials. Minsk: Publishing House of the BSU Center,
2007. 222 p.

15. Koltun M.M. Optics and metrology of solar cells. Moscow: Nauka,
1984. 280 p.

16. Vasiliev A.M., Landsman A.P. Semiconductor phototransverters.
Moscow: Sov. radio, 1971. 248 p.

17. Farenbruch A., Bub R. Solar cells: Theory and experiment. Moscow:
Energoatomizdat, 1987. 280 p.

18. Martynov V.N., Koltsov G.I. Semiconductor optoelectronics. Mos-
cow: MISIS, 1999. 400 p.

19. Moss T., Burrell G., Ellis B. Semiconductor optoelectronics. Moscow:
Mir, 1976. 431 p.

20. Tsoi B. Patent in the Eurasian Patent Office (EP2405487 Al. 08.30.
2012).

21. Tsoi B. Patent in the World Intellectual Property Organization
(No. WO 2011/040838 A2 07. 04.2011).

Computational nanotechnology 45



PA3PABOTKA HOBbIX SHEPTOYCTAHOBOK HA OCHOBE BO3OBHOBJIAEMbIX UCTOYHUKOB 3HEPTUU

DEVELOPMENT OF NEW POWER PLANTS BASED ON RENEWABLE ENERGY SOURCES

AHanus 3¢pPeKTUBHOCTU COTHEYHOTO 31IeMEHTA
C HaHOpPa3MepPHbIMU reTeponepexosamm

3.3. Umamos’? ©, P.A. Mymunos>"® ©, P.X. Paxumos® ¢ ©

! TawKeHTCKUI yHUBEPCUTET MHPOPMALMOHHbBIX TEXHONOTMIF UMeHn Myxammaga anb-Xopasmuii,

r. TawkeHT, Pecnybnuka Y3bekucraH

2 dPU3UKO-TEXHUYECKUI MHCTUTYT HayuHO-NPOU3BOACTBEHHOTO 06beanHeHna «dusmka-ConHue»

AKagemuu HayK Pecny6amnku Y36eKucraH,
r. TawkeHT, Pecny6nuka Y3bekucraH

3 MHcTUTYT MaTepuanoseseHna HayuHo-Npou3BoACTBEHHOTO 06beanHerns «dPusnka-ConHue»

AKagemumn HayK Pecny6auKku Y36eKucTaH,
r. TawkeHT, Pecny6auka Y3bekucraH

2 E-mail: erkinimamov@mail.ru
b E-mail: detector@uzsci.net

¢ E-mail: rustam-shsul@yandex.com

AHHOTaUMA. OrlpE,ELGﬂEHbI OnNTUMa/ibHble COOTHOLWEHNA NapameTpoB CONNHEYHOIO 3/1IeMeHTa C HaHO Pa3MepHbIMU reTepo nepe-

xo4amu obecneymBatowme MakcMMaabHOM MOLLLHOCTM KO3DDUUMEHT NONE3HOTO AeNcTBUA. M3 NOAYyYEHHbIX COOTHOLLEHWI creayer,
YTO CO/THEUHbI 3IEMEHT C HAHO PAa3MEPHbIMM reTepPo NePExXoaamm MOXKHO MOCTPOUTL TaKMM 06pa3om, 4To ero apdeKTUBHOCTL byaeTt
MMeTb Bceraa Tpebyemblii BbICOKMIM ypoBeHb. MOKa3aHo, YTo Takan ynpasasemas cUTyaums BO3MOXKHA NPUMEHUTENIbHO K COTHEYHO-
MY 3/1EMEHTY C HaHO Pa3MepHbIMU P-n-Nepexosamu, Co3gaHHble B CUY ABMEHUA CAMOOPraHM3aUmMmn Ha NOANOMKKE M3 TEXHUYECKOTo

KpemHus.

KntoueBble cnoBa: SKBMBASIEHTHAA CXeMa, CBETOBOW TOK, npeo6pa3OBaTenb, BONbTamMnNepHaa XapakTepucTmnka

BnarogapHoctu. ABTopbl 61arogapHbl akagemuky P.A. 3axuaosy u npodeccopam M.H. TypcyHosy, K.A. Micmalinosy 3a cTUMynu-

pytoutee 06y AeHME NOYYEHHbIX Pe3y/bTaToB.

PaboTa BbIMONHEHA B pamKax ABYX NPoeKToB [porpammbl pyHAAMEHTANbHbIX UccnenosaHuii: PA-O3-004 «U3yyeHune dyHaa-
MEHTa/IbHbIX HOBbIX QU3MYECKUX MOoAeNnel, MexaHn3mos, cnocobos» n Ne EB-$3-005 «TeopeTUyeckne nccaefoBaHUsA NapaMeTpoB
CO/THEYHOTO 3/1IeMeHTa U BAUAHUI HAaHO TEXHO/IOTMYECKON 06paboTKM ero NoBepXHOCTM Ha NoBblweHne 3pdeKTUBHOCTU reNnoaHep-

reTUuKn».

CCbI/IKA HA CTATbIO: Mmamos 3.3., MymuHos P.A., Paxumos P.X. AHann3 apPpeKTUBHOCTM CONTHEYHOTO 3/1IEMEHTA C HaHOpPa3-
MepHbIMU reTeponepexogamm // Computational nanotechnology. 2021. T. 8. Ne 4. C. 42-50. DOI: 10.33693/2313-223X-2021-

8-4-42-50

BBEAEHUE

B pabote npoBoguTca aHanu3 3GHEKTUBHOCTU CONHEYHO-
r0 3/1eMeHTa C HaHO pa3mepHbiMU reTepo nepexodamu (C3
¢ HPTN), ucxoaa n3 ero cBETOBOM BOJILTAMNEPHOMN XapaKTepu-
cTMKkK (BAX). OcobeHHOCTbI0 UCCNef0BaHUI ABNSETCA TO, UTO
HaHO pa3mepHble reTepo nepexodbl co3aaHbl Ha MOBEPXHOCTU
NOANOMKKM U3 TEXHUYECKOTO KpemHUsA. O6bI4YHO, ana Nnpeobpaso-
BaHWA CONIHEYHOrO U3/lyYeHUA B SEKTPUYECTBO 3Ta MogubUKa-
LA KPEMHUA NPaKTUYeCKN He ncrnonbayetca. OgHaKo, B HalmMX
npeaplaywmx paborax [1-7]:
® NogpobHO 060CHOBAH BbIGOP TEXHMYECKOTO KpemHUs (nocne
OOMONIHUTE/IbHOTO HAHO TEXHO/IOTMYECKOTO BO3AENCTBUSA)
B KayecTBe NOAJIOXKKM COTHEYHOTO 3/1eEMEHTa;

® paccMOTpeHa TEXHO/I0TUA CO34aHMA Ha ero NOBepPXHOCTU reTe-
PO KOHTaAKTHbIX CTPYKTYP;

e onpeaeneHbl TpeboBaHMA, NpeabABNAEMbIe K KOHTaKTUPYtO-
LWMM MaTepuanam;

® OLEHEHbI YCNOBUA, NPU KOTOPbIX 3GDEKTUBHOCTL CONHEYHO-
ro 3/1IeMeHTa C HaHO pa3sMepHbIMM reTepo nepexogamu byaert

46 Computational nanotechnology

consmepum ¢ 3PpPEeKTUBHOCTbIO TPALULIMOHHBIX CONMHEYHbIX
3/1IEMEHTOM Ha OCHOBE KPUCTAN/IMYEeCcKon moaubuKaumm
KpemHums.

CoNHEYHbBIN 31eMEHT C HaHO Pa3MepHbIMK reTepo nepexo-
[aMu B COCTOSIHUM CYLLECTBEHHO YAy4lIMTb npolecc npeobpa-
30BaHWA CO/IHEYHOrO WM3/ly4eHUA B 31EKTPUYECTBO, MOCKOJbKY
npeobpasoBaHMe OCYLLECTBAAETCA HaAHOPA3MepPHbIMU reTepo
KOHTAKTHbIMM CTPYKTYypamMu, KoTopble GOPMUPYIOTCA B COOTBET-
CTBWM C €CTECTBEHHbIM ABIeHWeM camoopraHmsaumm [8—10].

Co3faHMe camMoOpraHM30BaHHbIX HAaHO Pa3MepHbIX MOAy-
NPOBOAHMKOBbIX FETEPO KOHTAKTOB HA MOBEPXHOCTU COIHEYHOTO
3/1eMeHTa peanusyeTca Hambonee ycrnewHo, ecaun cTeneHb Kpu-
CTaIZIMYHOCTM KOHTAKTUPYIOLLMXCA MaTepuanos 61M3KM gpyr
apyry [11].

B pabote [12] noka3aHO, YTO Xa/IKOreHMAbl CBUHLA MO Kpu-
CTaNINYECKOWN CTPYKTYpe 6M3KM K MOHOKPUCTANIaM KPeMHUA
M CMOCOBHbI Ha ero MOBEPXHOCTM, HA OCHOBE ABNEHUA CaMO-
opraHusaumMm co3zasaTb HAHO pPa3mepHble reTepo KOHTAKTHble
cucTembl.
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MccnepoBsaHue CTPYKTYpbl PeasibHoro OAHOPOAHOMO TeXHM-
YyecKoro Kpemuusa [13] nokasano Hasmumne B HEM B MasibiX Mpo-
nopuusx (8 npesenax o4HOro NPOLEHTa) PaBHOMEPHO pacnpe-
[eNeHHbIX MO NMOBEPXHOCTM HAaHO PA3MEPHbIX KPUCTa/IMYECKUX
YYaCTKOB.

MeTo40M MONIEKYNAPHO /IY4EeBOMN 3MNUTAKCUM MMEHHO 3TU
YYACTKM KPUCTAIMYHOCTM KDEMHMA 33 CHET NPOABAEHMSA Ha rpa-
HULE COMPUKOCHOBEHMA MaTepuasioB YMpyrux HanpsKeHui
ABNAIOTCA LEHTPaMM GOPMMPOBAHMA YCTOMUMBbIX HAHO pa3mep-
HbIX FETEPO KOHTaKTHbIX CTPYKTYp (TaK Ha3blBaeMbIX «OCTPOB-
KOB» [0 HECKO/IbKMX COTEH MMWJIJIMOHOB B OLHOM KBafpaTHOM
caHTumeTpe [8-11]). B HacToAwel paboTe uccnemyrorca npeob-
pasylolme CBOMCTBA CO/IHEYHOrO 3/1eMEHTa C HaHO Pa3mepHbl-
MU retepo nepexoAamv Ha OCHOBE aHa/IM3a ero CBETOBOM BOJIb-
TaMMepHOMN XapaKTePUCTUKM

CBETOBAA BO/IbTAMNEPHAA
XAPAKTEPUCTUKA

Mpy unccnefoBaHWM OMTUYECKMX CBOMCTB COMHEYHOrO
3/1eMeHTa C HaHOPa3MepHbIMU FeTepPONepPexofamMu KaxKabli
M3 HUX paccmaTpMBaeTCsA KaK uaeanbHbli p-n-nepexoq [14—
19]. OHM pacnonokKeHbl Ha MOBEPXHOCTM B CTPOrOM LUAXMaT-
HOM MOpPAAKe, SKBUBANEHTHYI CXemy GYHKUMOHMPOBAHMUSA
KOTOPbIX NIETKO NPEeACTaBUTb B BUAE NapannenbHO COeAnHEH-
HbIX APYr C APYrOM Uenb 04HOPOAHbIX doToamopos (puc. 1).
Kaxabli1 U3 HUX 06/1343€T CaMOCTOATEIbHbIM «TEHEPATOPOM»
G cseToBoro ToKa /. MofobHble 3dpdekTnBHbIE NPpeobpasosa-
TeAN C MHOTUMM p-n-nepexogammn noapobHo n3ydyeHbl B pabo-
Te [20-21].

M3 3KBMBANEHTHOM CXEMbI 3/IEKTPUYECKOM Lienu BUAHO, YTO
CBETOBOM TOK [, oTAeNbHOMO dpoToAMOAa passeTBAseTCA Ha [ —
TOK, obecneymBalowmii ero GyHKLMOHNPOBaHWe, U Ha I, — TOK,
NPOTeKaloWMiAi Yepes BHELUHME MO OTHOLUIEHUIO K KOHTAKTHOM
CTpykType conpotusnenne p = RR, /(R + R,) (c nocneayto-
MM NepeTekaHMeM Ha COMPOTUBAEHWE BHELLUHEN Harpysku R),
Toecto [ =1 +1 .

3aecb R, — CONPOTMB/EHNE MOHOKPUCTANIMYECKOTO y4acTKa
HaHO pa3smepHoro p-n-nepexoaa, a R, — conpotusneHue bec-

A 4

Puc. 1. DKBMBaANEHTHAA CXeMa CO/THEYHOTO 3/IeMeHTa
C HaHOpPa3MepHbIM reTepo nepexogom

B cBoto oyepespb, 10 = Id + Up/Rp, roe Up/Rp — TOK Anoaa vepes
BHYTPEHHee Napas/ie/bHoe ConpoTueaeHne R ,al, = Ioo(e"‘UP -1)-
anoaHblA ToK. Takum o6pasom, cBeToBaA Bo/ibTamMnepHas Xa-
paKTEPUCTUKA KaXKOOW OAMHOYHOW KOHTAKTHOM CTPYKTYpbl
Ha NOBEPXHOCTM CONIHEYHOrO 3/1EMEHTa MMEEeT BUL,:

L=1,-1,~U /R, (1)

HenocpeacTBeHHO Ha NOBEPXHOCTU TOHKOM MOAJ/IOMKMN TON-
wmHon ot 100 go 250 mKm GopMMpYHOTCS N HaHOPa3MEpPHbIX
KOHTaKTHbIX CTPYKTYp C BCTPOEHHbIMU 3/1EKTPOCTAaTUYECKU-
MW NONAMM HA PACCTOAHMAX MOpsAAKa 1-2 MKM Apyr oT gpyra
(puc. 2).

Tok [ yepes BHELWHIO Harpysky R dopmupyeTtca uU3 aTux n
HE3aBMCHUMbIX M MAEHTUYHBIX MUKPOTOKOB / OT KaXKA0M OAMHOY-
HOWM KOHTAKTHOW CTPYKTYpbl, GYHKLMOHUPYIOLWMI 32 CYET CaMo-
CTOATENIbHOTO MCTOYHWMKA 3/1eKTPOABWKYLLEW cubl € (DYHKLMK
reHepaTopa Toka G). Mo3ToMy ero MOKHO NMpPeacTaBUTb B BUAE
anrebpanyeckoii Cymmbl N HE3aBUCUMbIX MUKPOTOKOB /, TO €CTb:

CTPYKTYPHOM YacTM NOAJIOXKKM U KOHTaKTa 6apbepa LLoTTKK. I=nl,. (2)
| | | |
| | | |
| | | |
Rsh Rs : oo .: Rsh Rs : oo .: Rsh Rs

| | | |
I I I I

[L Is | | [L Is | | 1L [s
| | | |
| | | |

1 | I 1 | I 1,

< | | | | I ,
| | | |

G\ — | | G\ " — | | G\ "— I::I R
7 R, I::I | | N R, I::I | | A~ R, I::I
1, | | 1, | | 1,
| | | |
[p | | [p | | Ip
| | | |
| (N} .I | (N .I
k=1 k<1 k=n
| | | |
Puc. 2
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3HauuT, BOJILTAMMEPHAA XapPaKTEPUCTUKA pPeasnbHOro Ccos-
HEYHOro 3/1IeMeHTa C NapaaiesibHO COeANHEHHbIMM N HAHO pas-
MepPHbIMU p-n-nepexogamm byaeTr UMeTb BUA,:

I=nl =n(l,~1,~U,/R). 2"

Ona nonyyeHna Heo6GXOAMMbBIX U [OCTOBEPHbIX [AaHHbIX
Lenb, COCTOALLAA M3 NPOBOAALLMX YYACTKOB, LO/MKHA ObITb 3aM-
KHYTOW.

M3 (2°) BugHo, uto [ = nl — TOK, Kak GyHKUMA najeHus Ha-
NpsxxeHnA Ha anope U , yMeHbLIaeTCA OT BE/INYMHDBI TOKa KOPOT-
KOro 3amblkaHus (I = n]) A0 HyNA NPy U3meHeHun U, ot Hyna
no U — HanpsskeHua xonoctoro xoga. Npuyem obe BEI'IVILWIHbI 1,
1 U" ABASAIOTCA IETKO U3MEPAEMbIMU MaKCUMa/IbHbIMM napa:v\e—
TpaMu BOIbTAMMNEPHOW XapaKTepPUCTUKM:

e Koraa Up =0, To ]Sc = n]L — TOK KOPOTKOTO 3aMblKaHUA paBeH
CBETOBOMY TOKy,

* korga U, =U", 10 I = 0 — TOK Yepes conpOTMBneHMe BHeLIHeN
Harpyslm paseH Hyno, amnl /n=1 = I +U /R

3Han J1erko M3mepaemble BeanunHbl U™ 1 I = nl,, moxHO
W3 3TOTO PaBEHCTBA OLUEHUTb R — BENYMHY napanneanoro
COMPOTMBNAEHUA AMOAHOM 4YacTU IKBMBANEHTHOM cxembl. OHa
pasHa R =U /I /n-1)=U /I ~1]),tmel =1 (e*" -1)-
AVOAHbIN TOK NPY HanpsaXKeHUM xonoctoro xoga U, a 1,
aMNANTYAHOE 3HAYEHMeE.

3HaunT, U 1 I onpefenaloT rpaHuLly M3MeHeHWs napa-
MEeTPOB BONbTAMMEPHOM XapaKTEPUCTUKU: TOK W3MeHseTcA
oT ISc = n]L [0 HYNA, @ HAaNpsXKeHue OT HynA 40 U". CooTBeTcTBEH-
HO, P — MOLLHOCTb CO/THEYHOTO 3/IEMEHTA C N HE3aBUCUMbIX O4M-
HOYHbIX HAHO pPa3MepHbIX reTepo KOHTAKTHbIX CTPYKTyp ornpe-
AensAeTcs npovssefeHnem Tekywero Toka [ = nl, Ha Tekyuiee
HanpsaXKeHue Up, Toectb P = IUp = nISUp.

[na aHann3a nonyyYeHHbIX COOTHOLWEHUIM YA06HO KX Npea-
CTaBUTb B HOPMMPOBAHHOM BUZAE, NOAENNB TeKym,Me U InpP
Ha COOTBETCTBYHOLME FPAHUYHbIE BEINYUHDI U, I wnP. BbII'IOn—
HWB 3Ty onepauuto, NonyYnm bespasmepHyto HOpMMpOBaHHyIO
BO/IbTAMMEPHYIO XapPaKTEPUCTUKY:

1 _nl, :42[1_%}1:[%_&].
]sc nIL IL Uco IL Uco I;

— ero

(3)

[ns yoobcTea aHanusa BBeAeM HECKO/IbKO 6e3pasmepHbIxX
KO3hDULMEHTOB:

! 1+ o
T N P
1 AKT ¥ Q

. I I
t=al’ eW =g =gV t:izl
1 U p I,
= — :7‘) lP:i] U
f Isc y U* Ut s¢ U* sc yf

C 3Tumn 6e3pasmepHbIMM NapameTpamu 6espasmepHas
HOPMMPOBaHHasA BO/IbTAMMEPHANA XapaKTePUCTMKA COJIHEYHOTO
anementa I=n(l, - I,— Up/Rp) byaeT Tenepb UMeTb BUA,:

f=1Q(1 +ay)-e"[1/(Q-1)], (4)
a mowwHocTb: P = [U = U{I(1 - U /U_) + I;(UP/UCO - 1/1)}
npuobpeTaeTt 6e3pasmepHOM BUAE BbIMNAANT KaK:
W=P/U I =yf=y[1/(Q-1]Q(L +ay)-e"].  (5)
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MNopenvs TeKymme U I M P Ha COOTBETCTBYHOLME rPaHUYHbIE
BeMUMnHbl U, I wnpP, nonqu\n 6e3pasmepHbI BUA, BOAbTaM-
nepHom XapaKTepMCTVIKVI N MOLLHOCTM COMTHEYHOTO 31eMEHTa:

4:4:(1_%}1:(%_4}.

IL ]sc Uco [sc Uco I; '
o)

U sc Ut [Sc

MouHOCTb, KaK dyHKUuMA HanpsxeHua W = W(y), c poctom y
(HanpsXeHUn) yBennuMBaeTCs C HyNA [0 HEKOTOPOro MaKcumy-
ma W npu HEKOTOPOM TOKe f, 1 HanpAXKeHWW y_. 3aTeM MoLL-
HocTb W = W(y) BbICTPO yMeHbluaeTca 4o Hyna npu y = 1 (uam
u,= u).

TnaBHbIMU NOKaszaTenammn aGpHEKTUBHOCTU CONHEYHOrO 3/e-
MeHTa ABAAIOTCA NapameTpbl MakcMMyma MmolHocTu: f, W
wy (manl , P_wnU ). Eciv Haligem y, , To no dopmynam (4)
u (5) Haxogutea f_ W . [o3TOMY, NPUPABHAB K HY/I0 dP/dUp -
nepByl0 MPOU3BOAHYIO OT MOLLHOCTM COJHEYHOrO 3/eMEeHTa

Mo HAMPAXKEHWUIO Up (nnn B 6espasmepHoit popme dW/dy), nony-
YMM TPAHCLEHAEHTHOE YpaBHeHMe

e =0(1+2y a)/(1+1y,). (6)

PelseHune TpaHcUeHAEHTHOrO ypaBHEHMA NO3BOAUT onpese-
mTby, = Um/U*, a TaKKe fm, n W . BennunHol MaKCUMa/ibHOM
MOLLHOCTH Pm, HanpsxeHus U 1 Toka I npu 3TOM, B ABHOM
1 6e3pasmepHOM BUAE PaBHbI:

1-U, [ u 1
Pm=ImUm Um Im:Isc[ *rn+oo[P_ti]J
u I \U, 1y (7)

Y €2
l-IJm=fmym ym fm_|:(Q_1)(1+1:ym):||:‘f+a(‘tym—1)]

MOLHOCTb CONHEYHOTO 3N1emMeHTa, noaeneHHas Ha [ - U,

onpegenser ero KMA — KoadpdMUMEHT nonesHoro Aeinctaua
. . o

= P/l - U, xoTopbiit B 6espasmepHoit dpopme cosnasaet

no onpeaeneHnto C HOPMUPOBAHHOM MOLLHOCTbIO M UMeeT BUA:

U —y[Q }[Q (1+ay)-e” ]

sc

B TOUKe MaKCMMasibHOM MOLWHOCTU KO3DOULMEHT NoNE3HO-
ro pericteus B 6e3pasmepHoli popme paBeH:

)Jﬁ (8)

m=[t+a(ty,-1 @1t )

AHAJIN3 NONYYEHHbIX PE3Y/IbTATOB

AHaNN3 NOMyYEeHHbIX Pe3y/IbTaTOB NOKa3bIBAET, YTO BeINYU-
Ha MaKCMMa/IbHOM MOLLHOCTU KO3bOdULMEHT nonesHoro aein-
CTBMA CYLLECTBEHHO OnpeaenseTcad napameTpamm CONHEYHOrO
3/1IeMeHTa C HaHOpa3MepHbIMU reTeponepexogamu: Q, T U CcooT-
HOLIEHUEM MEXAY HUMMU.

M3 TpaHCLEeHAEeHTHOro ypaBHeHun (6) cieayer, 4To nesas pa-
CTyL,as 3KCMOHEHLManbHan YyacTb €™ paBHAETCA NPaBoit, acum-
NTOTUYECKM YObIBAIOLLENCA OTHOCUTE/NBHO Y, 4acTy:

Q(1+2y,a)
1+1y, '
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Ho u3 (4) cneayeT, 4To BO BCEM MHTEPBAsNe U3MEHEHUS Ha-
npaxenna ot 0 go U™ (y < 1), BEAMYMHA HOPMMPOBAHHOTO TOKa
f nonKHa 6bITb NONOXKUTENBHOM. A 3TO BO3MOXKHO MpU YCI0BUMU
e” > (), KoTopoe rapaHTMPOBAHHO BbINOMHAETCA B6AM3M rpaHu-
ubl y < 1. OtmeTum, yto e” 1 Q camm no cebe 6onbLIMe HO AOCTa-
TOYHO B6AM3KMe Apyr Apyry uncaa. Mockonbky Q>1na=e"/Q-1,
To y6bIBaHWe NPaBoi YacTu (6) BO3IMOXKHO Npu

1+2
ZFmd g,
1+1y,

Takum o6pasom, couyeTaHue ycnosuit: eV > Q, Q >1,
(1+ 2yma)/(1 + rym) < 1w 2a<T, N03BONAET NONYYUTb COOTHOLLE-
Hue ceA3blBatoWwee O, TN y:

e”>0>2e"/(2+7).

W13 3TOr0 HEpaBEHCTBA C/1eAyeT, 4To HaubonbLas 3hpdeKTHB-
HOCTb CO/IHEUHOTO 3/IEMEHTa C HaHO PasMepHbIMM reTeponepe-
XOJaMW NpOSIBASETCS, Koraa

ev”
_ 1L - 2eAkT :E
I,+1 2+eU" 2+t
AKT

(€)

M Korda BeAuuMHa MaKCUManbHOro Hanpswenua U 6anska
K TPaHUYHOMY HaNpAXeHuo U’, To ecTb u,s U

MMeHHO npu OAHOBPEMEHHOM BbINOJAHEHUN HEPaBEHCTB
9nu,_ < U’ BO3MOXHO [OCTVKEHME MaKCUMasIbHOe 3HaueHue
N,, — NOKasarens 3GpPeKTUBHOCTM COSIHEUHOTO 3IEMEHTA C HaHO-
pa3mepHbIMU reTeponepexoamu.

Mepeyncamm HeckoNbKo KombuHaumin uncen Q = 1 + IL/]oo
n et = e’/ nopcranoska kotopbix B N _, ¥, , f, 1 W_ aagyT
BbICOKYI0 3 HEKTUBHOCTb COZIHEYHOTO 31eMEHTA C HaHOpPa3Mep-
HbIMW reTeponepexofamu. HeobxoaMmo TONbKO KaxKabli pas
cobntopatb ycnosusa et > Q.

0=8ne'=10; Q=21une'=24; Q=51une =56

Q=101une'=111; Q=201wue"=203.

TemnepaTypHble BapuaLun UAn nsmeHeHmsa KoabouumneHTa
HeWaeanbHOCTV AMoAa A BAMAET Ha BennunHy T = el /(AKT). Ha-
npumep, Npv yseamdeHun AKT Uauv 3a cyeT TemnepaTypbl, U
n3MeHeHna A — KoaddpuLMeHTa HenaeabHOCTU, PE3KO MeHseT-
CA BUZ, BONIbTAMMEPHOW XapaKTepPUCTUKN.

3AKNHOYEHUE

OnpegenieHbl OMNTMMalbHble COOTHOLIEHMA MapameTpos
CO/IHEYHOTO 3/1IeMEeHTa C HaHO Pa3MepPHbIMU reTeponepexosamm
obecneymBaloLLme MaKCMMaabHOM MOLLHOCTM KOG dULMEHT no-
Ne3Horo gencTems.

M3 nonyYyeHHbIX COOTHOLUEHWIA CAeayeT, YTO COHEYHbI
3/1EMEHT C HaHOPa3MepPHbIMW TeTePonepexosamm MOMKHO MNo-

CraTbsA npoBepeHa nporpammoit AHTUnAarvaT

CTPOUTb TaKMm o0bpasom, 4To ero 3pPeKTUBHOCTb bByaeT UMeTb
Bcerga Tpebyemblit BbICOKMIA YPOBEHb.

MoKa3aHo, YTO TaKas ynpasifemas CWUTyaLuMs BO3MOXKHA
NPUMEHUTENbHO K CONHEYHOMY 3/1IEMEHTY C HaHO pa3MepHbl-
MW p-n-nepexofamu, CO3LaHHble B CUIYy ABNEHUA Camoopra-
HM3aLMN HA NOAJIONKKE U3 TEXHUYECKOrO KpemHuA. MogobHble
CO/IHEeYHble 3/1EMEHTbI MOTyT CnocobCcTBOBaTb MOBbILLEHUIO
3bPEKTUBHOCTU TeIMO3IHEPTETUKN, GOPMUPOBAHMIO BbICOKO-
3ddeKTUBHbIX, AelweBbix poTonpeobpasosaTenei.
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