ISSN 1991-346X Series physico-mathematical. 5. 2020

NEWS

OF THENATIONAL ACADEMY OF SCIENCES OF THE REPUBLIC OF KAZAKHSTAN
PHYSICO-MATHEMATICAL SERIES

ISSN 1991-346X https://doi.org/10.32014/2020.2518-1726.87
Volume 5, Number 333 (2020), 95 — 101

UDC 539.2;
IRSTI 44.37.29, 44.41.35

N.A.Chuchvaga'#, A.V. Semenov?, A.S. Titov>?,
N.S. Tokmoldin'#, S.Zh. Tokmoldin*, E.I. Terukov?*?

!'Satbayev University, Institute of Physics and Technology,LTD Almaty, Kazakhstan;
2 R&D Center TFTE, St. Petersburg, Russia;
3 Institute of Physics and Technology by Abram F. loffe RSA, , St. Petersburg, Russia;
* Scientific Production Center of Agricultural Engineering, LTD, Almaty, Kazakhstan.
E-mail: nikolay.chuchvaga@gmail.com

INVESTIGATION OF PASSIVATION OF SURFACE STATES
OF SINGLE CRYSTALLINE SILICON IN HETEROSTRUCTURES
WITH AN INTEGRATED THIN AMORPHOUS LAYER

Abstract. This work presented in this publication is a continuation of works [1] and [2]. We have shown that in
solar cells of the HIT structure, when the thickness of the embedded amorphous layer increases, the efficiency of the
solar cell increases, but to a certain point of maximum. The increase in characteristics is due to an increase in the
lifetime of non-basic charge carriers in a crystalline silicon substrate. This behaviour of the system can be explained
by better passivation of surface States on the silicon substrate. The decrease in the efficiency of the solar cell after
reaching the maximum is due to the increase of the resistance structure, which with a point contributes more to the
characteristics of the solar cell than the contribution from the passivation of surface states.

Using the PECVD method, amorphous silicon films with a thickness of 7, 30 and 50 nm were grown on a
single-crystal commercial silicon substrate on both sides. Then, the lifetime of non-basic charge carriers was
measured using the contactless Sinton method on these structures. Further, the samples were examined by
photoluminescence at room temperature. Using this method, it was possible to obtain the dependence of the
concentration of non-equilibrium charge carriers on the intensity of photoluminescence radiation. These dependences
showed that the intensity is lower on samples with a lower thickness of amorphous silicon than in samples with a
higher thickness of the amorphous layer.

The detailed results of this work were first presented by the corresponding author in his dissertation [3], the
theses of the work were presented at the conference of young scientists of KazNU [4] and only now the results are
published as a full-fledged article in the journal.
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Introduction. In contrast to the traditional process of doping impurities of the same type of
conductivity into a substrate having the opposite type of conductivity, the heterojunction technology is
based on plasmochemical deposition of thin films of amorphous silicon of the required type of
conductivity with a thickness of several tens of nanometers. This significantly increases the control over
the created barrier semiconductor structure, providing sharp boundaries between regions of different types
of conductivity if necessary. At the same time, however, high requirements remain for the quality of the
semiconductor surface on which thin films are deposited. The state of the surface of a crystalline silicon
substrate is determined by three factors: 1) corrugation or relief texturing of the surface to reduce the
reflection coefficient / increase the amount of light absorbed by the solar cell, 2) effective surface cleaning
from foreign contamination, 3) passivation of the silicon surface to "heal" broken bonds and reduce the
surface density of defects. The influence of the latter two factors on the efficiency of a solar cell is
determined by the effective lifetime of non-primary carriers, which should be as long as possible to
achieve high efficiency, while:

1/zeff=1/tb + 1/18,
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where teff — the effective lifetime of carriers, tb — the volume lifetime, ts — the surface lifetime. Thus,
measuring the effective lifetime of carriers in a plate is the main tool for controlling the quality of its
surface. A complementary type of measurement to identify the nature of surface states associated with
defects is infrared spectroscopy, including Raman spectroscopy.

HIT solar cells are the market leader in solar energy in terms of "price/quality”. Laboratory samples
achieve an efficiency of up to 26.7% [5-9]. The record results were the result of optimization and research
of the structure of the HIT solar cell [10,11]. Optimization can be carried out in three directions:
improving materials and production methods, optimizing the internal parameters of the solar cell
(thickness, layer concentration) and changing the design [12].

Early studies have demonstrated the effectiveness of self-conducting amorphous silicon in surface
passivation of crystalline silicon wafers. The built-in layer of amorphous conduction silicon is used in the
HIT photocell for passivation of heterojunction defects, however, the presence of this layer leads to
undesirable consequences for the photocell, namely, due to the qualities of the amorphous material itself,
there is a drop in the diffusion length of charge carriers in the section and, as a result, a decrease in the
efficiency of the photocell. One of the possibilities for further improving the efficiency of a heterojunction
silicon solar cell is to increase the length of the diffusion path of charge carriers in the region of the
heterojunction [1,12,13,14].

Experiment and results. At the first stage of the work, the thickness of the embedded layer of
amorphous silicon of its own type of conductivity in a heterojunction silicon solar cell of the HIT structure
is optimized by computer modeling. The model of the photocell was optimized using the software package
FORS-HET [1,2]. The software package is designed for modeling heterojunction solar cells based on
crystalline and amorphous silicon, and includes a database of parameters of these materials. The detailed
principle of operation of the software package FORS-HET is described in [15-18]. In addition to the
numerical calculation, real samples of solar cells were grown and their optimization was performed
experimentally based on the thickness of the embedded layer of its own conductivity. Comparison of the
obtained data with the results of the experiment showed that the optimal value of the experimental
thickness of the amorphous layer (7 nm) does not coincide with the numerical calculation data (1 nm).
However, further research has shown that passivation of surface states on a crystalline silicon substrate is
better the thicker the thickness of the amorphous layer. It is shown in [19] that the lifetime of non-basic
charge carriers increases with increasing thickness of the amorphous silicon layer.

At the second stage of the work, using the PECVD method, amorphous silicon films with a thickness
of 7, 30 and 50 nm were grown on a single-crystal commercial silicon substrate on both sides. Then, the
lifetime of non-basic charge carriers was measured using the contactless Sinton method on these
structures, which confirmed the qualitative dependence of the results [19, 20]. Further, the samples were
examined by photoluminescence at room temperature. Using this method, it was possible to obtain the
dependence of the concentration of non-equilibrium charge carriers on the intensity of photoluminescence
radiation. These dependences showed that the intensity is lower on samples with a lower thickness of
amorphous silicon than in samples with a higher thickness of the amorphous layer. These results are in
good agreement with the previous ones.

One of the most important factors affecting the efficiency of the solar cell of the HIT structure is the
passivation of surface States on the plate of the crystal substrate. To study the effect of passivation of
crystalline silicon by an amorphous silicon film using the PECVD method, amorphous silicon films with a
thickness of 7, 30 and 50 nm were grown on a single-crystal commercial silicon substrate on both sides.
Then a non-contact method of Synton measurement was used on the manufactured samples to determine
the lifetime values of non-basic charge carriers. The results of measuring the characteristics of samples are
shown in the table 1.

Table -Results of measurements of the life time of the NNZ by non-contact method of single-crystal
silicon wafers with a resistance of R = 1.5 Ohmsecm, covered with an amorphous film with a thickness
of 7 nm (for samples kz 12 — kz 15), 30 nm (for samples kz 02 — kz 05) and 50 nm (for samples
kz 06 —kz 11)
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The name of the sample | The life time (t), microsecond
kz 02 1063
kz 03 1020
kz 04 1278
kz 05 1070
kz_06 2295
kz 07 1890
kz 08 1621
kz 09 2016
kz_10 2461
kz 11 2009
kz 12 924
kz 13 630
kz 14 1053
kz 15 655

As can be seen from the table, the greater the thickness of the amorphous film deposited on the crystal
substrate, the greater the value of the lifetime of non-basic charge carriers. The results of the study
confirmed the qualitative dependence of the results of other authors ' work [7].

Figure 1 shows the dependence of the lifetime of non-primary charge carriers on their concentration
when illuminated by light, during measurement. It is obvious that the best value of the lifetime is shown
by the functional corresponding to the greater thickness of the amorphous passivating layer, equal to
50 nm
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Figure 1 - dependence of the lifetime of non-basic charge carriers
on their concentration at different thickness of the amorphous film

Further, the samples were examined by photoluminescence at room temperature (figure 2-4). In
figures 2-4, images with higher brightness correspond to a higher concentration of non-equilibrium charge
carriers. Using this method, it was possible to obtain the dependence of the concentration of non-
equilibrium charge carriers on the intensity of photoluminescence radiation. These dependences showed
that the intensity is lower on samples with a lower thickness of amorphous silicon than in samples with a




News of the National Academy of sciences of the Republic of Kazakhstan

higher thickness of the amorphous layer. The distribution of radiation intensity is consistent with the data
of measurement of the lifetime of non-basic charge carriers in the studied structures.

Figure 2-Photoluminescence of silicon wafer samples at 7 nm thick amorphous silicon film deposited
on them at room temperature

Figure 3-Photoluminescence of silicon wafer samples at 30 nm thick amorphous silicon film deposited
on them at room temperature

Figure 4-Photoluminescence of silicon wafer samples at 50 nm thick amorphous silicon film deposited
on them at room temperature

Consequently of experiments, it show that in HIT structure solar cells, the efficiency of the solar cell
increases with increasing thickness of the built-in native layer, but up to a certain point of maximum [2].
The increase in characteristics is due to an increase in the lifetime of non-basic charge carriers in a
crystalline silicon substrate. This can be explained by better passivation of surface states on a silicon
substrate. The decrease in the efficiency of the solar cell after reaching the extreme point explained by the
fact that with increasing thickness, the consistent resistance of the structure increases, which from a
certain point on makes a greater contribution to the characteristics of the solar cell than the contribution
from passivation of surface states.

However, the results of this work cause to new questions about how exactly the passivation of the
surface states of crystalline silicon occurs, as long as the formation of new bonds presumably takes place
at distances of no more than 1 nm. Nevertheless, the growth of positive electrical properties for the
operation of the solar cell continues to the thickness of the passivating film of a dozen nanometers. In
search of this answer, we plan to conduct a cathodoluminescent analysis that will show the energy of
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charge carrier transitions between levels and sublevels on the zone diagram of the "single-crystal silicon-
amorphous silicon" heterojunction. It is also planning to conduct optical analyses of the structure in the
infrared region of the spectrum. It is planning to repeat this experiment, but with films obtained by a
different method (PVD method).
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KYPBIJIBIMBIH/IA ' KYKA AMOP®TbBI KABATHBI BAP TETEPOKYPBIJIBIMIAPIAFBI
MOHOKPHUCTAJIbl KPEMHUWJITH BETKI KYWUIHIH, TACCUBTEJYIH 3EPTTEY

Annoranus. Makanaga [1] aiffHaNbICBIN JKaTKaH >KYMBICTapabiH kanracel [2] Oepurmi. bi3 HIT kypbutbiMb
(doTo3MeMeHTTepiHAe KipIKTipiireH aMopdThl KabaT KalbIHIBIFBIHBIH apTybl HeTi3iHAe Oenrimi Oip MaKCHUMaiabl
HYKTere JeHiH QoTodnmeMeHT THiMALIri apramgsl. CHmarramManapiblH JKOFapbUIaybl KPHUCTANABl KPEMHUI
CcyOCTpaTBIHAAFBI HETI3T1 eMec TachIMAIayIIbl OMipiHiH y3apyblHa OaimaHeIcThL. JKYIHEeHIH OyJ1 opeKeTiH KpeMHUI
cyOcTpaThIHAAFel O€TKi KYHIIH Y3[IK MacCHBALIMACHL HETi3iHAe TyciHaipyre Oonamel. MakcuMangbsl HYKTETe
JKETKEHHEH KeHiH (OTORJIEMEHT THIMIITITIHIH a3arobl KYPBUIBIM KEIEPTriCiHIH >KOFapbUlayblHAa OaiIaHBICTBI, OJI
Oenrimi 6ip coTTeH Oactam O€TTIK KYW MacCHBAIMACHIHAH TOPi (OTORIEMEHT CHUMaTTaMajapblHa KeOipeKk yiiec
KOCaJIpbl.

PECVD opicimen kanbiHabirbl 7, 30 xxone 50 HM aMop(dThl KpeMHHH TUICHKAJIAph! €Ki JKarblHaH JIa MOHOKPHC-
TaJIBl KOMMEPUMSUIBIK KpeMHUI cyOctparTtapbinia ecipuiai. Conan KediH Oyl KypbUIbIMAApAarbl OaiilaHbICChI3
CHUHTOH 9JIICIMEH HEri3ri eMec 3apsij TachIMaJJayIIbIHBIH OMIp CYpy YakbIThl eJIeHai. Opi Kapail yiarinep Oeime
TeMIIepaTypacbiHia (POTOIOMUHECHEHIUS d1iciMeH 3epTTeiii. OChl 9MiCTI KOJIaHa OTHIPHII, TENe-TeH eMec 3apsi
TachIMAIJAyIIbl KOHIIEHTpauus (HOTOIIOMUHECICHIMSHBIH COYJIENEHY KapKbIHIBUIBIFBIHA TIYEIUIINH alyFa
Oonaapl. by Toyemmisik aMop(Thl KPeMHHMUIIH KaJIBIHIABIFBI a3 Ke3JIEeCeTiH YJTiIepae KapKbIHIBUIBIFEI aMOP(THI
KaOaTThIH aJIZIbIHFbIFA KaparaH/a a3 00JaThIHABIFBIH KOPCETTI.

JKYMBICTBIH erKel-TerKeii HOTHKeNepiH OIpiHII Ke3eKTe aBTOP-KOPPECIIOHACHT O31HIH IHUCCEPTAlMsIChIHIA
yeuIHBI [3], s)kymbIc Te3uctepi Kaz¥ V-IbiH jkac FalIbIMIaphIHBIH KOH(GEPEHIUACHIHIA YChIHBUIIBI [4] KOHE OHBIH
HOTIDKENEPI )KypHaJIa TOJIBIKKAH/IbI MaKajla PETIH/E KapHUsIaHya.

Tyiiin ce3nep: kyH snemenTi, amopd Tl kpemuuii, HIT, rerepeTken, 6erki akaymnap.
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HCCJIEJJOBAHUE MACCUBAIIAY IOBEPXHOCTHBIX COCTOSIHUM
MOHOKPUCTAJIJIMYECKOI'O KPEMHUSA B TETEPOCTPYKTYPAX
CO BCTPOEHHBIM TOHKUM AMOP®HBIM CJIOEM

AnHotanus. Hacrosiinas pabota, npejcraBieHHast B JaHHO# 1MyONuKaIyy, sIBISIETCS] POJ0IDKEHUEM padoT [1]
u [2]. Mbl noka3anu, uto B (oroanementax crpykrypsl HIT mpu yBennueHHH TONIIMHBI BCTPOGHHOTO aMOp(HOTro
cinost pactér AGQPEeKTUBHOCT (OTOAIEMEHTa, HO /0 ONPENeAEHHONW TOYKHM MakcuMyMa. POCT XapaKTepHUCTHK
06YCJ'IOBJ16H YBCJIMYCHUCM BPEMCHHU JKHU3HU HCOCHOBHBIX HOCI/ITeﬂeI\/II 3apsgaa B MOIJIOKKE KPUCTALIMYCCKOIO
KpEMHMUA. Taxoe IIOBEACHUEC CUCTEMBI MOXXHO O6’bﬂCHl/ITI) HleLHeﬁ HaCCHBaHHeﬁ IMMOBEPXHOCTHBIX COCTOSIHMM Ha
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noaoxxke kpemHus. IlageHue s¢ddextuBHOCTH (PoTOdNEMEHTa MOCHE DOCTHXKEHHS TOYKH MAakKCHMyMa CBSI3aHO C
YBEJIWYEHHEM COIPOTHBIEHHUS CTPYKTYpPBI, KOTOpOE C OIPENeNEHHOT0O MOMEHTa BHOCUT OOJIBIIMH BKJIan B
XapaKTCPUCTHUKH (l)OTOSHeMeHTa, 4YE€M BKJIaJ] OT MaCCUBALlMU TOBECPXHOCTHBIX COCTOSIHHH.

Merogom PECVD Ha MOHOKpUCTaIIMYECKOH KOMMEpPYECKOW MOMJIOKKE KPEeMHHsS C O0euX CTOPOH ObLIH
BBIpalICHb! IIEHKK aMopdHOro kpemuus toimunHoi 7, 30 u 50 HM. 3arem OecKOHTaKkTHBIM MeTooM CHHTOHA Ha
3THX CTPYKTypax OBUIO HW3MEpPEHO BpeMs KHM3HHM HEOCHOBHBIX HocuTened 3apsga. Jlamee oOpasubl Obuin
MCCIIeJOBAaHBI METOI0M (DOTOIFOMUHECLICHIIMH IIPH KOMHATHOH TemIieparype. C IOMOIIBIO JaHHOTO METOJIa yIaJIoCh
MOJYYUTHh 3aBUCHMOCTDb KOHIIGHTPAIlMM HEPAaBHOBECHBIX HOCHTENIEH 3apsga OT WHTEHCHBHOCTH W3JIyYEHUS
(oromromMuHecHeHIMH. J{aHHBIE 3aBUCHMOCTH MOKAa3aJld, YTO Ha 00pas3lax ¢ MEHbIIEH TOJIIMHOW amMop(hHOro
KPEMHHsI ”HTEHCHUBHOCTD MEHBIIIE, HEXKEIN B 00pa3iax ¢ Oompliel ToymmuHoi amopdHoro ciost.

[MonpoGHble pe3ynbTaThl HAcTOSAIMIEH pabOTBI B TEPBYIO OdYepedb OBUIM IPEICTABICHBI aBTOPOM-
KOPPECIIOHICHTOM B CBOEH aucceptanuu [3], Te3uChl pabOThl OBUIM TPEJCTABJICHB Ha KOH(EPEHIIMH MOJIOJBIX
yuénsix KasHY [4] u ToapKO ceifuac pe3yapTaTsl MyOINKYIOTCS B BUAE NOJTHOIICHHOM CTaThU B JKypHAJe.

KiroueBble cJIOBa: COJHCUYHBIA 3ieMeHT, amopdubii kpemumii, HIT, rereporepexoj, MTOBEPXHOCTHBIC
Je(SKTHI.

Information about authors:

Chuchvaga Nikolay, PhD, senior researcher at Institute of Physics and Technology,LTD Almaty, Kazakhstan
https://orcid.org/0000-0003-4417-4996;

Semenov Aleksandr., candidate of technical Sciences, senior technologist at R&D Center TFTE, St. Petersburg, Russia
https://orcid.org/0000-0002-0504-2387;

Titov Alexey, specialist, metrologist of the solar energy Department at R&D Center TFTE, St. Petersburg, Russia
https://orcid.org/0000-0002-9849-084X;

Tokmoldin Nurlan, PhD, leading researcher at Institute of Physics and Technology, LTD and Scientific Production Center of
Agricultural Engineering, LTD, Almaty, Kazakhstan https://orcid.org/0000-0002-0663-0228;

Tokmoldin Serekbol, doctor of physical and mathematical Sciences, leading researcher at Institute of Physics and
Technology,LTD and Scientific Production Center of Agricultural Engineering, LTD, Almaty, Kazakhstan https://orcid.org/0000-
0003-0633-4733;

Terukov Evgeniy, doctor of technical Sciences, main researcher at R&D Center TFTE and Institute of Physics and
Technology by Abram F. loffe RSA, , St. Petersburg, Russia https://orcid.org/0000-0002-4818-4924

REFERENCES

[1] Keshuov S., Tokmoldin N., Chuchvaga N., Tokmoldin S., Isova A. (2019) An Algorithm for Optimization of
Heterojunction Silicon Solar Cells by Ranking of Fabrication Parameters Influencing their Efficiency. Ekoloji 28(108): 2681-
2692.http://ekolojidergisi.com/article/an-algorithm-for-optimization-of-heterojunction-silicon-solar-cells-by-ranking-of-
fabrication-7434

[2] Chuchvaga N.A., Zhilina D.V., Zhantuarov S.R., Tokmoldin S. Zh., Terukov E.I., Tokmoldin N.S. (2018) Study and
optimization of heterojunction silicon solar cells , J. Phys.: Conf. Ser 993 01203 9 doi :10.1088/1742-6596/993/1/012039

[3] Chuchvaga N.A. (2019) Study and optimization of silicon-based heterojunction solar cells [Issledovaniye i optimizatsiya
geteroperekhodnykh solnechnykh elementov na osnove kremniya.], dissertation. P. 82-85. (in.Russ.).

[4] Chuchvaga N. A., Semenov A.V., Titov A. S., Tokmoldin N. S., Tokmoldin S. Zh. and Terukov E. 1. (2018)
Investigation of passivation of surface states of monocrystalline silicon in heterostructures with a built-in thin amorphous layer.
[Issledovaniye passivatsii poverkhnostnykh sostoyaniy monokristallicheskogo kremniya v geterostrukturakh so vstroyennym
tonkim amorfnym sloyem.] Theses of the report international scientific conference of students and young scientists "FARABI
ALEMI", Almaty: Kazakhstan. P. 233 (in.Russ.).

[5] Taguchi M. et al. 24.7% record efficiency HIT solar cell on thin silicon wafer //IEEE Journal of photovoltaics. 2013. V.
4. Ne. 1. P. 96-99 DOI: 10.1109/JPHOTOV.2013.2282737

[6] Tsunomura Y. et al. Twenty-two percent efficiency HIT solar cell //Solar Energy Materials and Solar Cells. 2009. V. 93.
Ne. 6-7. P. 670-673 https://doi.org/10.1016/j.s0lmat.2008.02.037

[7] Sawada T. et al. High-efficiency a-Si/c-Si heterojunction solar cell /Proceedings of 1994 IEEE 1st World Conference on
Photovoltaic Energy Conversion-WCPEC (A Joint Conference of PVSC, PVSEC and PSEC). — IEEE, 1994. V. 2. P. 1219-1226
DOI: 10.1109/WCPEC.1994.519952

Print ISBN: 0-7803-1460-3

[8] Yoshikawa K., Kawasaki H., Yoshida W., Irie T., Konishi K., Nakano K., Uto T., Adachi D., Kanematsu M., Uzu H.,
Yamamoto K. Silicon heterojunction solar cell with interdigitated back contacts for a photoconversion efficiency over 26% //
Nature Energy. 2017. V. 2. P. 17032 https://doi.org/10.1038/nenergy.2017.32

[9] Green M. A. et al. Solar cell efficiency tables (version 52) //Progress in Photovoltaics: Research and Applications. 2018.
V.26. Ne.7.P.427-436. https://doi.org/10.1002/pip.3040

— 100 ——




ISSN 1991-346X Series physico-mathematical. 5. 2020

[10] Sachenko A. V. et al. Method for optimizing the parameters of heterojunction photovoltaic cells based on crystalline
silicon //Semiconductors. 2016. V. 50. Ne. 2. P. 257-260 https://doi.org/10.1134/S1063782616020226

[11] Sachenko A. V. et al. Analysis of the possibility of high-efficiency photovoltaic conversion in tandem heterojunction
thin-layer solar cells /Technical Physics Letters. 2015. V. 41. Ne. 5. P. 482-485 https://doi.org/10.1134/S1063785015050260

[12] Chuchvaga N. A., Kislyakova N. M., Aimaganbetov K. P., Rakymetov B. A., Tokmoldin N. S. (2018) Investigation of
the effect of wet chemical treatment on the surface of silicon monocrystalline wafers [Issledovaniye vliyaniya vlazhnoy
khimicheskoy obrabotki na poverkhnost' kremniyevykh monokristallicheskikh plastin. Recent Contributions to Physics
(Rec.Contr.Phys.), 67:108-114, oct. (in.Russ.).

[13] Panaiotti I. E., Terukov E. I. A study of the effect of radiation on recombination loss in heterojunction solar cells based
on single-crystal silicon //Technical Physics Letters. 2019. V. 45. Ne. 3. P. 193-196 https://doi.org/10.1134/S106378501903012X

[14] Vikhrov S. P. et al. Study of Deep Levels in a HIT Solar Cell //Semiconductors. 2018. V. 52. Ne. 7. P. 926-930
https://doi.org/10.1134/S1063782618070254

[15] Leendertz C., Stangl R. (2012) Modeling an a-Si: H/c-Si Solar Cell with AFORS-HET //Physics and technology of
amorphous-crystalline heterostructure silicon solar cells. Springer, Berlin, Heidelberg. ISBN: 978 -3-642-22275-7 14
https://doi.org/10.1007/978-3-642-22275-7_14

[16] Zhao L., Zhou C. L., Li H. L., Diao H. W., & Wang W. J. Design optimization of bifacial HIT solar cells on p-type
silicon substrates by simulation //Solar Energy Materials and Solar Cells. 2008. V. 92. Ne. 6. P. 673-681
https://doi.org/10.1016/j.s0lmat.2008.01.018

[17] Stangl R., Kriegel M., Schmidt M. AFORS-HET, Version 2.2, a numerical computer program for simulation of
heterojunction solar cells and measurements //2006 IEEE 4th World Conference on Photovoltaic Energy Conference. IEEE, 2006.
V. 2.P. 1350-1353 10.1109/WCPEC.2006.279681 Print ISSN: 0160-8371

[18] Lisheng W., Fengxiang C., Yu A. Simulation of high efficiency heterojunction solar cells with AFORS-HET //Journal
of Physics-Conference Series. 2011. V. 276. Ne. 1. P. 012177 https://doi.org/10.1088/1742-6596/276/1/012177

[19] Herasimenka S. Y. (2013) Large Area Ultrapassivated Silicon Solar Cells Using Heterojunction Carrier Collectors.
dissertation. P. 66-71.

[20] Schaper M. et al. 20.1%-efficient crystalline silicon solar cell with amorphous silicon rear-surface passivation //
Progress in Photovoltaics: Research and Applications. 2005. V. 13. Ne. 5. P. 381-386. https://doi.org/10.1002/pip.641

— 101 ——



