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Abstract

This paper presents numerical simulation and comparative analysis of solar cells with a heterojunction on thin
amorphous silicon (HIT) based on crystalline silicon substrates with p- and n-type conductivity. The study focuses on the
influence of substrate thickness, dopant concentration, interface quality, and layer architecture on the key photovoltaic
parameters: open-circuit voltage (Voc), short-circuit current density (Jsc), fill factor (FF), and power conversion efficiency
(). Simulations were performed using the AFORS-HET software, which accounts for carrier transport and recombination
processes. The results demonstrate that n-type silicon-based devices exhibit higher Voc and FF values, reduced sensitivity to
light-induced (LID) and potential-induced degradation (PID), and deliver 1.5-2% higher efficiency compared to p-type
devices under identical conditions. Optimization of the substrate thickness (100—200 um) and doping concentration (10"
10" ¢m®) enables achieving conversion efficiencies above 25%. Literature reports further confirm the potential of n-type
silicon, where record efficiencies exceeding 26% have already been achieved. Therefore, the implementation of n-type
silicon in HIT architectures represents the most promising pathway for the development of high-efficiency and stable
photovoltaic devices.
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Introduction

The efficiency of silicon solar cells largely depends on the materials, device design, and fabrication process.
Crystalline silicon (c-Si), which can be either p-type or n-type, serves as the foundation of most solar cells. Despite the
technological maturity of silicon-based photovoltaics, research efforts continue to focus on improving efficiency.

Heterojunction solar cells with an intrinsic thin amorphous silicon layer (HIT) are among the most promising
technologies for improving the conversion of solar energy into electricity [1]. Laboratory efficiencies above 25% have been
achieved [2], making them competitive with conventional p—n junction cells. A key factor in HIT performance is the choice
of silicon substrate. While p-type silicon remains widely used due to its availability and mature processing, it suffers from
light-induced degradation (LID) and potential-induced degradation (PID), which reduce long-term stability. By contrast, n-
type silicon offers higher resistance to LID and PID, as well as better thermal stability and higher potential efficiency. This
makes a comparative study of p- and n-type HIT devices critical for optimizing next-generation photovoltaic modules.

Recent studies have highlighted the importance of wafer thickness, doping profiles, layer architecture, and contact
materials in achieving both efficiency and cost-effectiveness. Sai et al. [3] demonstrated that ultrathin wafers (30-50 pum)
with light-trapping schemes retain strong absorption and high short-circuit currents, with Voc exceeding 0.76 V and stable
fill factors (0.85-0.87). Maximum calculated efficiencies of 28.4% were reached at ~100 pum thickness, while fabricated cells



on 59 um wafers achieved 21.0%, comparable to 244 pm wafers. Numerical simulations [4] further showed that optimal a-
Si:H thickness (12—18 nm) and doping concentrations (10! cm™ for a-Si:H, 10'7 cm™ for c-Si) yield efficiencies of 22-24%.
The choice of transparent conductive oxide, especially indium tin oxide (ITO), was confirmed as critical due to its high
conductivity and transparencyAdditional numerical modeling data were presented in [5], where the optimal thickness of the
a-Si:H layer was found to be 10-20 nm and that of the c-Si substrate 100-200 pum, enabling high light absorption and
reduced recombination losses. The calculated efficiency reached 25-28% with doping concentrations in the range of 10'%-
10%° cm™, the use of low-temperature processes, and proper contact selection. The open-circuit voltage (Voc) reached 0.7—
0.75 V, the current density was as high as 40-50 mA/cm?, and the bulk recombination rate was reduced to 107 cm?/s due to
effective passivation.

Numerous studies have compared the performance of p-type and n-type silicon solar cells, focusing on efficiency,
stability, and manufacturing challenges. Analyses [1, 6] show that n-type devices consistently achieve higher efficiencies and
superior long-term stability, owing to lower surface recombination, reduced sensitivity to light-induced (LID) and potential-
induced degradation (PID), and greater resilience to impurity contamination.

A techno-economic reassessment [1] indicated that ultrathin wafers (=50 um), combined with advanced designs,
could reduce capital costs by up to 48%, module costs by 28%, and LCOE by 24% compared to standard wafers, supporting
global climate targets. However, mechanical fragility of thin wafers remains a key challenge, requiring innovations such as
contactless handling and reinforced interconnection schemes.

Overall, HIT technology strengthens these advantages, making n-type silicon particularly promising for the
development of high-efficiency, stable photovoltaic devices.

Experimental and simulation studies confirm the high potential of HIT technology on thin silicon substrates. The
combined optimization of thickness, structure, and materials enables achieving high efficiency while significantly reducing
material consumption and costs, making this technology highly promising for large-scale deployment.

In this paper, a detailed comparative analysis of p-type and n-type HIT solar cells is presented, focusing on their
efficiency and performance under various conditions based on numerical simulation results.

Methodology

The modeling of heterostructure solar cells was carried out using the' AFORS-HET software, which is specifically
designed for the numerical simulation of thin-film and heterojunction photovoltaic devices. The program accounts for
spatially resolved physical processes, including drift-diffusion transport, recombination, and built-in electric fields.

The basic structure of the solar cell under investigation is shown in Figure 1, and the corresponding layer parameters
are summarized in Tables 1 and 2.
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Figure 1. Schematic view of the HJT solar cell for n — type [7]

Table 1 — Substrate parameters

Parameter p-type substrate n-type substrate
Doping concentration ~1x10% cm 3, 1x10'% em 3, | ~1x10® em 3, 1x10' cm 3,
5x10'¢ cm 3 (boron) 5x10'¢ cm 3 (phosphorus)
Optimal thickness 100 — 150 — 200 um 100 — 150 — 200 pm
Electron mobility ~450 cm?/V's ~1350 cm*/V's
Hole mobility ~150 cm*/V's ~450 cm*/V's
Table 2 — Layer parameters
Layer Thickness (nm) Doping type Concentration (cm )
ITO 70-90 — —
a-Si(p+/n+) 10 pt+/n+ ~1x10%
a-Si(i) 5-10 — ~1x10'
c-Si(p/n) 100-250 um p Wi n ~1x10' / ~5x10"
a-Si(i) (rear) 5-10 — ~1x10%
a-Si(n+/p+) (rear) 10 n+/p+ ~1x10"
Ag ((rear contact) — — —




Simulation Results and Discussion

The simulation of solar cells based on different substrate types—p-type and n-type silicon—revealed (Figure 2)
consistent differences in photovoltaic characteristics (Jsc, Voc, FF, and 1) as a function of substrate thickness. For n-type
silicon, a slightly higher short-circuit current density (Jsc) was observed compared to p-type at identical thicknesses, with the
effect being most pronounced at around 200 pm. This improvement is attributed to the higher carrier mobility and reduced
susceptibility to bulk recombination. The open-circuit voltage (Voc) also exhibited an advantage for n-type devices,
consistently exceeding the values obtained for p-type, due to superior substrate properties and a lower recombination rate. A
similar trend was observed for the fill factor (FF), which was higher in n-type devices, indicating reduced resistive losses and
more favorable charge transport conditions. As a result, the combined influence of these factors leads to an increase in the
power conversion efficiency (1) of n-type silicon solar cells by approximately 2% (absolute) compared to p-type cells of the
same thickness, confirming the strong potential of n-type silicon for achieving high-efficiency photovoltaic devices.

The analysis of the graphs illustrating the effect of dopant concentration on the photovoltaic parameters of p-type and
n-type solar cells (Js, Vo, FF, and ) (Figure 3) showed that with increasing doping levels, the characteristics improve for
both substrates; however, n-type devices consistently demonstrate higher values. The short-circuit current density (Js)
increases with higher dopant concentrations due to improved transport properties and reduced material resistance, with the
increase being more pronounced for n-type cells because of the higher electron mobility. The open-circuit voltage (V) also
rises with increasing doping concentration, although in the case of p-type the effect is weaker; moreover, at excessively high
doping levels (around 5x10'® cm™), V,. may decrease due to enhanced boundary recombination.
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Figure 2. Simulation of solar cells with different substrate types — p-type and n-type silicon: (a) Voc, (b) Jsc, (c) FF,
and (d) n as a function of substrate thickness.

The fill factor (FF) improves as dopant concentration increases, owing to reduced ohmic losses and enhanced
conductivity, with n-type devices again showing superiority across all doping levels. Overall, the power conversion
efficiency (n) increases with dopant concentration for both substrate types [13—15], but n-type achieves higher values. This
advantage is attributed to the higher electron mobility, which reduces the probability of recombination, and the greater
tolerance of n-type structures to interface defects at the a-Si/c-Si junction. By contrast, holes in p-type silicon have lower
mobility, which increases the likelihood of recombination at the interface, leading to somewhat lower 1 values.

The density of states at the a-Si:H/c-Si interface plays a critical role in HIT cell efficiency. The optimal thickness of
the intrinsic amorphous silicon layer (a-Si(i)) depends on substrate conductivity: 5-10 nm for n-type and about 5 nm for p-
type, as thicker layers hinder hole transport. Excessive a-Si(i) thickness increases carrier transport barriers, especially for p-
type substrates: The thickness of the emitter layer (a-Si(p*) or a-Si(n*)) also strongly affects device performance: it
determines short-wavelength (300400 nm) light absorption and carrier extraction efficiency. However, excessive emitter
thickness can enhance recombination losses at the a-Si/c-Si interface [9—-15].

Table 3 — Comparative overview of experimental and numerical data on the efficiency of HIT structures

Study work Substrate type n (%) Voo (MV) Jsc (mA/cm?) FF (%)
Yoshikawa et al., n-type 26.6 750 42.1 83.3
[DOI: 10.1038/nenergy.2017.3]
Masuko Keiichiro, et al. n-type 25.6 740 41.8 83.0
[DOI: 10.1109/JPHOTOV.2014.2352151]
Eiji Kobayashi et al., n-type 22.5 735 38.5 79.0
[DOI: 10.1063/1.4922196]
H. S. Kimet al., p- type 17.9 639 - 74.6
[DOI: 10.1016/j.s0lmat.2018.05.015]
C.Y. Weietal., p- type 20.83 - 39.3 -
[DOI: 10.3390/ma6115440]
M. A. Green et al., n-type 27.2 760 43.5 84.0
[DOI: 10.1002/pip.3102]
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Figure 3. Simulation results with variation of (a) Voc, (b) Jsc, (c) FF, and (d) n asa function of substrate doping
concentration for p-type and n-type silicon.

Studies confirm that HIT structures based on n-type silicon substrates demonstrate higher values of key photovoltaic
parameters, including open-circuit voltage (Voc) and fill factor (FF). For instance, in the works of Yoshikawa et al. and
Masuko et al., Voc values up to 750 mV and FF values up to 83% were achieved for n-type substrates, significantly
exceeding the performance of devices based on p-type substrates. For p-type devices, interface passivation quality remains a
critical factor, since the efficiency of such structures is strongly dependent on recombination losses at the interfaces. Modern
engineering approaches, such as interdigitated back contact (IBC) designs and passivated contacts, open new prospects for
further improvement of both the efficiency and stability of HIT structures. These technologies help reduce performance
degradation at elevated temperatures and ensure more stable operation under real-world conditions, as confirmed by the
studies of H. S. Kim et al..

Conclusion

In this work, a study and comparative analysis of solar cells based on the HIT (Heterojunction with Intrinsic Thin-
layer) structure fabricated on crystalline silicon substrates of both p-type and n-type conductivity were carried out.
Simulations performed using the AFORS-HET environment made it possible to investigate the influence of substrate type,
doping concentration, thickness, and other factors on the key photovoltaic parameters: Voc, Jsc, FF, and 1. The analysis was
further supported by literature data, as well as laboratory and commercial achievements in the field of high-efficiency solar
cells. The results highlight the strong potential of n-type silicon substrates for the fabrication of high-efficiency and reliable
solar cells, particularly within the framework of heterojunction technologies such as HIT. Thus, although both p-type and n-
type silicon possess their own unique advantages and limitations, n-type silicon has become the focus of recent
advancements due to its higher efficiency and superior long-term stability.
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I'EOI'PA®USAHDBI OKBITYJAAFBI AKT EHI'I3YAIH IICUXOJIOT'UAJIBIK 7KOHE
HHEJATOI'MKAJIBIK EPEKIIEJIKTEPI

AxnamberoBa K.M., akagemuk E.A. BexeroB areianarsl Kaparanne! yausepcureti, Kaparanmsl, Ka3zakctan
Bynan6aeBa .M., «Kasrugpomer» PMK Kaparannpl sxoHe ¥ibiTay OONBICTapbl OOHMBIHIIA (HITHAIEI
Kaparanns! k., Kazakcran

AKMaparThIK-KOMMYHUKaIWsUTBIK TexHoorusuiap (AKT) Ounim Oepy canacklHa €HreH COTTEH OacTar, onap TeK OKY
YAepiciH TypJeHIipin KoWMail, COHbBIMEH Karap OKYIIBUIAPBIH IICUXOJIOTHSUIBIK JKaii-KyHiHe Tikesled ocep ere Oactaipbl.
Teorpadgus moHI KOHTEKCTiHAE Oyl e3repicTep epekiie cesineni, ceb6edi Kypaeii TaOWFM-TeorpadusuIbIK MpOoLecTepAi
BU3yanM3auusuiay MeH HakTbl KaObuinayra AKT ynkeH MyMKiHIIK Oepeni. Anaiina ke3 KeAreH TeXHOIOTHSHBIH THIMALIITT —
OHBI KiMre, Kajai, KaHIIa KeJemJe KoijgaHyFa OaimaHbicThl. COHABIKTaH Ja ICUXOJOTHSUTBIK TyprbiiaH AKT-HbIH
OKYIIBLIAPFa BIKHaJbIHA OalbINIeH Kapay KaKeT.

XKyprizimren 3eprreynep okymbuiapabiH AKT-MeH kymbic icTey: OapbICBIHAA MOTHBALMSCHI €ldYip apTaThIHBIH
KepceTTi. MbIcanbl, MyIbTUMEAMSUIBIK MPE3CHTALMUIAD HEMece BHPTYal/bl IKCKypcHsiap reorpadus cabakTapblH TEK
BH3yalAbl TapTHIMIBI €Til KOMMai, OKYIIBIHBI MaTepUalIblH IIIiHE «SHTi3im» kibepemi. bynm acipece 3MOIMOHANIBIK
KaObU1Iaybl KOFaphl OKyLIbIIapaa Te3 OalKanabl: olap TaKBIPHITKA KOOIPEK Cypak KOMBIN, KOCHIMIIA aKmapar i3aeyre
yMTBUTaIBL. Byl ©37iriHeH TyBIHAANTEIH MOTHBALVMSIIBIK CEpPILTIC OKYMIBIHBIH IIIKi TaHBIMABIK OCJICEHAUTITIH KYIIeHTexl.
Hotmwxkecinne cabak OapbIChIHIa OCNICEHII OpeKEeTKE KOUIY JKy3ere acaibl, ajl Oy OKYyIIbUIAPBIH ITOHTE JETeH TYPAaKThI
KBI3BIFYIIBUTBIFBIH KATBIITACTBIPYIBIH THIMJII JKOJIBI €KEHI 3€PTTEYIICPMEH JamernieHreH [1].

ConbimeH Katap, AKT okymibliFa ©3iHe JereH CeHIMAUTITIH apTThIpyFa Ja eneyii yiec Kocaabl. Mbicansl, PowerPoint
CUSKTBI KapamaibiM Busyan Kypaijap meH Google Earth celHABI Kypliesli MHTEPAaKTUBTI IUIaTGopManapia >KYMBIC iCTel
OTBIPBIN, OKYIIBI ©3 OCTIHIIe aKmapar i37iel anajpl, JepeKTep/li CaIbICThIPa alaabl. BYJ1 MPOIECTiH 631 OKyIIbiFa OaKbLIay
ces3iMiH Oepesii — SIFHU 0J1ap TeK ThIHAAYIIbI eMec, OeraceH i 3epTreyii. by ceHiMIinik AeHreliHiH apTybl — ocipece YsUILIaK
HeMmece cabakThl Oasy MEHIepeTiH OKYIIbUIAP YIIiH MaHb3bl apThIKIbUIBIK. Ockl Typrbiia C.T. MyxaMOeTkaHOBa MCH
M.T. Menne6GekoBa megarorTapIslH aKHapaTThIK Ky3BIPETTUNTIH XKYHell opi Y3HIKCi3 ITaMBITy KaXeTTIriH 0aca KepceTesi.
Famemvmapasiy mikipiame, myramiMuiH AKT xypammapeiH MeHrepy JeHreHi OKyIIBUIapABIH H(PIEIK OpTafa epKiH KYMBIC
icTeyiHe »oHe o3[iriHeH OimiM afy KaOineTiHiH JaMyblHa TikeJled ocep eTell HereH TyXKbIpbiMFa Keneni. OckblFan
0aliIaHBICTHI MIEAArOTTAPABIH Y3IIKCI3 KICiOM mamy Oarmapiamanapbl MEH TKIpHOETiK OKbITY (opmanapsl apkbuiel AKT
OOMBIHIIIA KY3BIPETTEPiH KYHeIl )KeTULAIpy KaXeTTiri aiikbIH kepinesi [2].

I'eorpadus IOHIHIH epeKmIeNiri — Kyp/emi xkoHe KeHICTIKTIK YFeIMIapas! TyciHyni Tanarm ereni. COHABIKTAH 3effiH,
KaObUIJay JKOHE €CTe CaKTay CEKUIAl TaHBIMIABIK (YHKUUsUIApAbIH OenceHni Oomybsl — TaObIcThl OKy Kemimi. [llerenmik
3eprreynepae 3D-kapramap MeH reoaknaparTelk okyienepai (IAXK) mailimanmaHy KeHICTIKTIK KaObUIIaymbl >KaKCcapThIl,
OKYUIBUIAP/IbIH TaHBIMABIK OCJICEHAUIITIH apTThIpaThiHbl KepceTiireH [4]. Mpicalibl, TAOUFU anartap TaKbIPhIObIH OKBITY/A
NASA World Wind mmatopmachl apKbUIBI JKep CUIKIHICI KapTanapblH THHAMHUKAJBIK TYpJle KOPCETy — OKYIIBIHBIH ITPOIECTi
HAaKThI 9Pl Y3aK MEP3iMIe €CTe CaKTaybIHa )KaFaai skacaipl. bakpluiay HOTHIKENEPI 1€ OCBIHBI PACTAMIbL.

MyJIBTUMEIMSIIBIK  [IPE3CHTAIMSIIAPMEH  JKOHE HMHTEPAKTHBTI TPEHAaXKEpJIApMEH IKYMBIC icTereH cabakTapaa
OKYIIBUIAP *Mi CYpaK KOHBIN, CBHIHBIN ilIiHAE MIKIp anMacyra keOipek karbica Oacraiinbel. byn ocipece opra OybiH (5-7
CBIHBIIT) OKyIIbUIApbIHA TOH. ONap YIIiH BU3yal MEH ABIOBICTBIH YHAECYi MaHBI3IbI, al OCHI ekeyiH yitnecripetin — AKT
Kypasnnapsi [3].

CoHBIMEH KaTap, OKYLIBIHBIH SMOLIMOHANABIK jkarfmaiibiHa na AKT oH ocep ere amaipl. Ocipece BHPTYaIbl
9KCKYpCHSIIap OKYIIBIHBI ca0aKThl YalbIMCBI3, KEHIT KaObUIoayFa jKeTeNeii, >KarbIMIbl SMOIMSIIBIK KaThIHAC OPHATHIIM,
Ky#3elic neHreifin TemeHaereni. bipaeme mekrente kyprisinren Oakputaynap mHotmkecinne, AKT xonmanran cabakrapnia
OKylIbUIApJa KyW3enic JeHreii temenaereHi Oaiikanabl. CebeOi Marepuan KOpHEKiI opi MHTYMTHBTI Typae Oepineai, xoHe
KaTeNiK acay KOPKBIHBIIEI a3asabl. byn — »kail raHa nu@pIbelK Kypal eMec, OKYIIBIHBI BIHTANAHIBIPAThIH, CEHIMIUTIK
OepeTiH Tacil.

AKT KypaljapblHBIH IICHXONOTHSUIBIK JKOHE MNEAArOrHKajblK dCepiepiH CalbICThIpa OTHIPBIT Oaraiiay, OJapibIH
OKYIIBI TYJIFACBIHA BIKIAJIBIH AH-)KAaKThl TYCIHyre MYMKIHAIK Oepezi. TeMeHae ochbl ocepyiep/iH CalbICThIPMANIbI KecTecl
Oepinren (1-kecre).
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