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ABSTRACT

The hydrogenated amorphous/crystalline silicon (a-Si:H/c-Si) heterojunction (SHJ) solar cells
emerge as a promising alternative to the traditional AI-BSF homojunction solar cells fulfilling
the photovoltaic industry demands. A key feature of the SHJ technology is the application of a
hydrogenated intrinsic amorphous silicon (i-a-Si:H) layer, which effectively passivates the c-
Si surface, enabling higher open-circuit voltage as compared to the conventional c-Si solar
cells. Doped hydrogenated amorphous silicon layers are used as charge-selective layers along

with the transparent conductive oxide (TCO) layer, which facilitates lateral charge transport.

This thesis work explores various strategies aimed at enhancing the power conversion
efficiency of SHJ solar cells by initially optimizing the c-Si surface through wet chemistry
followed by doped hydrogenated amorphous and nanocrystalline silicon layer grown by plasma
enhanced chemical vapour deposition (PECVD) tool. The c-Si/a-Si:H interface is quite crucial,
so proper surface conditioning, including the formation of the random pyramids, is the first
priority. Another significant challenge faced by SHJ solar cells is transport losses, which have

been analyzed and minimized through the optimization of charge carrier selective contacts.

The first part of the thesis emphasizes silicon surface conditioning, which affects the
SHJ’s device performance. Achieving a uniform textured c-Si surface becomes crucial, which
can be managed either through the initial saw damage removal (SDR) step or during the
texturing stage. This study investigates the influence of the SDR process on the as-cut raw c-
Si wafers in controlling the textured silicon morphology. On varying the NaOH concentration
of the SDR solution, a direct correlation is observed in the pyramidal surface morphology after
texturization. An appropriate concentration of NaOH helped to initially control the silicon
surface resulting in reduced arithmetic average reflectance of ~12% and better c-Si/a-Si:H

passivation of ~1 ms. A 30 wt.% NaOH solution produced uniform square-shaped pits,
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resulting in a homogeneous distribution of pyramids. SHJ solar cells were fabricated using
wafers processed with the optimized SDR technique, achieving a power conversion efficiency

of ~ 18.2% and an open-circuit voltage (Voc) of ~701 mV.

The next part of the thesis focuses on the development of a phosphorous-doped
hydrogenated nano-crystalline silicon layer as an electron-selective contact via the PECVD
tool to replace the n-doped hydrogenated amorphous layer (n-a-Si:H) to take advantage of
higher conductivity and optical bandgap of the nanocrystalline layer. The impact of varying
power densities on the dissociation of precursor gases (SiHs, PH3 and H») is examined through
optical emission spectroscopy and the crystalline fraction in n-nc-Si:H films are analyzed in
relation to their dark conductivity. At an optimal power density of 122 mW/cm? and ~ 2%
phosphorus doping, n-nc-Si:H film exhibited a Raman crystallinity of 53%, a high dark
conductivity of 43 S/cm, and an activation energy of ~23 meV. The textured c-Si surface
passivation improved by 2 folds to ~2 ms with the n-nc-Si:H layer in contrast to the n-a-Si:H
layer. An improvement in the Vo and the external quantum efficiency (EQE) >650 nm is
observed due to better passivation from unintentional hydrogen plasma treatment incorporating
the n-nc-Si:H layer in the rear side. Also, an improvement in the fill factor (FF) from ~71 % to
~75% due to better charge carrier transport and reduced electron-selective contact resistivity
(pe) from 271 mQ-cm? to 61 mQ-cm?. By balancing the passivation and carrier selectivity with
an optimized parameter of the n-nc-Si:H electron selective layer, a power conversion efficiency

of ~20% 1s achieved on the front emitter SHJ structure.

In the last part of the thesis work, the hole-selective contact is explored for reducing
contact resistance (pc) and charge carrier recombination. The impact of varying diborane
doping in the p-a-Si:H layer and its thickness is explored to reduce the series resistance (Rs)

and the FF of the device. With an optimal doping level of ~3%, dark conductivity of ~2x107



S/ecm and pc of ~432 mQ-cm? was obtained. Lower contact resistivity ensures proper band
bending and effective carrier transport. A breakdown of the Ry components revealed that the
hole-selective contact (i+p/ITO) accounts for around 49% of the device's total Rs of ~860 mQ2-
cm?. With the abovementioned optimization the front-emitter SHJ cell exhibits a Vo of ~725
mV, an FF of ~79.20%, and a power conversion efficiency of ~22.16%. TCAD simulations
elucidated the impact of p-layer doping and thickness on carrier screening length and energy
band bending at device interfaces, establishing a theoretical correlation for the experimental

findings.
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aR

BESIoHIpd S/ fhcarsT RIfA®A (a-Si:H/c-Si) BeXSaRM (SHJ) HeR Id
URURS Al-BSF BIHISIARA TieR I Bt qa-T | Biemdifeed SN B SMaTHarsil & [T B
I T SRS [ddhed §9HR SHR 8T 51 SH) P+ BI U Jod fa=ivar I8 © & s9d
TESIHIpd S Rid SmThy R (i-a-Si:H) TR &1 IUTNT fardT ST §, S UHTa =0 9 c-
Si g B! URYAe FHRal § 3R URURS ¢-Si TR A BT a1 | 31 3Nu-qihe diecst qad
ST § | ITol-IoTHD TRl & =0 § S B T8 SRS oHidd Sy Rifiid = uRdl &1 IudiT
T STl &, 3R 1Y B} URaxl dsfdea Siiegs (TCO) URd arel & ursf URTg P SHTE S
&l

g MY B SH) ek I P UaR H-a=i4 TRt (@1fs) &) M & fau fafva
U B o1 d Rl & | SHH URY T d¢ B! & AT ¥ ¢-Si Tdg HI SIHa (a1 T g,

oI 971G WTeH TBI%s BhiHdhd duR [STISRM (PECVD) AHh-1d gRI SIS IS goHIdhd 3G
3R Aferearg fifere tRal & TR far 1 B 1 c-Si/a-Si:H $e%Y 3dd Hg@qUl gidl g,
SIfeTT Iy Fag He =, forad ¥ fORIfArs &1 WRa1 nfid g, Ul wrfiiehar gidt 1 SHI
TR et IR FHAT BT ST aTelt T SR ol grelt Ry afet (areep ufvas a1 ) &, ford
TSl SRR Ricifded Dicdey & SHa- & H1ead ¥ faxaftd ok =gad fosan T/ g

R & ugd U H it Tdg Bt BT R IR fear mar g, S sH) fEarsw &
TSR &I gUIfad Bl 5| Th THH CaIaRgad c-Si qde U &l Sidd Agayul giam 8, for
IR A SHo REad (SDR) TRUN AT SHIANRT TRUN & SR AT T S Tahdl § | T8 37eqa
SDR UfehdT &7 SRR & el gs ¢-Si AW IR cCRTaR iD= 3t a1a¢ Bi HAHd & & ST
g1 SDR 91 & NaOH T Figdl ! gRafdd & W, CRIANIT & &G a9 arell RIS 9ds
AT § et Heie ST 71 NaOH &1 Sugdd digdl 4 URY H Rifein = ddg &1 Fufd o= o
e o, IR 3id WRIad ~12% I BH 31T 3R c-Si/a-Si:H ARz ~1 fielids de S5
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TET1 30 wt.% NaOH Od 7 THHM AHR AHR & T3 918, o fRARIfHreSt &1 99 faaron
THd g3AT| 3BT SDR TP U dIR BT T AWRI BT JUURT FReb SH) TIeR Jd TE T,
TR ~18.2% @ UTeR Ha=f= TBRITT 3R ~701 mV &1 SUF-Tfhe dleesl (Vo) U g3

iR & AT U & BRBRY-SITS TS IoHIPd A-lishecea fepd IRd & fadb™
W & Higd far a1 3, S PECVD IUTRUI & A1 ¥ sAdeH-Ridfded dicde b U H
Il forar T B1 SUPT S n-SIS TIESIoFIGd MY RARIBH (n-a-SiH) TRd &
TR FHRA1 § Il A fohcdsd IRd &1 3@ defacidel 3R HMVH dSiY BT ATH Ia[T
ST F | 39 U H, WHER TGl (SiH,, PH; 3R H,) & e W i urer SRS & wvma &1
3T P THRH WaERD YT & A1 ¥ fohdl TR B, 3R n-ne-Si:H fhed! # foheearg ofwr
DI ITD! ST Hefaciac! b Hay H faxafd far T g1 122 mW/cm? B 3iTe=i TTaR SRS 3R
ST 2% HIRBGRY ST W, n-nc-SiH TRd 7 53% A fbefaificl, 43 S/cm & I STb
Hefaefact iR TTHT 23 meV HT TdedRM TSI GRITAT| n-a-SiH TRA &1 gaT | n-nc-Si:H TRd
& SUTNT § CHITRYH ¢-Si g BT URIARA THTIHT GNT 81 ~2 i o ger mar| R
TRE H n-nc-Si:H TRA & THIGRH F IR GISg o WITGH ¢leHe & HRUT SgaR URIARH gafl,
ORI Voc 3R 650 nm ¥ 31 qRvTe e IR URie-d icH TR (EQE) H YUR ¢&T T[T

Y §l, 98k dTol HIvAR TIUIe 3R Iaae-Ridfded dide RIS (p) BT 271
mQ-cm? ¥ IR 61 mQ-cm? B & BRI {hdl Bhaex (FF) & ~71% F FGHR ~75% qPb JUR
83Tl n-nc-Si:H Fad Riafded WRd & Hid AUdS! & A1 ¥ IR[eE ok HeR
Ryafaefact & o9 Iga R $R, e TR SH) AT TR THT 20% &I TR H-avi-
UfthTRIeHt ored o T |

g wrd & 3ifaw urT § gia-Ridfaeg wicae &1 e far mr §, g Ie=a
Hleae IR (p,) 3R TS HRIR NPT B HH HAT || p-a-Si:H TR A STZARA SITT
3R 3P HicTs ! Iga- & THTE! BT fazayur fsar mar, arfes fEarsy o dRT I™ET (Rs) 3R
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et o (FF) 1 SR bl ST 6eh | TRTHRT 3% & 3H1GRT SIUT KR R ~2x107° S/cm B STeb
HSfRfITT SR ~432 m-cm? B p. UK F TS | HH Tuh RIS () IgR I8 3T ok
guTdt HRER A AT Rt 81 R, & Ueh! & fAZaw0r I g8 urn T o gia-Rafdea
BIede (i+p/ITO) FSATTH B HA R, (~860 mQ-cm?) HT TIHT 49% TNTEM HdT g1 IWRIad
3BT & 1Y, Tre-THER SHJ TR A 7 ~725 mV BT Voo, ~79.20% BT FF 3R ~22.16% Bt
UTeR H-ax ThRIGH yelRfd &t TcAD RAga= i & 1wy ¥ p-Rd &1 ST 3R HieE &1
THTG HIRTR BhIT-T AaTs IR fSaTSH S Y R Hul oS sfet IR W fovan 7, fored waneTs
aRuTHl & T T Sgifie ey Rt faan man
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