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ABSTRACT

A feasible way to tackle the growing energy demand is to harvest solar energy efficiently to
produce electricity via photovoltaic devices (also known as solar cells). Crystalline silicon-
based solar cells are the leading technology in fulfilling the demand in the photovoltaic industry
due to stability and reliability in fabrication processes. Silicon heterojunction (SHJ) based solar
cell technology is one of the options apart from other silicon solar cell technologies due to the

relatively higher power conversion efficiency.

This thesis addresses the strategies to improve the SHJ solar cell power conversion
efficiency by investigating the hydrogenated intrinsic amorphous (i-a-Si:H) buffer layer grown
by the plasma-enhanced chemical vapor deposition technique. The primary purpose of the i-a-
Si:H 1is to passivate the c-Si surface's dangling bonds, lowering the defect density at the a-
Si:H/c-Si interface. As a result, it has now been widely acknowledged that optimizing the i-a-
Si:H passivating layers is the key to producing high-performance SHIJ solar cells. The
microstructure of the i-a-Si:H layer is directly linked to its deposition conditions and is mainly
responsible for the passivation quality of the c-Si wafer in the minimization of minority carrier

recombination.

With this motivation, we have first explored the effect of the total flow rate variation
(30-80 sccm) of precursor gases on the passivation of the i-a-Si:H/c-Si interface during the
PECVD deposition of i-a-Si:H layer using SiH4/H> (equal ratio) plasma. However, a window
of intermediate gas flow rates has been identified to achieve relatively good quality surface
passivation. At an intermediate gas flow rate, a maximum effective minority carrier lifetime
(terr) above 1 ms, implied open-circuit voltage (iVoc) of 710 mV, and low interface defect
density (Dit) of 3.5x10° cm™2eV"! is achieved. Besides, the precursor gasses (SiH4:Hz) discharge

emission characteristics and the a-Si:H film characteristics (hydrogen concentration, film
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density, optical band gap, and refractive index) are also investigated. The front-junction silicon
heterojunction solar cells with flow rate variation are fabricated on n-type textured silicon
wafers, and ~17% conversion efficiency and open-circuit voltage (Voc) close to 690 mV is
achieved at an optimized gas flow rate. Thus, this work on a variation of gas flow rate provided
insight regarding the correlation of the transient plasma instability, SiH4 depletion, secondary
reactions in the plasma, and flux of radicals towards the substrate for the film growth for a good

level of surface passivation.

Furthermore, the surface passivation recovery by post-deposition annealing of a-Si:H/c-
Si/a-Si:H in a vacuum and at different pressure conditions of annealing have been investigated.
It is noticed that there has been a gradual improvement in the effective minority carrier lifetimes
(MCL) and lowering of interface defect density (Djt) with an increase in the annealing pressure
when compared to vacuum annealing. Ambient annealing at atmospheric pressure (760 Torr),
the lifetime drastically enhances from 456 ps to 1057 us with the lowest Dyt of 8.1x10° eV-lem™
compared to the as-deposited and vacuum annealed conditions of 1.77x10'° eV-'cm™? and
2.50x10' eV-lem™, respectively. This MCL’s value variation can be related to the inter-
diffusion of atomic hydrogen within the a-Si matrix and reorganization of the strained bonds
leading to the structural improvement, which is supported by the spectroscopic ellipsometry as
well as Fourier Transfer Infrared Spectroscopy analysis. During the initial growth conditions
of the film, as-deposited films seem to be dominated by non-equilibrium local network
structure at the interface whereas the annealed films may be equilibrated by decreasing the

built-in strain of bulk a-Si:H network and saturating the silicon atom orbitals.

To further improve the crystalline silicon surface passivation by minimizing the
interface defect density at the a-Si/c-Si interface, a stack of i-a-Si:H passivation layers

deposited at two different temperatures is investigated. The microstructure factor (R*) of the



PECVD-grown intrinsic amorphous silicon (i-a-Si:H) layer plays a crucial role in crystalline
silicon (c-Si) surface passivation and charge carrier transport in silicon heterojunction solar
cells have been studied. The initial i1-a-Si:H layer at ~150 °C with a high R*, whereas the
second i2-a-Si:H layer at 230 °C with a low R* is deposited on the c-Si as a stack. Ex-situ
ellipsometry analysis of i-a-Si:H layers provided information about the thin a-Si:H film's void
fraction as a result of changes in the Si-Hz and Si-H bonding environment, which is crucial for
atomic H migration towards the i-a-Si:H/c-Si interface. Later, the low- and high-temperature i-
a-Si:H layer stack in combination improved the cell precursor passivation to ~2.1 ms with an
implied Vo of ~714 mV. The device's power conversion efficiency increased to about 19.06 %
by implementing the optimized thickness (2 nm + 8 nm) of the i-a-Si:H stack (with 40 % void

fraction in the 11-a-Si:H layer).
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R

Sedl Soil HFT Y Fue &1 T s Rl Bicldliceed SUBRUIN (S e Jd
& w0 H Ht T W1 8) & " A Aol 1 Iaed s & fw IR Felt B
PYAAYdd ITANT B g1 fafmfor ufparelt & fRRAT R fyg-ioar & SR
PIcidiced SN Bt AN B IR B | fohe i RAferdH-3menid TR I 3Tl dhb-1db
& | RAfIpTA RSISHTRIA (SHY) MR TR I W] U=t 3fiedd 3= SHoll T UiaRUl
Q&I & BRUN 3 Rferep T IR Jat Wenffedl & 3rer fabed] # 4 T 5|

g JIRT oA TgRRS HiHed duR fSUISTRE (PECVD) doie gRI fasiid
glRgloHce SiefRie THRWGN (i-a-Si:H) IR WRd $I S ®Rb SH) JieR dd fastelt
IR0 TFRITH # YUR H &1 WMl S &I Bt 81 i-a-Si:H &1 TTyfHew
3eX c-Si Udg & STy 918y B fAfSpg HA1 8, oY %y W SN gd & &l
STl 8 | URUTHRERSY, 3{d I8 S0 U 9 WbR H fordn 11 8 & i-a-Si:H FAfshy ural
BT AIHA I-UeRH aTd SH) TIeR I & TG DI Honl gl i-a-Si:H TR B eI
TR WY st Feuifore fuferl @ Taifdid g 3R ArgAReT SRR b THE-=H o1 HH
B H ¢-Si IBR B FAfSpaar [ures & o Tog U 9 fSeR B

3 URUM & 1Y, BH- I U i-a-Si:H o PECVD fSUIIRM & R i-a-Si:H/c-
Si 3B & %R 811 TR Wi 14 ! $o UdTe a2 7T (30-80 sccm) & UHTT &l

SiHa/H, (FAH 3UTd) WISHT ST ITANT HRb Udl T ¢ | gTalip, SUeTdd el
OIS aTell TR ORAATH Ui R4 & fore Aeradl 1 Uarg o @) T f[asa! o
g &1 1Ts g | Th Headd 719 UdTg eX R, 1 ms ¥ FWR AfUHdH YT AT HRW
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AW (teff), 710 mV &1 Th SIS S 3MUH-Tfdbe alees (i-Voc), 3R 3.5x10° cm-
26V BT HH S Y GIY U (D) BTRIE o 701 8 | S S1arar, WaheiR ™1 (SiHaHo)
FETTSt ScTol faRITdTsh 3R a-Si:H fhed faRivarsii @Esior A, fhed o, Siifvwa

8 T 3R 3uades Yawich) Bt W ST &t T3 g1 UdTg & T & 1Y The-SiarH
fITTRT RSISHTRM TR T (n type CoTTS) aTal Riferepi- awy W fAftfa frd M g, sik
~ 17% ¥UiaRor TR 3R 690 mv & Hd NUA-Tfdhe dieest (Voo), TH 3B erd

T UdT8 &} WR U a1 77 81 39 UPR, T UdTg <X B! fHedl R 39 »id 3 &iftres
TATSHT 3IFRRAT, SiH, fSwiE, wieHT 7 el RuaRM 3iR Wby Uew- & 3 TR
% e gfg & fog gsaee &t SR Heudl ydre & Tgdey H faef® UeH &1 7|

9% o, fafd # &R wAifelt 1 faftr aama Rl & a-SicH/c-Si/a-SiH &
fETIRTRM & aTg T gRT R UfiawH Uit &1 Sia &1 75 ¢ | 98 <[l T | foh
deRgH TR 1 e H TR qara H gi & e gt ArgARe! BRW wrghersa
(MCL) T ¢fR-¢fR guR ga1 § 3iR Iy 1Y 99 (D) H HH! g5 ¢ | agHSdd gad
(760 torr) TR URARTT T ¥, TH-fENRIES Dit 1.77x10 eV-! cm2 3R JagH TS
Dit 2.50x 107 eV-"cm 2 fRUfT] &1 AT H 8.1x10° eV cm2 =FATH Dix & W1 ATSHersH
456 ps ¥ 1057 ps 9% §¢ OIdl gl T8 MCL &1 Jed FdT a-Si Afca & e 1A
BIESIoH & SfdR-TR 3R WeTdd YUR & o araqul sist & gifed I defid gt
JoHdl 8, off WSS ST & IqY-T1Y BRIR B ZIPRS Wae RpId
faraioor gRT 90Rfd 7 1 fiver &1 TR fawra fRufrlt & SR, feuiforme &t 78 firedt
& B W IR-TJeH R Aeadh WA &1 TYd Udid 8idT 8, Said THies fhe!
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DI TP a-Si:H Tedd & fdfed a1 &) HH B Ydferd (bl ol Tabdl g 3R Rifereia
A ffdeed &1 Igud HAT 3|

a-Si/c-Si $XHY W TRBY QY T DI HH PR fobea g Rferd Wby
OHTIRM B 3R IR T & AT, G SIeT-S{eRT ATaHTH! UR ST fhU T i-a-SicH TRBY
AR & e BI o HI T8 8| PECVD-[ARid grRgiomes 2fefad TR (i-a-SiH)
Rd BT HISHRCHRR hae (R*) foreata RAfd® (c-Si) TWhg TRflaw iR fferer
RCISHTRI TITR I B TTo] b RER TIUIe H Hedqu! YHHT T g 1 3= R* & I ~150

°C TR URFY is-a-Si:H TR, Tafd HH R* & 1Y 230 °C TR G i2-a-Si:H WA B ¥h
& TG H c-Si TR o1 a1 T § 1 i-a-SicH TRl & UaI-Sig 3ferie! fazawor 3 si-H,
3R Si-H SIS ITTaRol H Uikad= & URUIMHWEREY Udel a-SiH hed & alss thaRH &
IR T STHHRT UGH B, SN i-a-Si:H/c-Si $eBH B 3R URATY H T & g Ageayqu
YfArepT fAuTe 81 a1g &, Iaio # g iR I A9 i-a-SiH Rd ¥ & - 9d WHeR
THARE BT ~714 mV & THAZS Voc & I ~2.1 ms TP JYR §3M 8 | i-a-Si:H W (is-
a-Si:H TRd H 40% AZS =M & 1Y) DI SIHIrd HITTS (2 nm + 8 nm) B AR HA I
fSargyg @ fosielt = uiaRur Tth R 14T 19.06% T 9¢ TS |
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