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ABSTRACT
Sol ar phot ovwr tentcl  PtVHe ifsast est gr owi ng¢

due toeftescticiodé approach to harnessing the

decarbonize the energy sector, thereby hel
progress aldaes imegrmmhemPV industry to i mprove
di fferent advanced solar cell architecture
the solar <cells advanced further to i mpro

chalel ethg ensur et etrhnatr etlthieabli dmgy of t he e me
compromi sed under outdoor field conditions
|l ohgrm reliability issues in solar,cahlds wu

then come up with an approach to mitigate

This work involved the study of two ver
silicon (Si) and cadmium telluride (CdTe)
success and current manufacturing expansi g
accelerated | ifetime testing (ALT) designe
wer e characterized i n their ini tial, degl
Claracterizations =sSothags @ilempeparndemtsi ¢t yr i
denwiotly &/g¢ ,( uantum efficiency (QE) were ¢

wherea¥%%afiwlns!l ectrol umi nescence ( EL)siweirceons
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solar cell s;vodndh\Weagadi danve | evel capacit

were specifically conducted on the CdTe ce
I n the first part of this work, silicon
tot her mal ALT to investigate the effect of \

exposure conditions on their degradation |
eliminatsndet haedrear | ayer ) r esulotpexd ricnuintu c |
vol tVga)geo mpar ed t o st andasriddeS HJa scseilvlast idoune |too

by characteri zatepaesds\WeimSEa)svwshpeenc te-sadosed t

illumination intensity at 90UGiidne goragsosn vaamn
|l oss is speculated to have occsrdedancoephol
|l ayer followed by r-dprpwgtatheeabyoneaonobtdtcao

and consedileigmdadgti on under the ALT. Therefoc
by el i mi nastiidreg itnhdea urnedrayer on SHJ sol ar ce
thei# elranng el i @bihleirt Wwan@dn the st-andas di BSdHIJu
|l ayer were stable at the same exposure con
1000 hours but degraded significantly in f

was rais€dtbr &0®d€das Wr e me Rdti so daen dmosdien g Iree v e &

the FF degradation was caused by an incre
coll ection barrier at the front side of th
SHJ moidnusliteasl | ed in very hot climates may ex
a |l ong period.
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I n the second part of this work, the ef
performance of cadmium selenide telluridel
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the doping concdopedtcehl sni 6ShkF@opt two o

t han what was previougpinwgatkebcdhedldaiweh dio

concentration observed is |ikely due to co
bet ween the Sb and chlorine on tellurium s
(Sb+€Cauped cells. The | oweru-dpoeprefdo rcneal nlcse coobnspe
the (YmwmpeuwW) cells is mainly due to domina

interface, as confir mekd Dbfyr olmd Vighre ma/ats iuv & tmie ¢
hi gher drop in QE, hi gheramgdhenirabl becciuom
However, the exact interface where recombi
study i s needed to separate the 1interface
contribhudr eofner.e,) doh domginmdgidcdantly i mprove
but rather reducesl n naddiftaicen rteac oanba mad ti ermn
doping on device performance, the effect
ex posidogp e@u -dcspedudopedseo®l Il i ght under 1 s
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hi gher interface trap concdarotprealt icoenl.l sU psohno
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passivation of interface traps by excess p
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instability observed, it is important to c
prtecesting | ight soaking procedure for 1inve:

and come umawiht h oamidpmrate them, as the Cd-
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Chapter 1

| NTRODUCTI ON

1. 1Renewabl e energy need

Gl obal energy demand is expected to gr o\
such as an increzoeaomi cpapelhnati.odhpnapekcde
to increase from 8 billion in 2022 to 9.7
of 0.7% [1,2], while the world gross domes
(i . e. purchasing power consveesiog eheg. egu
power in USD globally) is expected to incr
trillion in 2050 at a nearly Jlinear growttf
These two factors i nfl,uenbhes t hecrgdashiang eg

consumption by about 34% from 638 quadri/l
about 855 quads in 2050 [2]2) E€Emissspondisng
to increase by 15% from 36.8 billion metri

in 2M®50 [ 2,
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To drastically reduegemitshei agmr ogMi mlga Itirye,n dt
i mate Agreement was adopted with a targ:
crease far below 2UC and to pursue an ef
ri d decarboni zat i oanr rnautset obfe aebnofuotr c6e.d5 % op
al . [ 3,6]. Despite the record drop in pr
e to t-he ELODVd®OmMmi ¢ | ockdown, bdmi cYirogresipo
8% still fell short of t bemigd vibcan by i mag?

e 2020 emission |l4&vel Twasddreepos tteldi $ nc R&|

renewabl e energy have recently been acc

Il n 2018, out of the 7.4 TW installed
newabl e power generation capacity accou

newable installed capacity as shown in Fi


https://www.iea.org/reports/co2-emissions-in-2022
https://www.weforum.org/agenda/2022/11/global-co2-emissions-fossil-fuels-hit-record-2022/

from hydro (1189 GW), solar (580 GW), onshc
bi oenergy (123 GW), and geot her mal (14 GW)
sector, all forms of renewabl e souriceg mus:
this transformation. To meet the global av
generation capacity of renewabl e power i s
27.8 TW by 2880 d(ii.ner eaver H4o In2t0r3ela saen db yo v2el
compared to 2018 capacity). I n 2050, sol ar
| argest proportion with about 15.3 TW (i
foll owed by wind power witihnatbalulted®. o Wa&Ww (
However ,r efnoerwarbdne sources, natur al gas 1 s
installed electriocetgdgearerenmat ioon hoacdeap !
ordnd -fcioradd gener at iben P harse de opdc tcodnptlet el y
Electricity capacity (GW)
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The projected increase in solar is due

(LCOE) than fossil f8lel Asa®of sd200ar e, i soetlial rg aayn
shore wind was already cheaper than coal o]
be slightly cheaper t han sol ar energy on

scal ataiklei tlyess favorable than solar energy
scale installation than wind. I n addition,
to drop to about $0.021/kWh by 2050 [9]. I

rmmai n$ as-yeswprnigmary source of energy worl dw
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1. 2Sol ar photovoltaic technologi es
Sol ar energy can be harvested by usir

technol ogi es or photovoltaic (V) veenrecB88BI


https://about.bnef.com/blog/cost-of-clean-energy-technologies-drop-as-expensive-debt-offset-by-cooling-commodity-prices/
https://about.bnef.com/blog/cost-of-clean-energy-technologies-drop-as-expensive-debt-offset-by-cooling-commodity-prices/

technol ogies cannot compete with PV technol
(they cannot focus diffuse or indirect | igt
LCOE and higher operating costs. tThheuskPV t h
contributed about 98% of the solar power i
have continued to generate a significant e

by over 10 folds in the | asthdeghdbal 3Jhppl

have been | argely overcome thus facilitat
capabilities. A total PV capacity of 1.2

additional installati on c¢ aOp2a3c,i trye porfe saebrotuitn d
rate of 43% compared to the annual capacit:

Figure 1.4 [11,12]
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Figu4eYadarly gl obal solar PV marketmagenar
courtesy: Sol ar[Plolwe.r Europe 2023)



1.2SLlicon photovoltaic technologi es

The current PV mar ket i's domiGnMaeti(edd by
94. 7%) in 2021 alone, with almost entirely
percentage of( amulot. i5&) y satsa Islhioowen i n Fi gure 1

mar ket, on the other hand, @WedHa&nbs3%proh -

PV mar ket in 2021 alone [13].

The popularity of Si PV is dubeitro It dhw
fabrication cost and | ow toxicity [14,15].
shifted towards achieving highly efficient
Presentl vy, a record efficiencwtyopfe 2s6i.18i 1c%
heterojunction (SHJ) solar <cel | -t[ylp6e] s iclointpo
monocrystalline hbmojTmethiogh sel arcicendy [a
cells isqadalki ty $umghace passivation provid
|l ayer s, which helped to reduce t-8ie) suayarce
thereby respektingui tVo)ao hHuargtehoe(r mor e, t he SH
to possdsanpar dtowr e Vecaed f fcil éntf acft or ( FF)
homojunction cells [18]. As a result, thei
hot <climates. In such a climate, for 1insta
hi gher power outpocttitdmnmaddedel &3 atommgdul e

[19] .


https://isfh.de/26-1-record-efficiency-for-p-type-crystalline-si-solar-cells/?lang=en

(a)

About 190 GWp PV module production in 2021

© Fraunhofer ISE
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1.2Ca28dmium telluride photovoltaic technol o
Thifml m PV modules began to gain popul ar
silicon experienced shortage in supply. I n

(CdTe) PV is the mosfipmomiohamt P¥mamrg hihloé o



second | eading mar ket sSHagr.e Ianf t2e0r2 1c r yCsdtTeel IF
for 8o0verof -ftihlem tthM nmar ket gl obally as seen
progress in CdTe PV module manufacturing h
ot her part of the world, with the 2PS. hav
The CdTe PV are mostly deployed in utility
nstalled in 2021, representing about 30%
year [21].
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Figué eMar ket s hfairlem oV ttheicnhnol ogi es, with
PV domi natfiinlgm tfheem&ghéi ncour t esy: Fr aun
[ 13].

CdTe PV cell technol ogy-Si sPwmMorcelfavecéad
terms of manufacturing <cost, energy yield
embodi ed bedeegy caemon and energy payback t

1. 1.


https://www.precedenceresearch.com/cadmium-telluride-market

Tabll & Comparing the Pros and Cons of
(CdTe) PV technologi es.

S/ Factor PV Technol ogy
Silicon ( Cadmium Tel |l v
1 Fabricati Reduced fabri Reduced fabric
to abundance | ess uma g iafl
99% of |l ight <«
within 2 Om) |
2 Mar ket ShLarge percent Smal | percent e
share (about mar ket share (

[13]. 2021) [13].
3 Toxicity Low toxicity Hi gher toxicit

cadmi p23] .

4 Ef ficienc

Hi gher effici

Rel atively | oy

(26. 1%y pe p (22.3%) [24].
monocrystalldi
solar cell [1
5 TemperatuHi gher temper Lower temperat
coefficieoNMeand FIEvicDe ioNMoand FIE(vEHDe 2

%U@ndrsy0. 1 9CY
i n Si homoj un
[ 25] .

%U@n@rsy0. 0 UC%
thus yi elediemg:-
hot <c¢climate [ ¢

6 Degradati

Hi gher
0. 45

degr ad
to 0.55%

Lower degradat
0. 2%/ year [ 26]

7 Energy yi

Rel atively 1| o
(kWh) per kW
field conditi

Hi gbaergy vyi el
KW under out dc
conditions [ 27

8 Energy 1in
(Embodi ed

Fabrication i
intense i . e.
22 MDD ’m2 3] .

Fabrication i s
intense i.e. €
79MJ 2m2 3] .

9 Embodi ed

embodi
. ef. M\§t
el ectricit

Modul e
carbon i
of

Modul e embodi ¢
i.e. 1L/ MWh odf
electricity pr

10 Payback t

Hi gher
6.4 mont hs

energy
[ 2

Lessmerer gy
2.5 months

paykb
[ 2

Si

c



Al t hough the CdTe PV technology has many
as seen in Table 1.1, the Si PV stild]l domir

and -evettdbl i shed infrastructures and supply

As detailed in Table 1.1, Si modul e fab
process than the CdTe modul es, whereas the
than that of the CdTe modules. Thmesdslb@gest

did not only come from the manufacturing p

t o t he install ati on sites. For i nstance,
commi ssioned i n t he US embodi ed |l ees, carb
whereas Si modul es manufactured in China a

carbon due transportation across two cont.

After nearly 2 decades of research and
device structure having a baddpgea¢ backK. &So
and cadmium sulfide (CdS) as a front windo
as demonstrated by Gener al El ectirrcuih 2OLP
densli}t yof(maAg timHowever, there is a relative
CdS and the CdTen,t erredliatfiuvseloyn laes stehre Cd S/ Cd
absorption at the shortVowavelce myrodfl §3&GBJje A
t he ShQu&il=eprl ( ®imVr ord ®idBBdd® s een i n Figure

SQ I'imit or thermodynamic |imit is the maxi

i deal condi Wicdoenfsi,ciwhiHsewgihveait ddry ext ensi ve
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CdS window | ayer was replaced with a cadmi
interdiffusion at the CdSe/ CdTe interface,
Ecdl .e4V This consequendbvy thed tsd i @ Veansmpm o & a
seen in Figure 1.7(a) and (b) [31,32]. The
22. 1% as demonstrated by FirbWde$Solcat red2@:
238@Vr el atoi w@ el i9ni mVroa | Htdiddcah & .ed\ds seen i n Fi

1.7(a).

Th&dhas already attaQnédmovei n9&8®wTef cehe
still significanbWarnodo m hfeo rF F napsr osvhioregn. tihhe F i
i ncr e &sdeu rtthkee r group V dopants such as ar
CdTe cells to overcome the re1 a@&mbselyedoivn
copdeped cel lcompeerstad i gl fdef ects. The ar se
doping concentrat i olft ooyt @8 woWhoerrddeasd itthheo my 1
i ncreasemWfor @MhIBB 7t he ef fi ciency from 22. 1Y%
by First Solar in 2023 [24]. Despite the a
in CdTe cells is stildl much higher than th
due tovohadgé&F deficitgc(Firgsmpecli VvEhiy) and
deficit of 91 mV and FF deficit of 1% is ¢
2023 compared to the reegefdi eimivda ed 2B& yd eCfdiTa

= 11. 7 %.
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g4l SQhmi (a) i 70+ (b) —— S-Q limit .
B CdS/CdTe:Cu (2012) B CdS/CdTe:Cu (2012)
® CdSe/CdTe:Cu (2016) 60 - ® CdSe/CdTe:Cu (2016) | |
121 ¥ CdSeTe/CdTe:As (2023) 1 ¥ CdSeTe/CdTe:As (2023)
¢ SHJ (2023) € S0 p ¢ SHJ (2023)
g _&_)50 //77/[« 7
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= V.. =0.887V wog g0 s l
oc — ¥- || (7] sc 5 mA/cm
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e =0751V
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90'/'/’/" 30//_’%
85 1
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[ Canmo, | 25F nN=268% :
,\0\80 FF=780%g MFF=800% - n=223%g
f:75- FF =78.5% {20t N=221% mn=196% -
—
“ 70 —saim 15+ —— S-Q limit :
65 - B CdS/CdTe:Cu (2012) i B CdS/CdTe:Cu (2012)
® CdSe/CdTe:Cu (2016) 10+ ® CdSe/CdTe:Cu (2016) 1
60 ¥ CdSeTe/CdTe:As (2023) a ¥ CdSeTe/CdTe:As (2023)
551 ¢ SHJ (2023) ] 51 ¢ SHJ (2023) 1
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FigureRé&cord performances of CdTe sol ar c
bandgaps versus SHJ sol ar eQaleli sisrerco
( ®) i mMod( b a()c) F&E Réw) data obtaine
[16, 24,29, 33,34, 35].
1. 3Dissertation Statements
1. 3Mativation for the work on silicon hete
Despite the outstanding prospect of the
l ow temperatuM@andoé&fr{fi ¢hhentecofmomi c viabildi
| ohgerm reliability could create a barrier
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mar ket share of the SHJ cells technol ogy i

19% in 2033 [36], as shotwenr m nr eFliigaubriel ilt.y8 .0 f

SHJ cell s, in addition to hiagihnedfgrowinty n
share.
100%
90%
— 80%
=
) 70%
2 60% - @
-~ = o™~
% 50% é >
o
= 40% o E
z b
é 30%
20%
10% ==
SPGI2022 2022 2023 2025 2027 2030 2033
uBSF # PERC on p-type mono-Si ® passivated contacts on p-type mono-Si
= TOPCon on n-type mono-Si » Si-heterojunction (SHJ) on n-type mono-Si
» Back contact (p and n-type) = Si-based tandem

FiguB8eMarket shares for e silicon

di fferent

(I mage courte[sy6] .1 TRPV 2023)
Though many works haveé&hcirrepdHI ediodelge s2d
outdoor field conditions, there are few re
particularly in hot cli mates. For exampl e,
observed in SHJ modiudtedo arn dfeire |28 anmomd ihtsi on
[37]. Al so, deydslanaae i baeem nr &poratnedd on SHJ

out ccoomrd iftoironlsO years at National Renewabl e
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Gol den, Col or adagr[o3vd In.g Thmaresetta bslhiashe, 1t i s

cause of degradation in SHJ technology and

The economic v¢ehlsslaintoyx hefr $HJI ti cal fac

increased mar ket share and ccelnipBetei tcieMd se g4 gy

have thin | d&yoexisdeof( IITnOdi uom < threfitacc efsrndimtn ¢ & n
optical |l ight trapping and increase photoc
the SHJ cell is scarce in suppl ys.i dTeh e rnedfiourmn
tin oxide (1 TO) | ayer wihteh ptesestiiexpeaehbhsi cat

without compromising much of the p-bobwem con
reliabilamoyidfi edlucsh ructure without the re:
reduce fabrication cost without sacekrificir
dopedoxiiche ( AZO} o[pxPp xiither ¢ BZ0O) [ 40], 50 %
or 25% | TOBBO BTOLZPMKA12, 50% TCO reduction [
with greater than 85% indiumnregldaceési iode [ &S ]
| TO. Further morrsa ., deelliTi mat itrhg rSddalr sol ar ce
a NO.5% change in efficiency [39].-tResnpite

term reliabi | isttyr uotfta strheesste thiewsire d @ idvdean t ent i o1

The motivation for this wor-kememosel fabim
for a highly effakcoeat S&brisod@oomoneddis aatlt
avai bl eel | s. In this work, the effect of
celwlasnvestigated by exposing the standard

modi fied ceblisgewilTogbusedet hTOnl yofaoaoel e
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testing (-8um)i bhdemination intensity at 90U
Whil e t he standar d cell s wi t h bot h si des

performance, the meddei edOcdkephsaWwetdllaieyg hioé

resarde passivation | oss. Therefore, an at
el iminat-sndet h&@adOrkayer on SHJ 4elrims rwil li labad d
However, when the exposure tempé&Catowmr e hwa
standard SHJ cells with both siadiensc rieTaB,e der

t hseeri es Rpscoltlamctti ¢ n bat heecebht stbheefrontn
standard SHJ modul es may experience increa

very hot <cl i mates.

1.23Motivation for the work on cadmium tel/]l

Th$$and the FF achieved in CdTe solar ce
SQ |Iimit when compared with the SHJ cell s,
it is critical to explore differene¢ plassiv
Voand the FF. Although the CdT®&i moddululess afr 2
t me dmlsalal enge to ensure that the perfor man
compromi sed wunder outdoor conditions. The
investigate t-Hepehfetctecbhigewscowith antim
on péareformance of the CdSeTe/ CdTe <cell s an

coppdeped, -ddmedugnddo paerds eCidSeTe/ CdTe cel |l s wu
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Il n this work, t-depeerdeolrimaquweresald sc S bs+ Gu
compared:dopkd C€Cell s displayed | ower el ect
(Sb+€Cauped cell shmgheltyddmentat recombinatic
at the cell sbd i nt ekrdfoapceed., I ubqbtetiCeur) aadroep,®idwh € A
cells were exposedsutno illilguhmti nababhnhng naensd
temperature f olroevbDi clieduorpsg,d tcheel | s di spl aye
i mprove meMtamd FF whil e t hedohpiegdh earn-ded {f & b+ Geun)
cell s showed negl i Yoiclvli € h i mipi ghé meemrthainic en
Characteri zatoidern eaargdh | ceedvitcdheat t he per for man
t obhpeassi vation of interface traps by excess

thus enhancVomagdt Fé. d&piooesubsequent storag

50 hours, their performance returned to pr
t hwsnfdrming the performance instability is
the instability is caused -doy ende tcaesltlash | & td e
keep improving the standaridngneasposmeat or

investigate the origin of met astabl e defe
Addressing t he reliability i ssuescwbel d

commerciali zation of the CdTe cell technol |
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1. 4Di ssertation outlines

This dissertation Céagi eirndterdoed incd eos stilxe ca
to the motivation and si gnisfciaclaen cceo nonie rtchii asl
of solar cell technologies, to address the
chal |l @mgetzeorv e2r s basi c semiconductor physic
defect s, generation, recombi nataing@lo, ooar raise
applicable to the operationsvefst$SHhtandd i @Qd
Chaptperressents the fabrication steps of the
characterization technigues used Chmapitrewe st
4det ai |l s tdhegreadaititsenostudy on the SHJ sol a
cell structur e¥,dceagursaedda tai are nvahriklaeb Ilvear i at i on
caused a signi f iChaanptt ebw &de gt dcecatiinofn.uence
met astable defecéesobnCtdB8eTe/le€Cd Da maml ar cel
dopant i mproved cell performance, and | owe
|l ight soaking due to signif Chbhap tseucnonfiacreinztersa t

t he major concl usi ons ah dstuegsgnedsitni gosn sf rfoomm tfhui
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Chapter 2
THEORETIBEACLKGROUNDS
2.1Basic operations
Solar cell s are an eptjaelcadtornonihatd ewino
or |l ight energy from the sun into electri
particles called photons, which ppesesal ch
properties. Photons also behave | i ke a wayv

to phot & ebnyer gy,

o 00

— Q)

Wheh= Planckodés coRrdt Hatphkobow2zEIlegdg@®edcyf | i

= 3 %m/ &0

The equation 2.1 is Einsteindéds photoelectr

voltage of the material to the photon ener
The incident photons above a certain en

such as a solar <cell to create excess carr

move around until they are ei-ddleeomit@a®mmbdi n

For the carriers to be collected, they tra

n junctions where they are separated by an
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The schematic of a typical sol arypmgel | [

emitter, -ttylpee thlaisek @ he front met al cont ac
antireflection | ayer.
T\ i

Front contact (-) N
~

N - e
Anti-reflection coating

n-type emitter é ®

Depletion [

region 0@ E@

p-type base 0@
| Current
Rear contact (+) e
FiguteS2hematic of a typical solar cell
The sunds surface temperature is around

approxi mated by a black body radiator [ 1, 2
t he sunosi sroatdrioaptiicoon ainsd t hose photons that

contribute to the observed solar spectrum.

As the sunlight propagates through the .
attenuated due to dOpt,caibomotle@mwy geamd@@t
ozon® @ shown in Figure 3.2(a). The hard

Oswhi ch protects |iving things from the har
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the ranged8®f0 nnd @okd 0109 @Ona b s or betdo byr @ vhen tC Ot

infrared (I R) radiation from causing a gre

Just above the earthoés atmosphere, the
aroundk W?@R5R, with a spectral di stributio
radiation spectrum. The AM i s a measure of
the intensity and the spectral content of t

gi voeyn [ 1] :

00 — c®

Whed=zangl e of di &vehearentclree (sun i sAMDILr a¢t ltyheo:

Earthoés surface.

The power intensity of the | ight that p:
Earthoés surface varies significantly depen
the year and time of the dWw§in WWhe hi cdaemalAML
spectrum for comparing the solar <cell per f

reaching the surface of the Earth has dir

di ffuse component accounts foceldlwpudkcdd @%t o
and scattering in the atmosphere and the s
is further defined by whether the | ight 1is

both the direct and diffuserécgh¢(ARMbDMPDNeEnN
only the direct | ight. The AM spectra is

inclination angles are shown in Figure 2.2
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E UV | Visible | IR —> (a)
c ! - (b)
N ol : | AMO extra-terrestrial Zenith
E ! ¥ radiation at 1.353 kW/m? X
; 1 1
= [ 1
8 1.5 [ | 5800K Blackbody spectrum /AM1.5—\.
= i | (48.20)
L I
T 14 | AM1.5 terrestrial
= radiation at 1 kW/m?2
£ 05; ¢ AM1.0
8 Absorption Bands
H
2 o ol H20 & AM1.5
%2 0- 3 6Q\<\ ——
250 500 750 1000 1250 1500 1750 2000 2250 2500 ?’&6\0 % "
Wavelength (nm) DA Earth

Figu2e(ada) Solar spect-badyntaedsatiyohoat aabbe

speciewmraterrestrial itaeadrastonal and
(I mage couftBésyYb)NBBL)XAr inclination
AM1. 5.

2. 2Energy band structure

An interaction of | attice with crystal
semi conductor can resul't i n a different en
structure is shown in Figure 2. 3.sWHsrtehe th
crystal momegrhiklhemr € k = wave vector corres,|

solutiondefpendenti @ehrodi nger equation.
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Energy

(eV)
Condlction

band

E, A

e
Ec
i
E, k
Vale|

ba

Figu3eERBergy band di agram at temperatur e
semi conductor materi al

The | ower energy | evel i's known as the
where el ectrons can move freely is referre
t emper alt=ukKPe tih.ee . VB i s assumed to be fully
CB is assumed to be fully emptied. The sep
maxi mum i s Kmonown ddewhd@ee no state is allo

corresponding enerpgagndi §.apEdGc &€ hies mc ali Imead ¢
needed to excite an electron from the VB t

from the VB to the CB, | eaving behind posi

The probability of occupat i-inr aad fawn cetnie

given by [ 4]:

Q0 @ ——- C®
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WheEe Fer mik=eBeddymannods cceAnskr aftBe2V/IK 368 1

T t=emperature in Kelvin.

FerDnirac function is stronBd KQ déepa&ENdeéhmhusonNm
state bEBiewfihéed with el edEtaroemse mmtdy .t hAoss
temper aturTe> i0n)c,r eealseecst r(ons are thermally e
|l eaving behind someEr e mpnteyr ed toatee st hbee lcoow rtelsg

states Erboeefithleed with the excited el ectr

From the Maxwell approxi mati on, t he el ¢

from t Da rFaecr it ati sti cs are given respectiywv

e 0Q 8

n oaQ ¢®
Whenaenp= el ectron and hole concentration re

NcanMdv= density of states in the conduction

given by

. ¢t €QY

0 c 0 C®H

y ¢t d4QY

0 C Q c&
Wheméand = effective mass of electrons and
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For an intrinsic semiconmaungdt er j ndkeeepde

oErl ocation, given by the product of the eq

& tp 00Q — 006 Q ca

The above equati omag®.@8q9t iTéhneklmawnm ea s off h é o |

i's equal to the number of electrons in the

computing the square root of equataso:n (2.8

3 00 & 00 & &)
ThEeof an intrinsic semiconductor is at the
equal to the 1intr EmsBranmopt=ennt ThAkrenhergy ec

equation (2.4) and (2.5) gives:

e 0Q 0 Q ¢Pp I

Rearranging the equation (2.10) gives:

T B— '

e Q P p

T B—
s, O
¢cO O © 'Q'Yabs— P ¢

Therefore, the HBntirs ngiixermrebyni l evel (

O ° 0 p’Q"YdP'f‘»:— ®o

q q 0 ‘
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Thei s typically smaMNlandompared to the

The first term of the £QuatndncéaGlsh8pthacd
mi dway between the CB and the VB. This occ

equal s the number of holes in the VB.

22. 1Doping and energy | evel
I n solar cel hanpgctomece emalranec®nsegf must be

carrier extraction, by i nttrygpdu dddpmateyxpterpi n s i
accepdointfo the semiconductor | attice stru
doping. Il n -ttylhpee odeaospd na@f mhe incorporated ¢
electron in the CB | eaNpl.ngr hnEesghitthtea posat p¢
bet ween the doping |l evel and the CB and ab:¢
2.4(a)y Sinmithear-tcyape ddpitrhge, pt he i ncorporat
to the VB and | eave NehiThdr eEfnleigfatt4 hted ya cphe
bet ween the doping |l evel and the VB and bel

2.4(b) .
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(a) (b)
Energy Energy

(eV) (eV)
E. ‘—/ Ec____/
e E- y
donor level
Es Ec
acceptor level
| [ 4

E;"F\ el

Figu4eS2hematic of energy basemdicogdamd oir s
An-trype semiconductor with a donor | e

(CB) f{tly)peA spemi conductocl wsehtant hece
band (VB) .

Considering charge neutrality with 100%
E€ 0 n o P T
Combining equation (2.8) and (2. 4y)p,e tahned m

a -tpype materials can be respectively given

(ARG T & O B U

nl ¢ho mh 1/ 0 P ¢

Theangare expressed-Dimatesmatobt Fesmunder a
as stated in equation (2.4) and (2.5). Th
concentration by dividingypbaeaedudivmodi (§.

(2.5) by-t(y.elO0)Thfedargpmreemioonductor mater:i
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£ 0'Q ,
T T Q P X
o'Q
€ £Q P U

Al so,t fppg spemi conductor materi al

n 0aQ '
T Q P w
0o 'Q
n €Q & T

The posiEcan bt obbeéeained by rearrang-ing th

type -taynpde pdopants respectively as

0 © o"va%—ﬁ 6 1 ¢hel O & p
O © UYug—h O I ¢hnl O c& C

And B-pesition can al so Neankexpnr ¢pee-tthynpden pt er

dopants respectively by rearranging equat.

O O v "Yd%’— & o
O O wu Yaﬁ,— & T
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2.2Da@aping in cadmium telluride solar cell
The present appr oaichecsadmi umctrelalsua migd ¢ h (e
require the i mprovement of bul k propertie
defects. The bul k properties can be i mprov
whi |l e r eduacsisnigs ttemda trtiemcaopntbyy r educing the bul
CdTe bul k BHowess | ehding to-ianvoWwragadd I
consequentVMy Forcriemstance, the doemiudg edf i G
doping concentrati ontfm dTehnissi tdyo piinn gt hdee nosridt
t o Bmonf about 0.3 eV above the VB. The f or ms
l'imit the CdTe dconpainndg hteon c@&radpe ra Boft hle® . 3 eV
Al so, an attempt to furthelfc Mwidarhe eesxec etstse Cl

l ead to instability that will degrade the

To furtherVog mphreovieopihreg densi t9 mMapdt o a
1®8cmMhas been achieved with Arsenic (As) doj
corresp&pdisng itom between 0.13 and 0.19 eV
Wwiis achieved, resvid tBygapmr eaxni manpirnggv eedq u at
corresponding to “thdanddfliige ecensimay eadf wi@ h

O v "Yd%_ g v

WHhKeTs e 0. ® 25 9K3Np® density of stalt%®m in the
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2.2

Daf e

Def e

Ther

states.

(&n) ,

a

S

n

e

t s
ts can be classified as a shall ow
re those with energy close to the

hall ow donor or acceptoarstuatet deaea,
tributiwtgrroeandiemsi ¢égsetHoiveeger, t |
d due to stronger binding than sh;
typiKdlamawdyy far @wm utpHuwes mantdi regl gaes , r ¢ o
and traps. Def ects can bientiertgtiintsiie

or Schottky defects or can be ext

ed into semiamnafucdiotriser( egrgoup nYro
icon crystal) to increase the free
vity. However, free carriers can

c diefigcits todscedsdeétri ce perfor man

can al so cause reduced semiconduct

are four processes through which
These processes aro ,c adtheeg cerliezcetdr oans

h@)l ea ncda ptthuer edp)o,l ease ms bsswmni ( Fi gur e
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E
ntrap pfrap
Epap O
Ptra ntrap
g Cp €
Ev Op N
FigubseFRearrier I nteraction with |l ocalize
event s: el ectronsam@g)d ahnadl egse ncear patt u roen:

el ectrons andeahna) es emi ssions (

For electam)pnocepsuréeéehe electron falls f
within the bandgap R),agiekacbyophdc8pture
Y ov , €p QO ¢’ @

Whekie trap swagtehdemsait'yel/ cseibbynd)&ct10 on caj
cr esesctcilpbn=(effectiveness of thenkFoehéectzedn

concentration.

For el ectrepmr eamd s5,i ol dctron is emitted

ravReg ,( given by [4,8]:

Y Q0 QO C& X
The principle of detai l ed bal ance states i1
emi ssion rates must be equal i . e.

ouv , £€p QO Q0 QO ] Y
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At thermal equilibrium, pQO©b=abgrlidlabitlhiatty tt

trap ispeptiaeherefoom the equation (2.28)
Q o, ¢ C& w

Substituting equation (2. 4) Erovi Elgd ve&): i nto

Q o, eQ o, 0Q QA

Al so, for chopeocapsuréehe hole is captur

state within the baR@ggapgi atenablyol[d, 8dpture
Y Ov , NnQO ¢® p

Whei@re hol e casptctaitgpnecr(essecti veness of the |

a hpd ehol e concentration.

For the hae)per cecadssss,i omol(e is emitted 1 nt

(Re) , given by [4,8]:

Y Q0 p QO CH C

At thermal equilibrium, the hole capture a
oou , NnQO Q0 p QO ¢® o

Al so, at ther mal equil i bri umQO p=r opbraobbialbiitlyi f

that the i p MNOap tehneprteifeod,e :

Q v, N C® T
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Substituting equation (2.5)Emi E&lgd .v2®): into

Q 0, £0Q L , 0UQ C® v

2.3Junctions

2. 3P-llhomoj uncti on

A -m homojunction -tiypd oatmykpda mmhaetne ra agd s of
el ectronic properties are joined together
2.6(a) (with a met &)L udgi oahejuworiden ahe
as t he BHga,ndighaep €| e)a@atnrdo n haf fwiorokri ybudnt cht isa nd e(s
semi conductor mat egiisaltshearnei ntihneu ns aemmee.r gTyh er

electron from the bottom of the CB to the

Upon bringiyppe tamdéy gieheman eri al s i nto C
concentration gradient is cregpedregdghenefa
ntype region, | eaving behind a negatively

el eatsr di ffusgpleromgi-bppentegitdbe, pl eaving b
charged ionized donor atom. The Gé3ndcharg
consequw,ntily @apposition to tbhe jduinfeftusamo ni .t
el ectrostatic potenti al di fference is crea
across the junction. An equilibrium is rea
bal ances out the diffusioowcwrfr emntr,r esiti ch Ut

equilibrium conditi on,  ytphee-tapnpde mmat evehbhssf m
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as shown in Figure 2.6(b). A transition re
i s cas$ peacdrearhgee r eogri dtehpel E8CRYP nsirnecgei othhe r egi or
of both holes and electrons. The mQa@ison on
neutr al rbgrcanos é @N\nRapr gsepadceensi ti es i n these
be equal to zero, as indéircaateaediwi IFli ghhaee -
value at the junction and assumed t go to
2.6((d) .
(a) i++ :,_,_,:
ntor e b p-type
type* *|_ _ _ _|
|+ l
X, x=0 X, X
L Xy Xp :
< w >
+ — E, (vacuum enhergy)
(b) ' °
@l qir
- E
qvb,l1/ Eg [+
T 5 —
FEV| & avu] 5
— | x
(c) gNp
va +
» X
-gNa
d _
@D Ewml
= X
Figu6e(a8}N fhomojunction diode wunder equil il

vol tage

SCR

(d)

(b)

El ectric
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't shopatddbehat t he Bga csuhuonwne nienr giyi d uervee | 2

as a convenient reference point and is uni
vacuum | evel i's not influenced by all exte
The charge neutrality required that the
junction must be equal i.e.
0 N o & & @

Whege el ementAx ycs@dmsy gemas! waded, of t-he SCR

si e, width of tshiedeSCR on the p

The el e¢tiggriacdifeéretl dr el at eid) $ ogoner s@acley chiae

equation, given by:

N80 N %o — C® X
Or

DO Q% "

Qo @ - & Y

Wheteddy, 3= permittivity o¥F/fyire edmade e( .8 504

of the semiconductor materi al
Thjeon tshiedep asniddée heespectively i s given by:

N0 h ” no C® w
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Substituting equationldr2adioentis hdadre -saRdle @)

respectively as:

WO Q% b o .
00 D - T ® g8 m

® 9% A . . .
Qo o : © o @n 8P

Thiei s obtained by integrating-ttylpe -teyppda tnti @ n

gi ve:

h W W T g8 o

Equating equation (2.48i29 @inderf2by3), The m

o RO

O - - 8 1
For conservation of charge, equation (2. 44
0 @ 0 @ cg8 v

The equation (2.45) shows that the total C
each ot her , and thus the SCR extends furt

junctilcna.n Tohee expressed in terms of the neg
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o Qw 8
96 Ca @

Theref okhiept aihmed by substituting the equa

integrating, gives:
O B @ 00 6 T o0 - a0e 8 x
Solving the eqgwasi on (2.47) gives
®w —0w U ow 8 Y
I't can be deduced from the band diagram in
O Aw ©O O ©O © 8
Therefore,
R O O O ©O © R T
To derVbive thaems of theadopngg OUkbhesefgyat weni
O 0"Ya+— ¢ p

And rearranging the e-tiyateitaynpde( Pmazt3e)r iaanlds (r2e.

gi ves:

O O "Yd%— C® ¢
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O © O"Yc‘x%— C® o

Then, substitution of equation (2.51), (2.
B ¢ 1 e, Y v ey U
nw UYOH:‘E— UYG-S— uYaB:— @
Rearranging equation (2.55) results 1in
0Y.,00
w —XXE ¢d v
N €

To obtxim ttdarmsamnd ddpi nhYa&dNe)n,s itthiee se gluat

(2. 459rrisn@ged—as and then substitute into t

o D559 54 &
c B v @
Rearranging the equation (2.56) results 1in
¢-o 0 w . 0 0 U o 2
PR ¥ 9 X
Therefor e,
-0 0 -0 0
n o 00 n o 0O U

The square root of equation (2.58) gives:
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. G-w
w —_—Y
n

P C® w

C:l C:

Simil arl i ntoebimbBdbpBopi nga&dNg n s it thiee = qu a't

(2.45) isw arranged w@ben substitute into th
n . 0 @
w — 0w 0 — 1
c g &

Rearranging the equation (2.60) results in

G- R 6 00
, — CHp

C-W 0 ¢-w O P
- m m - G G G C® C

The square root of equation (2.62) gives:

. G-w
(L) —

p
, - o
7 C®

C:l Cs

Combining equation (2.59) andWw(NAam®NB,) ,i & he

obtained as:

c-w U 0 p
6_ m m CHT
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o O 0

© TR G B
Underequwinl i brium conditions, an electro:
junction is modified by an applied bias vo

(i .e. posistiidee whitahss radme pwict hiew hheVy®ECR and

| owered. Therefore, $loes 96 evVecttriboas|l dwer
flood of hodiekse sf rgpan d veer pt he | owered barri
However, when a reverse biasthwmilldagwi tils ra@g
t o tshiedepiwi then the VWwSsaQR ainndc rtelaes e d , i mi t i

el ectrons and holes that can cross the jun

As tGbhlkeanges with the bias Woldlage, c haireg
TherefWre,dependent on the applied bias vol
vol t g¥i msa for warWi biVm st lcea sreevaenrds e bi as ca

the forward bias voltage, the equation (2.

0 , — & o

And with the reverse bias voltage, the equ

o , — C&® X
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(a) (b)

V.
11| {11
p-type T I p-type
|
|

type

+ + o+ o+
I
|

3>< [+ + + + |
o
3>< [,

9

i

(=]

>

q(Vp— V) I E. T : |
Eer ‘?(VbH' V)

E(eV)

- E
q(Vpi— V) I Ev x
Ern (Vi + V)

I

FigurePR.homojunction under (a) Forward bi:

2. 3PRheterojunctions

Il n contrast ton hlentog umjcinomi,om hlrap di ff e
side of the junction. The materi aEsciton t he
any. When these two materials are joined
throughout the device at equilibrium state
the device, as shown in Figure 2.8(a). Un
of fsets can occur E:tweanlpft e edinfafteerrémd es ibmr
in close contact. The discontinuity at the
of feR)t alnd the one that occurnadtntclee baaldenmn
(eEy) . Takwmoaek,af fects the carri eEswhrahspbows
spiHkieke shape (as seenEsincE& naguc, e t 2h.el8i(slggi )k ei

VB occurs thus impeding the@ phnodl et hter aenl sepcotrrti
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(Udi stribution are shown in Filgius es@erms(tho

di ff ex=eMtys iadte Y= a0sdi de) due to discontinuity

E, (vacuum energy)

(a) T AE;=fu 1o q}(pr i
q%, ‘ny a6,
E, v Eap |
E v A ‘l. EFp
E ( e V) Fn ! vp

AE\’ : (EGP + Xp) + An- Xp

(b) IaNo

'Xn X:= O XP
X, Xp
. W—

Figu8ePR. heterojunction cwintdh) selEdiinel tod f § @thc
formation from materials of different
charge density (c) Electric field di

Likgquation (2.44)-sid@dleansai adaef o dledhmat SCR

heterojunction is given respectively by:

N

0 h T ® © CH Y
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no o o
h W W T CH w

Wheten@= per mit ttiywiet-yaynpdé nmaperi als respect.i

Just |l i ke the eqgquatoimonp ubOe2t-b®hy éd\etha meonp( b ¢
deduced-nf rhemea ogunction in the Figure 2. 8(
Nw n... O O © n..oO O ©O ¢

Therefor e,

Nw n.. .. O (@) O O O O & p
Substitution of equation (2.52) into (2.71
nw 38 30 v Yug— U Yag— & q

. R I
nw 30 uYO(B—ao— ¢ o

Wh e Na@& Nan= acceptor c-bnpenréaynpdet nmoant eirni dplps r e s

&Nv+= effective density of states in the VB
Al so, substitution of equation (2.53) into
nw ] UY(XS—SU— &1

FurthewwWmame be determined by substituting I

equation (2.47) i.e.
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& L

e

e

e

3

e-
NS

To obiai hebammsdodoping densi ti easr,r athnhgee de gausa t i

——, and then substitutes into the equation
N ® U 0 W
W EU — —8U— & o

Rearranging equation (2.76) gives:

&) C& X

. QW - -0
W g — g QU

The square root of the equation (2.78) giwv

G- - U ,
, & C& W

W -0 -0

Simil arl ygi nt ot eovbnasa daonfdopi ng densiti es, t he

arran@ed—as and then substitutes into the e

I

Rearranging equation (2.80) gives:
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w c&p

() ; - — & g

The square root of the equation (2.82) giv

w — ” — 80 o

Combining the equation (2. 79)n amdat r2aj8Bngt i

obtained as:

W ¢-- 0 0 :
w 0w w — - —&» T
n o -0 -0
Underequwinl i brium conditions, when a forwar
(2.84) is modified to become:
: G-- 0 0 o
w - - —8w W &
n o -0 -0
And when a reverse bias voltage is applied
. ¢-- 0 0 o
w — - —38w W o
n- o -0 -0
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2.3S8hottky junctions
The Schottky junction is formed in a s

semi conductor creates a-obthamirci ébre hatvitohhre j un

For a -tmegeldeami conductor junction as shc
that the metal work function i s (gimebater th
(because for ohmitctnw<espntBetote aeapmiemag, i hhe

Erof the semiconductor was above that of a

the semiconductor and the metal, el ectrons
energy state in the metal, thusntdree REeéremima
equilibrium. The positively charged donor

a SCRUavdrtdiss it [4].

Thmet aly/lppge semi conductor junction is shi
holes in the VB with sufficient t her mal e
Electrons (minority) carriers in the CB ba
t he metralinstance, in CdTe device with a bl
met al i n opposite ¢ehirjeucntcitoino nt,o tthhues ( roirnmmd rn

current. The Dblocking chwatatthec &l Thhanee&rsar Ht

(< 1.5 um) [11].

The potenti al, biag raeen hley gadltedtrons in
into the semiconductor. This barrier i s kn
%0 %0 & X
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On the semicovadsctbe bBbadeiet heeen by el ectr

into the metal, and is given by:
W %0 %0 CEﬂJ 1]
(a) (b)
vacuum energy level ‘ vacugm energy Ie;fei
L o e
@ | f ] | i -
E(eV) 9 E(eV) t
- i i E q¢b | ! EG
R l e
Metal - % E ; ? &
N Metal A
I E, l

X ; : X

Figu9eERBergy band diagram of a metal / semi
met aly/pre semicondtuygypemi ¢ obndmet ad / p

Thein the SCR is determined from the Poi

96 & w

Wheyr=espace c¢hali=gep aremistittiy,ity of a semicond

Therefore, equation (2.89) becomes:
. A no - no @
O — Qw — Qw - CBTT
Th%i s obtained by integratimnxgotigevequati on
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Ther e

gi ve:

The s

appl i

rema i

Howeyv
respe
el ect

reduc

no e N0
- C_

B p

foreW) tbfe whdt BCR -arsr aonbgti anign etdh eb ye qruea t

S
—— W

no

CB0 ¢

guare root of tWod ddweatSICRn a(s2. 92) gi v

Lab

w o & o
no
r €«qmuomnhi brium condition under a rever .
ed to the met al withwi ecpeatsesw whhee
n constant. Thus, the equation (2.93)
. . C- , ,
W o 8w W CBT
no
er , under a forward bias condition (I
ct to theVsesmiredudwegt ewhgiilnet ¢t@nest ant .
rons flow easily from the semiconduct
ed. The equation (2.93) is then modif
: . C- : :
w —38w W c&uL
no
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2.4Light absorption and carrier generation
When an incident of sunlight penetrates
propagates through the depth of the cell
carriers -fole.pa&ilrec)tro®nce the incmdent pf
excited from the VB to the CB, | eaving beh

to generation of excess charge carrier den

3¢ & & 3 N N QAN
Whenmanmg= initial maj ority carrismanapgectron
excess carriers: excess electrons and exce

The conservation of energy requires tha
bandgagEsd . ehe photons pass through the mat
energy wequal tho=Hghet heanpdlgapons eare absor b
promoted to the CB-hbaedpadgses, aaedgehectat e«
energy greater hfhEn pgheet dms dgrag St.reangl y at
are promoted to energy | evel edlmxvd ot lterh eCE B
and in the process hi&t)eani i @ rant ddexrtmeaal tiezcaetiid

| o.ss

Il n direct bandgap semiconductor materi a

CdTe), the crystal momentum of kahe LBemrmnidn
Figure 2.10(a). The CB minimum and the VB
thus facilitating a direct transition of e
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the energy and the momentum are conserved.

electron from the VB to the CB is given by

O O O M C&Bo X

And the absorption coefficient for a direc

| Q8" O ~ cBo Y

Il n indirect bandgap semiconductor mater

mi ni mum energy and the VB maxi mum energy h;:

photons absorption invophedmarmroaddaekirtvieo malme
as il lustrated in Figure 2.10(b). Phonons
semi conductor material. Thus, for energy t

to excite electron fryom the VB to the CB i
™M O ©O O O © CBo w
WheEe phononsEkgfeomre ragbys d-E,zporoemasdi on) .

Il n indirect semiconductors, the |light abso
() or phontn ami siemni®M Figure 2.10(b). Tl

t heilaei s sgi ven by [1]:
. 0 O O
| (9.0) CH T
T o

And the absorption Usdoefdgiiwearentiy whiklr:e t her e
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. 0 O ©
| (0.9] P TP
pQ

Both the phonb)h abmdompmhioinoh) a@mi spEo DNi b( e

semiconductorUi d ngiswerh bays: case,
Q] Q| A CP TG

(@) (b)
Energy Energy
(eV) (eV)

Photon E Photon G
absorption i absorption
k (nrmr7) k (nnr?)

Figut@PRBot on absorption semi(coo)ndDictect (ba
bandgap semiconduct or g (fpph o mo np haokt soonr pe
and kRfpbhoEon emission).

For both direct and indirect galPi semico
related tocaaf feldiiaamdt idpann be experi mentall

equati on:

QS — ¢pmo
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|l nci dent photon on the solar cells can eit!
the solar <cell s, or transmitted through th
surface ocagurOatt pe s g@E(nefnatth eo-melreadcteaom ( nul

of ellexclteg oppeerr csmecond) at any positioen wit

Lambert | aw, is given by:

"Ow p Y_ O] _Q Q_ CHTT
WheRg= surface refl ect anlc/e= oifn ctihdee nitn cpi hdoetnot
number of photons incident per unit area p

The measur ed abdaarnmt itchre cadesfofripcii eomt d(e pt
bandgap materials) versus the Si (i ndirect
Figure 2.11. I n CdTe solar cell s, there is
corresponding tosa. dihecst bapdgrapsipaogedr op
the band edge in the CdTe cell is related

is high enerfgptphotons &xtDt e aelsd dtiromn s rfoa

VB to the CB, but for all wavelength greate
10cmM. Therefore, most photons are absorbed
is Si cells. The gentle drop in the absorp
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10°f
102}
101 [
100F
107

Absorption Coefficient (cm™)

200 400 600 800 1000 1200
Wavelength (nm)

Figut®ABsorption coefficient as a function
cell Bata ob[tlaz,nle3d] .f r om

It should be noted for energy hkfonrs ek vat
photons IEms ghhaml|l slhebe absorbed and excit
trap sites |l ocated within the bandgap. T h e
useful information about the |l ocalized def

states [14].

2. 5Recombinati on

A recombination process {is a reverse
transition of electrons from the CB to th
conserve energy and moment um, the CB el ect

energysipatded by photon emission, and thi
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Wh

Wh

Th

eq

Th

e X

ereas energy dissipation by phonon emiss

ar anbinati ve recombinati on.

Average time between photogeneration of

e carr iUdGennleirfadtliyme f(or recombinatiRpbn pr o«
nictdsy nat any pionsiat isoonl a(r cell can be give
Yo oo & ool , ¢ v
eb=e ecombi nat iwm ttherfmalciealtocil=gaptouire i.

essescti on unit in cm
e photogenerated excess carrier (e&en, @e&p)
uilibrium via recombination. The average
i st before recombination, follows the ra
TYE O Wi o F o Ly

: €0 : o] Tt

T o T o n CHpmo
e average |ifetime is therefore obtained

Y& & & . YA N A

P =¥ Ty P X
Recombination can be intrinsic, as fou
l ating to Iimpurities due crystal defects
d »0 Brxamples of I ntrinsicttweneéxtamd eAsE
combination as seen in Figure 2.12(a) al
trinsic defaesct sits-tsodidrd pidr etcroanbi nati on wh
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by SheeclkldeyHal |l (SRH) formalism (as shown i

occurs at the surface or i nterface bet ween
is characterized in terms of sur foawwne irnecor
Figure 2.12(d). Recombination processes in
same ti me. Therefore, tbhie i ot ale ®mumefoff ecth
recombination mechanisms, given by:
p p p p p
T
T T T Py
(a) (b) IILH
E
E, ® ¢ ’
~~~~ Photon
(hf)
E, E—5 CEIHJ
(d)
Ec1
Phonon i E.,
M;fg;ap % (hw) = Interface
P — defects
Ev?‘
® Electron O Hole %  Recombination center

Figut2DRfferent types of r eecetobrdbn dn)at(iboyn A(uag)e
Trapsi st ed -roera dS htbaclkll e@@SbRaHU n do r( dB)a nSlu r |
or I nterface.
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25. Radi ati veé a(nbkddgnd ecombi nati on

Radiative recombination is an intrinsi.
generati on. It is more efficient in direct
bandgap semiconductor materials [1] ndlt i n
electron pair, thus giving the energy of e

in this case is equhafl gt ok st hsee ebna nidng aFp geunreer g3y
the radiative recombi n#toil @ni mraagrrgo p(odrutei otnaa |

product of e) eandomoendewsint(yoy(
Y 0&n ¢ ¢ W

And the radiadiiwe ilniviee tsiemegnpip raonpdo ritsi ogniavi e nt ol

T v Cppm

WheB= radiative recombination *donsstant |
in $f 3&a0[0KH] indicating that radiative reco
cell YdenThequation (2.109) represent the r
0¢ represent the generationRraat@), Undergengae
rate is balanced byntéth®Rademei aci oecoabeée ndd
phot ol uminescence ampdserementbumhnebcwprceas

defects and recombination in Si cells in C
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2.25Auger recombination

Auger recombination is a more dominant
carrier concentratidomd njgl®:m,tld]ow lithjdceda mds
concentrations at high injection | evel. I
process whereby an electron recombines wit
either anotherngliecthioghandaway from t he CI
pushing it | ower away from the VB edge. Tt

Auger recomBaugeatiisormprroptoe ti onal to the carr

given by:

Y €0 no €n ¢ Ppp
And the Auger | ifetime is inversely propor
P p
f 5 5 Vi ®eC

2. 5SBociRleay] Hal-as®rstedprecombinati on

The Shoe&deWal | ( SRH) recombination is ¢
within the bandgap, and it is described b
|l ocali zed defects states in the bandgap or
semiconductor material, as shown in Figure
single state defect iIis derived using a SRH
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in the rate of electron capture and emi ssi c

and emission i.e. -rtelteo mbatn artdatoen afs ganerna tbiy
Y O&B Y Y Y Y ¢Pppo
The substitution of equation (2.26), (2.27

00 , &p QO QO "QO 00 ,AQ0 Q0 p QO cPpprT
After substainguwtsiimg fegmuation (2.29) and (2
becomes

00 , €p QO v, €0 QO 00 , nQO v ,N0 p QO ¢Ppu
Whemanm= el ectron and hol &édedemsilteiveed wnlad rce e

energy.

Af t earr rraengi ng t he é@&Eatiobnha{detllBars, t he

00 Ev no ,
0., ¢ & 0. 0N ®po

The equation (2.116) <can eithbantesisdbdsort
ri ¢nlatnd si de of equation (2.115) . -hSuwhkds tsii tdwet

of the equation (2.115) gives:

Y Y Y oo , €p QO ¢ 'Q0

60, €p 5 — € p s — ¢ pX
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€0 EE D ¢Eno, é&nv ., €0, &nov ., €U0, E&NU

6o . " » " L ‘ & - B p U

00 , ., &N &N,

T & .o on @pow

Or by substituting egamdi ®indd 20fl1équamnitont

Y Y Y 0G0, AT / p QO

50 . £0 no , . g0 no ,
L I N L I I B @
Y
&R0, &R0 . ERD . ERD . ARD . RO . EAD . RO .
v .t & 0. 0N ®cp
Gl‘)nu éh‘aoh
Y — —
w € & » NN @cq
At equilibrium, equating the equation (2.1

gi v eRsAdnhma sk

v vy oo ,, €n ¢
- E & . n N ¢pco

Rearranging theiegwati on (2. 123)

v En ¢ En ¢ B C
b . : P o o TEE T AN
o, ¢ % go, NN
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Where, thejahd theteel éggfrom t heeegmati on

given respectively by:

P
T 5o . ¢Pqu
p
T 5o . Pco

Wheiaenlg= el ectron anaéesehcotlieonc arpetsupreec tcirvoeslsy =
present to the carrierwva rfahemlr| iengecdtr oamst lad

respectively are given by [20]:

oL "Y . . oL Y

(VIS PE h 0 PE P ¢ X

According to equation (2.125) and (2.126),

t hRern snid | be high, and thus | eadivmg ttchel ow
carrier is high, there is a higher probabi
and thus resulting in | ower carrier |ifeti:i
is a higher probabilitydofhearlteadi mgcbani
i feti me.
2.5S4rface or interface recombination

The quality of a surface or i nterf ace
recombination velocity (SRV), given by [ 21
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51 <

g g Y
Y'Y dve h Y'Y &y S CpCY

WheRe surface recombination rate (recombin

The interface between two semiconductor
densityl iokfe SRRt ombi nati on centers or intertf
of the crystal l attice (i.e. due atte sa alr &r ¢

continuously distributed over an entire bart
to integrate the equation (1.124) over the
Consequently, extending thec®&RtH hfwoumal deaimec
interface gives [22]:
Y EnN ¢ - ‘.D o O —00 P Cw
e ¢ 0O n no

Substitution of equation (2.129) nEtod any

+ amm= opep we have

Y'Y & A A : b OO Q0
S % £ N Y T T o0 § Y no P o

” ”

WhebigE) density of interfameV) ghal=e eleacternemr

and hole densities Er-espemt iemeelrygyat t he sur
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2.6Carrier transport and extraction
El ectrical current i s crseeamiecdo nbdyu ctt loe . f
carriers can either be transported by dri"

semiconductor is equal to the sum of the d

2. 6Ddicdtr ent

The charge carriers wild/l be transported
el ect ri) c MWihieilnsd aapppl i ed across a solar cell,
in the directli.omBamnfd tbeemdappgl o€edurs in the
carriers generated in this region are tran

in the VB moves in tlilwehidier ¢ htei e ecft riomes ap

opposite ditdoasi conofibluéing to drift curr

The curr éd)s dge nvseint yif ypletrh eu riciAt)y eaerdetat he cur

is given by the charge (Q) per unit time (

‘O
0

o-| &

o B op
Substitution of ’"votwmentcd aggratdie;mrsi (td. 131)

. O ”8‘)?20(08(_&‘9 "R O HE DQ
0 5 _— _

o} 0 o} D @ o

Since the vol umegNe=haiNg e .-ge nsistig,cea N &

Nhaccording to equation (2.39)) , the equat

6 6



O 5 N® Fh O 5 AW oo

Aver age dfdjits vperl copcd rtltyi.oennal t o t he

v ‘0O CpoT
Whe®=® constant of proportionality = carrier
Substitution of equation (2.134) into equa
gi ves:
0 j n& O N & N%o ¢pou
b r NAHO n A %o P oo
Wh e iOe "%eaccording to equation (3.37). There:
0 b 5 0O s n& O P o X

By comparing the midgrdEwcopi th®hmgsalawni (&

condudidyan thye obtained as:

n' P oy

Wherte total resistivity. Tfgand dhovlied ucaol n deu c

(dJare respectively given by:
., — A& A, — A 0w
Whereand = el ectrons and holes resistivity
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The mo
Gapplied
experienc

t he CB

requi Fe=Y)mas

(iFe=s) qtio

Substitut

WheUe=arr.i

Af t earr rraengi ng t

by:

Comparing

respectiv

Wh e Gan@-=

of el ectr

and

bilities are also expressed in te

to a sol aF) coen | e lpercotdruocness aan df ohrocle

e hat aadc aeleder antoiveme(nt , provided t

the VB [4]. Therefore, the equat
equated with the force UF) on

gi ve

'O aw RO ¢CpTT
ionwof—actcel egaatioon (2.140) give
oy .

6'—— 1O TP

er scattering ti me.

he equationw(rd4di)lven hreepe

no ] RO

dZTh v h C'sz C@TC

the equation (2.133) and (2.142
ely as

n., - ‘ n
dZTh dzT ¢ptToOo
mobility of elect@aomgg asrchathaelrd ongr
ons and holes respectively.
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2. 6DRf f wwsriroenn't
The diffusion current is driven by the
i s spatial variation of carrier density wi

cr e astuecdh t hat t he el ectrons or hol es tend

concentrations to a region of | ower <concen
di ffusion flux) obey Fickbdés | aw of daitffusi
for holes or electrons, given respectively
O 'O,Qé ong
o CPTT
. ~on
@] O’_d) 0o ng ¢dtTuL
Therefore, the current density in relative
unit time per area) Iis given by:
L o o 2F o
V) R n n o n C&T(p
D o o 2N o
U j n n o n 8 CPTX
Therefore, the total di ffusion current den
, o o QF Qi
0 0O 5 0O § N0 e MO aa T Y
Wh e begDp= di ffusion current of electrons and
el ectron and hole mobilities respectively
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Therefor e, the tot al el ectron currents

currents give:

0 0 [ U § ne O nNO — CH T W
And the tot al hole currents due to the sum
L U { U j nhoO nO — GpuT

Since the concentration gr adiegntoni idrfeuc
intorehgeop | eaving behind positively charg
in rlegipn diffegeoni hteavt meg m eahd cnedp tneerg aa ti ovr
consequent |Ilyi ni ntdhuec idnigr eacnt i on from the posi-t

Gprevents further charge (sesparedtaiterd duwe tthe

enerdgy (
o 'Q %o p QO
0h R0 Pup
Wh e e —= potential energy.

For electrons diff-asrangedgaation (2.21

O ©O L')"Y(‘x;—h C¢P L C

Finding the @#&irni veagtuiavtei so no f( 2txlgfle5\2e s :.wi t h r es p

Q0 & Qo Lo
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And substituting the equation (2.153) back

0O U"YE;Q—Q T
n ¢ Qw &
Under ther mal equilibrium, the drift and t
el ectrons and holes wildl be equal to zero
of equation (2.154) into equartanmnc ur2r.elmMt9 )t c
resulted in Einstein relation i.e.
] & 0 \2(188%8 10 Qe VU
Tt —_ . .
L n € Qw L Qw @

TherefGise, rebdtye€Einetein relation, given b

° Y CpULO
‘ n

Similarly, for hol es -adrirfafnugseido na,s:equati o
@] O UYO(-é»:—h CP L X

Finding the @#&irni veagtuiavtei so no f( 2txlgfle5we s wi t h r esp
— 8. ¢d LY
And substituting the equation (2.158) back

o
0O 78— ¢PLvw
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The di ffusi on current and t he dr i ft curr

Therefore, substitution of equation (2.159
holes current to zero resulted in Einstein
, O"\éq'Qr‘l o QN
—& . O —.
™ NN nnsﬁwn O ¢pom

TherefQis, rebdtyedEimstein relation, given b

Y

O v &
— S
m QP

Comparing the equation (2.156) and (2.161)

Y

(0] (@) 0"
- T 7 S NONS

Dhanbhare related ti@andirespeconveeggbh:

0 Ot h 0 Ot oo

2. 6H8terojunction transport mechani sms

2. 6TBedmi onic emission

|l n -m lpeterojunction, the band alignment
and/ ocormCBequently inhibiting the carrier t
interface can | imit the drift and the diff

necessitating the need for ther miecrhiani smi s

at such heterointerface. For t hek)b adnude dtioa g
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band bending at the interface can inhibit

VB ofeEpetdué to band bending at the interfa

The forward current pat h IS domi nat e
heterointerface. The <current density <cont
bar rak@mamaE,r espectively is given by [20]:

Ze

0 %T%H'Q_' CPH QT

' 62.,Y‘ o

L T Q P ou
Whene) agoh® = electron density and hole den

structure with higher doping. And

0 h 0 b 0 QQQGYMOITQICEEEE | B8 OE O

™“ §0 . I S
—a —a
2.6T8nRAel i ng
Forward current can also tunnel through
tunneling through a spike caused by the V
increased by reducing the interface Ipwtent
heavy doping of the | ayer forming an interf
and the tunneling currentndamebeeonbt@&cmheddi
equation [9,10]. The dxgprnateepewiedtyhaokr gih

[ 4]
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h W P oo

The tunneling has a negligibl e oiumpa dte athe

operations of solar cell s.

2.46 Shockl ey diode equation

Shockl ey diode equation i s -waosletdavgteo (dle s
characteristics of an ideal di ode. It I s
Schojtaokgti on. To account for |l oss, this eqg

ideal i Ay, faertioeB)(ramsd sttlasmmceh@ht conductance

Continuity equation proepdadredentnfpheaerad me

as -l ewel Il njection, generati on, and recom
—¢éil— i s the difference betGveandt héet hec mab
R, plus current flowing in and out of a r
for electrons and holes, is given respecti

Te o P o~ p%j

—, O Y nd o Y = :

o 7 Ao P @X

Th v P - p%ﬁt’)

—, O Y & o Y = :

o h ok Poy

For obtaining the minority carrier concent

recombination equation) and equation (2.14
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density due to drift and diffusion) into t

gi ves:
Te - € & Pl o o o [05
TN w— N N pT ... o N
T ) n ﬁ'l'_(brm ) ﬂom CP XM

The derivative of equation (2.169) and (2.1

e 5 & ¢ L 10T Tk
5 T * To o 1o ®xe
TN . n N .10 ot TN
To © T d o %76 °27% @ X
Al s o, the minority <carrier conckeamtmiatl ewne lc

splitting. The equation (2. 1Bermndl €2ePR03¥ p!

for el ectrons and hol es as:

e £Q ¢pxo

h Q9 CPXT

By mass acnpoaduew, ftbem equation (2.173) a

ne ¢€Q XL
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Under -egqundmbndutmi on, assuming the majorit.y

contacts retain their equilibrium value, t
nw O © X

Substitution of equation (2.176) into (2.1
ne €Q- P X X

From the equation (2. k7y7pe mahtee rmianlorciany bcea

£ —'Q ¢ Q ¢ XY

Whekge —= minority carrtiepes mHmaet ecitalonast eaqu
And the minordtyypyecamatieer aln &nom t he equat
€, L

= Q- B X

Wheme —= minority car-rtrype sméahetieal)l &n aquin

= 0).

Considering that the excess carriers are |

the SCR, as shown in Figdragg ezl apglraanthi agsae
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greater than three diffusion |l engths such

densities.

N-type material ‘ P-type material
Yp p(x) 1 YP
n(x)

Figut@FRckdaseplreewsent ati on of minority carr.i
bias voltage.

Assuming that no generat@®owhenea H#Heodet
applied, the zero apploiGad db.asAtv ml tsa geea dlye asd
concentration gradient near the surface.

respectively becomes:

€ ¢ 'OT g

Tt n o CpyYm
n n 1N

Tt B OT_(b P Yp

For minority cartryipa smatedreicatr;o-nssul dtnie taw @it o «

(2.180) |l eads to
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Te & &

o 5 T P WC
The general solution to equation (2.182) g
€ € 0Q ¢p Yo

The boundary cc ¢bnhdi €Q oamoant equati on (2. 183)
¢ ¢ h wow M P YTt

And the bounadtatymhi ore®i tagtoonn equation (2. 183)
0 € € h Wow T P Yu

Substitution of equation (2.185) back into

€ 3 € & Q CPUYo
And substitution of equation (2.178) into
e & & O pQ P WX
And substitution of equation (2.187) into
U © > SR O A C - —
v no nSOm n805d)8 € Q  p Q ¢ YUY

After differentiating the equation (2.188)
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no &

P P Y

Similarly, for minotypyg mateieab,; (dobos) t u

equation (2.181) |l eads to
rn n 0 - B o
Tw 0

The general solution to equation (2.190) g
n n 0Q P wp

The boundariy wcobdii.tdQo nattat equation (2.191)
n n h woaw b P WG

And the bounadjadwyrmnh ore@i tagtoonn equation (2.191)
o n n h Oow T ¢ wo

Substitution of equation (2.193) back into

n n n n Q P wrt

And substitution of equation (2.179) into
n oo T pQ P wu

And substitution of equation (2.195) i nto
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v noO n80m nSOﬁ(bn n Q pQ P wo

After differentiating the equation (2.196)

no n
0

Q P wx

Combining the equation (2.189) and (2.197)

gener@t&)on,gi ves:

O 0 U . _ T p v QO p P wy

At room t emplep,atTherefore the Shockley di

(2.198) becomes:

0 0VaQ ¢P ww
Wh e roe = reverse saturation current d
Under il lTuminati optaondl wBemen datdirh@en icur r

denwiotl y &/ge c(u¥X¥ ve shi f tdse nasliotnyg atxhies cbuyr raenntan
the photogener aljpe.d Tchuerrdefindr acdtshiea tyo (t he ba:

di ode equation in equation (2.198) to give

b 0T p U LOQ™ O h OMI@ | p c& T
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Wi t h assumpti on of current coll ection | o
conductance ofr ot her bl ocking contact, t h

considered, such that the equation (2.199)
O 0 Q p O w Yu U 0'Q O w YO U0 c&mp

Whedhe phot odsdgrdreeBiskt yshunt cRnadsetbeas¥resi st
= forward apypd ipehdo tvooclutra#&geen,t d edeelnistiyt yf,act or (
close a solar cell follows thAdsShortks eyn etq

domi nant recombinati on mechanisms occurrin

2. 7Depletion capacitance

I n-ma jpunction solar cell, capacitance can b
or depletion region. The behhtaaviimori offortrmetsie
the doping density and the depth of the S
analyzed using the depletion approximati on
precisely defined, endseabauvupt éeysandl sal wiy
the depletion width varies with the applie

remai ns constant and the bulk remains neut
3 .Q"-" &
0 — T
90 q qC

For asymmetrisaldedupoanicomoOdnehere one

and the other si @@ jluinghtiloym dopead ((Cce.dd.) ,irnl
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mai ntained in such a way that the charge n.
achieved with the hegvohymadeedxti{iemely t hi
SCR or band bending -dosp@dntr(rgdwanecdc,al Wkeidl & hl
made thick and the SCR and band bex®d*ng f al

X, oN> AN tWeyf ar -ai d@e@ junction. The equatior
0 Nd nd oh MEw whoO | 0 ¢ Mo
Using the equation (@WS6i6t)h, at hfeorwnadrtdh boifa st h

onei ded junction becomes:

——F—— h Q¢ who | 0 C& TTT
no
To obtain the junction capacitance in terr

equation (2.203) and (2.204) are substitut

no — nNo — —————— C® v

5 Q0 . Qw L. QR
Q Qw QW no

The derivative of equation (2.205) results

5 6 r']qu_-go’o & & O
0 o} N &1
- q'(b d) c X

By comparing the equation (2.204) and (2.2

8 2



- 8

6 —
w

g My

Therefore, théWvantihe odsthihmatBgRnlgy the equat

to give:

w 5 C& Mw
Al so,ambryamegei ng the equation (2.207), we ha\
p W
3 i 5 0 dpm

Using the equationviw2. RhdWwnSehetMpkyptpl of,

obtained from the capacitance versus bias

(e.g. in crystMtbhnnbesobani nedl!l Yoifatome e es |
i nt erceptScohfottthkey Moltott . Ho we wenri,f ofronr dsooplianrg
in -thim sol ar -Scehdtst)ky tphleotMoitst not | i near
an accur aNhaen\,allure tolfi s case, the doping der

derivative of equation (2.210) as:

P C
3

Q
Qw

Rearranging the equation (2.211), the dopin
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,, w . C
0 0 _— C& p ¢
QP
-6 'Qow

The dopi Mg den seiqtuyat(i on (2.212) can al so be

— ®po
L oY

Further mor e, the equation (2.209), (2.
approxi mat i ofnr-etelrer(dgdyralilfow hset at e s) rel axat.
than the angul ar frequemapy.gf tmetappl icade
carriers ar el <U)s tc aeunsoiunggh f(rie.ee.carri ers movi
material to respond in | ess than one AC cy
capacitance measurvwment $r edowaveld erisf eafrlee n

W>l) to respond in less than one AC cycle

during capacitlah4.e28neasur ements

2. 71 afluence of deep defect state on capac

The depletion approximation theory only
ionization of shall ow dopant, whereby t he
capac-vbhnheWwe nfeCasur ement-c &rqruiad r t oo deen tf ir atei

t httlseory may not be wvalid in the presence

8 4



state, whereby the totatlV acnerasainmtermetniton so fat

of shallow free carrier concentration and
Energy 1
(a) (eV) ‘_(x>3hﬂ:llow —b
<x)z'nrsmeel'l :
f EC

E. E. (deep)
e(intermed.)
EF L i e .,. ______________ e(shallow)
E,
E, ' - ‘
Xe(deep) Xefintermed) Xe(shallow) Depth (um)
; W- 3
(b) p(C/em®) i |
Ny + Neggeep) i
NA + Negi-m‘efmedl
Na+ Nesnaiow = Na — :
N, ]
: Depth (um)
(c) dp | |
dv i |
Xe(o‘een} Xemrermed,l Xe{shaﬂow} Depfh (,um)
Freq, Te
(d) Cdefecf 1 o femp
1
o— —0
|
C,'unctfon

Figut4(a) Band diagram showing the discret

color) exhibiting fast emission, a d
sl ow emission, and an i ntermedi at e
emi ssion rate btheveemaltlhew detegpt easnd( b

variation in the depletion region fo
and the shallow state (e)i nChaermsge nisre
change i n -bBbasxtWeddit @cdRes)had Ny at W (d

Equivalent circuit demonstrating cha

due to variation in Ciruec@ame@ nCiah €and t
arfeunctoiforbsi as voltagth@eaedangqe sadwiittt
frequency and temperatur e.
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Considering a dk)scirred-led gdeedd elgd n dsgtaapt eo f( a

shown i n4&igarete.defects (either shall ow,
defectl evlsersgjey seen to cross the Fermi energ
(x) because of band bending influenced by t

The defect state can only respond to th

is higher than the angule®racf rBeuguearfcyt heef et

of the state is |l ower than thhee.anhgtuhearsitate
wi || not respond to the AC voltage and wil
emi ssion rate of the state i sEo¢cbe®ionagd vfier o
[ 23, 26] .

Q o0 ,0Q 1T QT 1 'YQ C& po

Substi tgwrtdiomt coft he equation (2.216) gives:

1 T Q- T YQ C& p X

Finding the I ogarithm of Dboth sides of equ

(B given by:

vy
(] 0"de1‘:— 0 "Ya £—?| & py
Wh e wpe= ¥oT°=Nm b= t her mal emissidomspgrapfeadtrergqu=

(which is -hepempentatisd @b me € a psseucrtei ocnrid(sasb o u't

i 16°cmM in CdNe),effective density of st at
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6 °VOODE | QMY DOGOCRE = 1. 81°EM M= thermal velc

0 8"'YOOME | NI DOOCPCEx = TW/B= demarcation ener
separating responsive and unr esx)dnsiivse tshtes
deepest energy | evel that can respond to a
of fregaerdcyempler aAturleower frequency< of t he
. by the defect states respond to the AC vo
measurement. Howeverae- b hathehideHerctf rsd qau eersc
AC voltage and wil|l not contribute to cape:
(2.218), solar cell temperature can also b
temperature, deem@pndetf®@ cAC sHaltteasg & atnh u spont

while at | ow temperature, deéebecttstareapract

As shown i4n Fhguxpiess Rtthleonl ocati on separ a
and the unresponsive stBiB= cBhdi stthe det a
from the band bendixagOi i tbde SE&(iecBethwke a ad
Xe (deXep)i nt Orbags)hdiJ owh he occupation of the defect
at an angulyn htisecwenay bgting to capacit a
| oc ax (O@Bnd&O ®) wheEsd st ladbEv e tthree is no defect

capacitance, because the defects do not have e
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2.27 Dr i
cap
I n
l evel
capac-v
di stri
range

obt ain

(a)

(b)

ve | evel capacitance profiling and t

acitance
solar cells with high density -of def
capacitance profiling (DLCP) yields
bhnhawe nMeGasur ement. The DLCP hael ps to
bution of defects that are | ocalized
of AC voltage amplitudes in addition
the capacitance response and the de
Energy
(eV)

qdo

q(po + V)"

p (Clem3)

0 __E;

L N free-carrier

Pe

0 Xe  Xe+ Ox Distance from the junction (um)

(2) Band bending with a singlhleae defec
i's applied. solid and dash Dblue repr
the appl iwceaspemt iofel y (b) Charge dens
and after (dash blue MThee)i aeamppki
frdm T. Heaopagr. al
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Assuming a single defect under a fixed
defect demaEfawnbsorhewaS(ap, Fwguthethelcorres

density shownb)i.n Figure 2.1

The potenti abcan héereex mrtessdfeadeby using P

to obtain [27]:

%o TU oo_—Qoo oo_—Qw oo_—Qco & pw
Wheyoex) chhemgei tyhbedppkyi njgosmall voltage

| f a s majl bi sv odd ek, the potenti al at the b

% Mt #omm 7 w After integration of the equatic
(bﬂd) ‘77 d), .
%0 TU w0———Qw C& ¢ 1t

Correspondi ng@gimpyv et lmevayo $irtoimo h tbe |7 haasr rsiheorwni n 1

in Figure (2.16). The chargd)déEmsi ¢efyoae, t &i

t —, the appdyiivaetsiion of
‘" (b' . ‘" (b' . ‘!l (‘A)' . ‘ll d)' .
%o TT co_—Qw w_—Qw 0——Qw w— Qw ¢ ¢p

Whertoexs) charge de@@ imtan@dedowesLr) charge dens
bet weama 1 w whX)}Je charge dews| tayndbetAve em
substitution wf” twohjewcondi eqoation (2.221)

resul t, we have:
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%o TT W ] 0 O—Qw ¢& ¢ ¢

Since the value of the potent® alt dat t he ba

% m | eafter an applicat@ otnheonf iat sfroallllo wso |ttha
(](i)%oT[ %o TI C ¢o

Subtraction of equation (2.220) from (2.22

” N ” N

. w . . . LWL
‘]wc—_w‘]ww ww-ea_—Qw Cq ¢1

From the Poisson6s equatiom)inonasgbatfoond@?2

o 'Q%O,Q‘ aQc

o w w—Qw cC ¢ v

Substitution of equation (2.225) into (2.2
icbc—_cb‘]cbcb Q0 w R Co

After expanidwohgrmhewe obtain:

10— W 0] ®© 0O C& ¢ X

Not i nigwitsh avte rifyw°smaladnd both sides of the eq!

by—, and-atrreemgreael t o gi ve:

" "o -0 . -
?‘100 — 1 0w 7 0w T’ cg quy
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Applying quadr at i— Of ermudmé wj h 1 kies

obtained as:

1T 0 @ — . S & qw

Af t earr rraen gi n g22699 u a twieo rh a(va.:

_'O ” d) C” _(-I (b

1 @ ——p p g o

|l nvoking the Binomi @l € rpeéltbe—mA—efE,thEhéorn

equation (2.230) becomes

6 -0 " w !”-*|oo ”-‘](b‘ E @ oc
" -0 7w ¢-0 " w
The equat i-aornr ainsg etdh etno rbee c 0 me :
jwﬁjchw 1o E & 00
Wheme —is a total change in depletiom capac

in responise Thevelftbage t he acmmai gbes | oyb tnagi nbeec

by wrd ting the equation (2.36) as:
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10 61 @ 6”1 @ ot

Substitution of equation (2.233) into (2.2
16 8- P 65 61 & & oU
1w -0 "w ¢-0 7w ¢
Wher e:
i} 08 ¢
0 0§ s oo
" - & o
(-0 ¢ X

Finding the cube of equation (2.236) and 1t

|14 65,%
0 -0 ¢ sw
5 5 - o & oy
¢-O0 ¢ W
Substitgtiom édffrom the equation (2.39) int:
arranging |l eads to:
) g s 0
U — — oW
n ¢neoeo &
WheCe | i miting value of capacitaGeel asetnahe
correction term (unit in pF/V), that all ow

posix&,i(wmis—éh Tihse cOGiebf aciseimies applkti ed asy mme

with respect to a DC bias voltage. Thi s I ¢
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posixiaison he amplitude of the AGQ. vToh etraegfeo ries,
a given DC bias voltage, t he ma/xt+ md=m voldt

constant for a particular chosen voltage.

| n -tay ppe ma £&ir g adi,vearmeby:
%ﬁ N Q0w Q0 B T T

Whepe faaererier denxgi tgygf BjJtenlsadat ioofn st at es

| ocax{, OenFer mi ener gyt erveeslp onns et hdee pbtunl ka b o v €

The diasdt acnaclel ed the first moment of char
the charge response, can ke fSounce asveachpa

given as:

U

0
6 o @re

Th@according to equation (2.234) can be wri
W] W C& T ¢

Substitution of equation (2.242) and the F

equation (2.241) gives:

5D 5, @ & -6 A
(0] - —_—. T —— C T O
oW .
w o w ) D4 a O
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Therefore, the firstounsonmeintemfasc:charge resp

, -0
ouD’O— B 1T

Th& can also be expressed in xt)eramsd dafhet e e

densjpt,y by comparing the equation (2.236) a

o¢ ¢ - © &T1TVUL
0 ¢ s O G
Rearranging equation (2.242) |l eads to
O © O & 1
. 3 s C ¢
Thée—sterm in the equation (2.246) will be ap]

and frequency of the AC voltage as the DC
properties of the semiconduct o@Owaddy rolugwll

approxi mate the actual chamnmesi af posti ¢d omy

such as charged | ayers near the barrier in
order of or | arger than the density of the
2. 8Metastability

Stability issues can occur in the form
metastability. A itégsadatiedniins Faguirer v é
sol ar cel |l performance diminishes due to

9 4



temperatur e. For metastability (a reversitk

performance in the dark state (e.g. when s
upon exposure to |ight for some Roursel &ds, |
t houghharsepmpretred an i mprovement in perfor ma

state thanoaked het dtigh[t28] .

2l (s
L« J %
A ¢
1 : /'\ \\/%&
R )@9“’ (;O,)

Efficiency (%)
o

Ninage
az‘/on*/ %

SN .\/\,‘L
el
10 100 1000

Duration (Hour)

(&) ]
5
5&5"
o \)\x
/ P

oo
N
—

Figut@Dgradation and nmlehesdiasbgda fhiyeCe rforcem
S Ji an(g2 0et2 94 1. .

Met astable defects are unstable defect s
exposure of solar cells to |ight or by an
transitory change in electrical pemrwarmdanc
bias voltage or | ight exposure on the cell
junction, t her &forfeaciimprtaviimg tcthear ge sepa

| eading toVand increased
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Met astable defects are mostly assnoci at e
junction solar cells [30]. These defects ¢
soaking phenomenosma.rseiTdrei fiindeamrrtf aicre ttheapdar k
passivated by photogener at ed -scoaarkre de rsst autpeo ni
thereby |l eading to i mproved performance. f
amount of time, muhateaati ehe Caheadfamecde, t h
t gt hat can i mpede the cWacgevesanbparhed@s3
may exh-sbhiapeabesause of the barrier-n(or ba
junction.i dhibki barrhercarrier transport an
accumul ated carriers at the interface can e

in Fi gua)e, 2t. Her eby -rraedsivalttiivneg rienc oanbn ot i on,

|l eadi ng tVee aHoweedwecre,d under prolonged | ight
be filled or popul ated with excess photog
neutralizing or passivating these defects

previously ttrraapmped tacs hbd | dlebt)r,attehde rierb yF irgeuwr
VWwiand | eading Weo Aatn tihmproamae ti me, mor e phoe
collected due to | owered interface barrier

consequently to enhanced device performanc
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(a) n-type p-type

Barrier

N o Ee

E., 14 c
Ern Trapped carriers 3‘ E;p

EW]
(b) n-type p-type
Es
F%/

Ecr ee2 — “trapping E

E Fn _‘ E Fp

__4
detrapping
V-

" =/)detrapping
trapping A

8 ()
—009”

Free h*

FiguteS2hematic di-ggmamatodd améclwmani sm (a) L
higher interfacepdetessspllkeldi ghtit ap
with | esser i nt errfagpepe ndye fpercotcse sdsue t o
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3.1wWafér preparation

Before the cell fabricati on, procedures
were carried out onile&cmOmes<d-isGPpeiGwypemtad
monocrystal-$ii)newafidri.cofeqgstoarie 5wa fpesrésu dwoelr ¢ c
sized wafers. ThereafterSi 4vwaf ewass wertfcahcea aS
solution (diluted hydrofluoric acid + nitr
etching was done to remove any deposiuteisonf (
aSi :H film

After the etching, the wafers were cl ea
of piranha (hydrogen peroxide + sul furic act
surface, which removeddaogdorgantcccoersathup
step was the removal of oxide wusing dilute

Af terward, the etched and <cleaned waf e
tetramethyl ammonium hydroxide (TMAH) sol ut
deioni zed water) for the surface texturing
withetlpe ofi isopropyl al cohol (1 PA), whi ch
upright pyramids on both surfaces of the w
3. 1AtmoRphous silicon | ayers deposition on

After t he etching, cleani-Bg awalertexwe
i mmedi ately | oadleambienrteo@ ntiprhea s and|l tcih e mi c al
system. At first, a 10 nm thick intrinsic f

103



a dicrugatenptowedD@®&d plasma at a substrate tem
wafer was annealed in &t owrarcuamd uatd ea tae mp ers
for 25 minutes. Thereafter, at a substrate
dopetdy prei :aH | ayer was depositedasd darhde a elaa
surface field, f oolfl caweldd nbmd ta thetoykgf@poa bint a p @ r

at the front side to serjvenati am [edni4t=]r. a

3.1.1.3 Depositing transparent conductive

After the depositi-®9in: ldff iir9nm rweamf ssargc an d r dac
conductive oxide | ayer was deposited by re
oxide (1 TO) followed by al umi-maam (6AVrg p acroantt |

on theirddamea and Al grids on the front | T

An 80 nm I TO | ayer was deposited at roo
sides or in some c¢is:esH)ononlhys Hashimwg rsa dRe. 5 a
frentde | TO was sputteredto ncraeanti x a fwiAd @ro n
for increasing the I|ight penetration into
area of the SHJ cell. It acted to promote

reflection coating Iwige. a[ 2r,eb6f]rsaeH dlwe® eimader
sputtered in Ar ambi ent thereby <creating
transmission through the cell. Therefore, |

|l ength of photons [6, 7, 8].
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After the I TO deposition, a 30m Al cont
shadow mask to facilitate el ectron curre.
evaporation of O0.50m at the rear side usi
Thempmgloet e cell structuseéesdewiT®O and whoWwautr
and 3.2 (b) respectively. Also, the image
of 22a% emamare shown in Figure 3.2(c).

(a)
Al (3um) (b)
ITO (80nm) o —A (3um)
\ " <«—ITO (80nm)
p-a-Si:H (10nm)
p-a-Si:H (10nm)
w b Fa-Si 200m) MMW"JHJ:’
i-a-Si:H (10nm)
n-a-Si:H (30nm)
$—n-a-Si:H (30nm)
ITO (80nm)
Al (0.5um)
Al (0.5um)
Front side
Figu2eSBJ solar cell Swwrubisboed | TD)e(BFI FSd
with only front I TO (c) image of the
SHJ cell
After the fabrication and before charac

annealing at 150UC for 15 minutéescubtimplob

(Vo) was i mproved by annealing out potenti al
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the I TO sputtering, and the fill factor (FF

of dopants to form bett-8ir: dhimmtcecoatcast|[s9 Ja.

3.1Fabrication of cadmium telluride sol ar
The copped cadmi emi de telluride/cad
(CdSeTe/ CdTe: CuXopredl tctae ma rutm meny ni de t el |
(CdSeTe/ CdTe: Sb) wused in this work were fal
(1 EC), whi |l edopehde caadsmdmint elell lemiide/ cadmi u
(CdSeTe/ CdTe: As) a nddo paendo tchaedrmisuem soefl ecnoi pdpee rt
telluride (CdSeTe/ CdTe: Cu) were fabricated
(NREL). A 4&DlI gddasEEGupgteosnawasfuemdPibkid
both | aboratories. Each glasdopegetsthaceal
conducting FoxoirdeFT(G®n@Gnd a high resistance
of an undoped oTfThd nETO nlsayerSnpOr ovi ded a | at
el ectrons &t dtehe ff rtdret ceerl In whereas the HR
in case of pinholes.-l1BRfoupendsetpatse twan, s ehaj
pl asmangcltt@aniremeveostuamianant s. The fabric

CdSeTe/ CdTe solar cells is shown in Figure
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(1). CdSeTe/CdTe (2). CdTe absorber (3). CdCI2 vapor (4). Surface (5). Contact

capping deposition deposition treatment treatment formation
SR s R e N e - N e A
CdSeTe & CdTe VT deposition of the CdCl2 vapor Etching Cdciz dip
capping layer CdTe absorber treatment —— ——]
depositions =
— = — —
| Fre——— e n '
- walll | = ¥ '3
satvees | | 1 s
S — - . C & Ag pastes
Etching licati
co-evaporati VT/depostion ‘ application
system system <= [
Z j vove framote
EDA/glycerol
‘ Annealing ' Scribing & front
HTA of the ¢ ¢ ¢ Annealing contact formation
CdSeTe/CdTe HTA of the CdTe
capping layer absorber Oven s ¢c é
[=———"9] = Oven &S
Cccssccq, §¢cssce ¢ 29 9
m=] S ) | | A
—Tg0—x) —7rm)
\. y, \. J \. J/ \. y,

Figu3eFabrication sequence of cadmium tell

3.1D@8pasition of cadmi umesmhkenedepoerbatuond

After crest and plasma cleaning, the 40
evaporation system at the | EC for the depo
(CdSeTe) | ayer. The evaporator pretssmumr.e w:

substrate temperature to 300UC and deposi
oxidation of the CdSeTe | ayer, a 250nm cap|
while stildl inside the evaporat ot essp@ahceer ea f
sublimation ( CStSe)mpseyrsatteumn ef oarn nteiadh ng ( HTA)

mi nutes in argon ambient
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3.1Depadsition of cadmium telluride absorbe
After the HTA, the cadmium telluride (C
transport (VT) system designed and constru

was incorporated into CdTe film during the

Hi egplur i ty CdTe crystal and CdShb crysta
ampoul es, which were enclosed in a boron
source temperature was set to about 905UC,

about whliOWC the pyrolizer temperature was

designed to crack the polyatomic Sb into n
the tellurium site and consequently help t
cont waeeheated, the CdTe and the Sb vapors
flow rate of 20 sccm, and a deposition ra

continuously moving substrate that was hel
was higher than the substrate temperature,
substrat3égd4dt O®Omfpomycrystalline film. -Ther ef

12D/ CdSeTe/ CdTe [11].

After the VT deposition, the sampl e was
HTA at 575UC for 10 to 15 minutes in Ar en

the VT deposition, the 40 | 40 samplte was

deposition processing.
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Al most the same processes were used by
CdSeTe/ CdTe: As absorber, while the CdSeTel/l (

evaporation.

3.1Cadmmium chloride activation

After the absorber | ayer deposition anc
CdTe: Sb samples obtained wer e sludgte cttreaeda tt me
i mprove the cell perfor maantciev atlUisd m,g tame o9a
exposedotme tthdaGhdoll vapor treatment, foll owed
for 60 minutes [ 12] . afonre atlh ewaNsR EcLa rsrainepd eosu, t

CdTe: As between 420 and 450 UC for 60 mi nu

The f£acCtli vati on has been reported to in
grain boundary defects by recrystallizatio
the intermixing, reduce the |l attice mismat

grain boundaries by better passivation of
traditional cadmium sulfide/cadmium tellur

1.5 eV [13].

Af t er sahcet iGQudaGli on, t he | rAbtoewimmigx iwvig hr eas Wle
energy of about 1.41 eV for both the | EC
intermi xing transfor medphdteo aCkdideviee wWuarytezri tf

photoactivbhasenctwl ehda e/ Te r atiils@)7;0f abou
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3.1Samplref aeeaat ment

Af ter teéhet iCdaCtli on and before back conta
etch was carried out on the samples for !
Afterward, ethylenediamine (EDA)/glycerin

by heat trwtat8mentto ato0ab® f or abeutchl smirnfuatce

3.1Ca@anbdboatmati on
Copper is typically wused as back cont ac
hel pimmagaoitm ze the valence band offset and f

for hol e at the metal / semiconductor i nt er f

Our samples with and withowudugolSbt idoomp i fnagr
mi nutes and thereafter heat treated at 250¢C

resulted in the formaiTeognl afyea aoppde Flkear

The same process was used at NREL on (
annealing temperature of 210UC in the air.
dip and CdSeTe/ CdTe: As without Cu dip were
where aol@0 (Mmm)gwas depo’sihtaed wt maskgh oa f®.r
contact. Therefore, each’cglbstr &t edtotpeendsnio s &
cells fabricated at t he NRRIndc anrepgraildda cb dAtu

contact s.
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Secondary contact was used to provide r
el ectrical probing and measurement s. Sampl

as a secondary <contact on top of the Au c

c hatrearci zati ons with an electrical pdiop e . F
and the heat treatment, carbon paste was afr
was used to define thecacehl sfohhaattél s 1
Then, the silver paste was added on top of

Il n all the cell -tygmplceosn,t atct e wfarso nfto r anre d
scribing off a small portion of the CdSeT:
exposed. Thereafter, el ectrical cont act W ¢
expeas TCO | ayer. The complete cellsbd struct
shown in Figure 3.4(a), while the CdSeTel/

fabricated at NREL are shown respectively
the rear images of the cell fabricated at

front and the rear i mages of the cell fabr
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Ag paste
C paste Au (100 nm)

CdTe: Sb vs No Sb Au (100 nm)
(3-4pum) CdTe:As (3 - 4 pm)

CdTe: Cu (3 -4 pm)
CdTe (250 nm) CdTe (500 nm)

CdSeTe (500 nm) CdSeTe (500 nm) CdSeTe (500 nm)

TEC-12D Substrate TEC-12D Substrate TEC-12D Substrate
(coated with TCO & HRT) (coated with TCO & HRT) (coated with TCO & HRT)

‘Front side Rear side — Rear.side i 4

Figu4e(a) CdSeTe/sCdNe : SSb cel |l fabricated
CdSeTe/ CdTe: Cu cell fabricated at t
fabricated at time deREREIN-dA( d)b eT hmea gferso rotf
CdSeTe/ CdTe cell with or witho-ut Sbh)
s de andsitdhee irneaagres of t he @doSpeeTde /oQd T

Asdoped) fabricated at the NREL.

3. 2Solcarekposur e

3.2Atcel erated |ifetime testing on silicon

A facility-cwmpat ivalcawuuimour chamber s, w h
constructed at the I EC, was used for the a
SHJ solar cells. The top view of the test
ofhet set up shown in Figure 3.6.

112



ELECTRICAL BIAS CONNECTORS
% @ (for 4 devices inside chambers)

CONNECTIONS

GAS
. MANIFOLD

FigubseT8p view of the ALT chamber (denmiggned
Cour DesP¢ 44di
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: : | Flow rate
Temp DC power rocg control panel
| monitor Supply | =%

Electrical control circuit

Vacuum pump

Figuéel mage of the of the ALT chamber desi

Each of the chambers is 50 high and 60

that serves as a cover. Each can have up tc
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can be exposed at the same time. The ALT cth
il lumination, temperature, atmospheres, an
with gas mani folds which enabl e pgwumpierdg cco
the atmospheric air and moisture before ce
a 250 W halogen flood | amp mounted at t he

il lumination source (which was @aloivhrdetde d y

a 32 W, 3000 |l umen |light emitting diode (L
of each chamber. Thus, the cells were | oade
the LED |Iight sources whilltammeheatarsacumdee )\
temperature in each chamber was monitored
For this research, the ALT experiments
openrcuit conditions, with no electrical b
in argon ambient inside the ALT chammdr s.

90UC and others to 120UC. During the exper
exitu curr-eoftt atyenschgracteri zati ons wer e

characteri zatVi omesr eb edsoindee sontlhye at t he .begi nn

3.2LRght soaking on cadmium telluride sol a

Light soaking (LS) on CdSeTe/ CdT¥ sampl
simul ator operating at the snWrgdhlidmieati e
i nt ensgnatsys, iaidrex (AM) 1.5 spectra andd at ro

simul ator are givensdakismeg twasn damBe lan Tehaec !
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circuit cVonme a s wymsme nJt s wer e carried out
experi ment, repeated a few times during th
Ot her character-VYzaeaci endomesomdetshae heelJLS onl

experi ment .

3. 3Devicbeasacterizations
This section covechnifheemeasedementdharac
mechani sms, photocurrent | osses, parasitic

charge width.

3.3Clrrent-voé wccamegcteri zati ons

The basic cwalrtealgge d(adnamety ercsi racruei tt hveo | a
(Mo} which is the voltage at which no curre
rel ated nt ooWbhhijalgeh qctui tlspc whrnemt i(s the curre
bias voltage across the cell sample is zer
maxi mum voltage and maBnji=Miwy cufrirlentf daetnsi t
ratio of the bFue ftthiever é @an Fi Wnpwpee 8Pic. e. th

defined by the equation:

00

pnimtb oP
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W
o
T
I

— Light ]
Dark

N
(=]
T

—

o o
T
1

10t
20|

Current Density (mA/cm?)

30 Jpdl-

40 JJ |

-01 00 01 0.2 0.3 04 0.5 06 0.7 0.8
Voltage (V)

FigurTelLBght aVYidcumravé&s Jtaken qtuntche onEdi o e:
cel |

The power convé@rsibheefhdtcbenty maxPipum out

to input power density i .e.
0 ® 0 00
- -— pmUmbP ———— pmTb o,
0 §
WhePig& input power densityywWeom the | ight s

3.3l hsfirumentati ons-vbbtagaer measudemsnt g
TheV Jmeasurement setup consists of optic
schematic of the measur gmMme)ntarmsdttulpe ici rshwiwt

Figu8 &) 3.
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Electrical stage

Optical stage
L Light ]
—
—_—
Mirror Lo
S
4 E——
r I*[ v vl
Beam ‘ rVJ 4 2
splitter Lens Sample
i mount
Detector
Shutter i Sample
-
—‘(')’— Keithley 2400 SMU
\E_/ Xe lamp
(b)
Rwire
AVA%AY,
+ +
I v —ANN O
Rmeter T
Sample Rcontact Vv
‘/ Rmeter l
- = O
I Vv
AVAYAY,
Rwire

Figu8e(a)
measu

To achi

| amp output

sour ce was

previously

a Kel vin

eve

Labview-controlled
computer interface |

SchemAtimea odr eamednt

rement setup.

a light wi

was filtered

cali brated to

measured at t
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(RviYe and &pntdaoctnoft af fect the measur ement

i mpedBnRgee p( ovided by the voltmeter ensured

voltage | oop.

JV measurements were taken on SHJ cell s
the Optical Association 1|l nc. ( OAl) under 1
was designed to i1l luminate cell samples fr

OAl simul ator 1 %$aghowori hvVEMEaAdFTe r@eleing s Wer

with an Ori el solar simulator under 1 sun
designed to illuminate <cell samplielse (teh g.
el ectrical probes were connected from the
simulator is 9%hpwn in Figure 3.
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- Lamp start stagess "’

Lamp House

Figu®9e(ad8) | magv/e noefastureemlent setup using the
| mage -¥Yf mehesudement setup using the
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The Ori el system uses a thermoel ectric
cooling system to reguiVatme atslue emeht st aemper
with a Keithley 2400 source meter unit (SN
vi a EEE I emnuearpaolse i nterface bus (GPI B). Thu
reverse bi-a.s3 vWlitmtge fodr war-hVbvabktageli 8c V¢
Next, after a brief delay, the voltasge bia
to monitor the presence of hysteresis bet
Therefore, four measurements (light up, [
each sample. At the forward bias ot 502V,
mA/E mafter which the measurements automat.i

to IRdessipation.

3.3SLngl e diode equivalent circuit model

A simple |l umped cil@vawi tusmadadlo iamp pFiogu rma

of solar cells. The | tampge d aciedc wciotnsec @amg i <t
di ode, a series resistor, and a shunt resi
R.
"4 :J '\/\/\f o
Jd Jsh

Jph O) \ I'sh

Figut@SBngl e di odier cewiuti vmmd ceenlt of a sol ar ce
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Application of KirchoftwWbbstber cent @iivweisat Fi

UUi—U oD

Whede= photocurlentdi deesfibywardJd duwrtrad ntc ud e

densRizt yseri esrskre@&G&#hsteancsedh,unt resistawvw=e = 1.

applied voltage.

The subst iJdduetriiovredofi nt cehapter 2 (i . e. equat

considering the parasitic elements, | eads
0 VQ  TOw v od

Whege el ectr oMm3 ci deehaalrilgtey, BhatzmanndsiT=const a

temperature in Kelvin.

The approach by Hegedus et al. was used to

|l osses [15]. Par aRkperbhapeseesgiocaurnguer ¢ o

contact, the back contacrigr @at edeby npiemt @lce
The light -dndut whes dafr kaJSHJ cel |l fabric

Figurlea)3.. 1The s hu@Gsith= ad/ndwacst acheteer(mi ned by
der i Wwalt/ Weve¥,usas seenl(ibn ,Fibgpurhe f.rl t-We [ i gh

curves.

Rearranging the equdstsidoa(n n( 3c.addje ,aonbdi bseusb:s t i t

0Q

y
®w YO T"O‘EL') vt Ow od
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The derivative of equation (3.5) gives:

Qb 80T o4
Q0 7 o

WheRe i nterAkdgly ajnadplet ai ned from the data |

ThkRkwas extracted from the region of high a
current is saturRat eRhieantdhénenfidrea dlyt @aihreed

thaddrom the sl opddcogf the Figure 3.1

Al so ,l ssgearrii t hm pl ot-awnangbn@i egeuwatiyome( 1) t
b U 0w vQ ° o

Whedb= i nterqdektTshopde, obtainkdgédromhmhei dat

The recombinabwa®s e@atrmamet ed sf rAd motmh & hientsé ro

of Fi g(ud)e. 3.1
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Figut®(8&8) Lightv amdaraantlerd stic curves of a
| EC -Warudwelswé&/b¥plsots useded( ¢po bibhnaam
pl ot s usedAatnod Re(xlot¢r dSomtgnatrhiet hm pl ot s us
the A Jand the

3.3Teémper-depenadent cuvwroletnag ed enmesa stuyr e ment s
Temp e rdaetpuerned ent cwalrteaddeg dedns i beg used to
solar <cell recombination paEg mataer &£ heu dH oa
potenti@a). bBhra/dyedroBuasnf be obtai nédddtra.m Ther
i'S no curVsee ntth\hyg Divhaeestur ement s can facilitat

|l oss mechani sms Rwvdrt hinludo Rihaegte fifeelcav ioofr s. At
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ofVocat 0 Kelvin gives thef athevativorceemsr gy
Considering tVhemosdienglien deiqoudaet i Jo Rs03Gs® i wiet hou

Vo6s i<k <s} , resul ts in:
v VO U od)
Where the recolbs ngaitvem kwrrent,
0 0 Q o0

Whedbe tempiendéperdent prefactor of the sat

By substitution of equatior 8Vop)tahateq(atE

(3.11) is obtained.

0 0 QT 8Q oP T
Af t earr rraengi ng, the equation (3.10) becomes:
nw 0O 0083(80— oP p

Considering the Rk lkquatcommi retriioored( i n Ch
(2.109), it is seen that the bul k recombi n.

wher e

5 € 00 .

5T oP ¢

Whene intrinsi diha<oaceapgtrarf)iNdbeindeéenyi {gmof st
the conduc¥®)iNen dbeanrsd t(ycrof st at €dc3 nb anrhdeg avpa |

energy.

Substitution of equation (3.12) into equat
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Y wne ¢ wn6—52 € o o

Where b = recombination constant.

It is evident fromRuhket egsatl el &i 0B th

| eadiEnEcft@r a case of bul KEgiEaAcommbsatcases

to the dominant I nter Rasesr ac dmamidn ati iaagm.a mk
di fferent recombination paths in solar cell
charge anredutgabsiregions), front interface

recombiResgati on (

Rec
EG,bulk Ec
‘{ """"""""""""""""""""" EFn
ht— o0 0=
Ev

Figut2Bamdd agdriasnpl ayi ng different recombi nat

Considering ttlees eiqu adan oinndi3c dtli)on of bul
the -geasri al region (QNR) or even in the sp

a wedHaved devEageck nHoweavters, recombination d
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at the interface(s), thus sEkEgdweestti mgi mt erol

recombination i sp=tEheE)p odtentth el i tagrmrfieae (

Thver sus Tdile@deBe fooel | s  wpvtahp ovra rtyri enagt n@e
at the | EC ar e3 s Cavwwre Tied CHITegLPRA P s BEAWT 7 8 B
1.20 eV, Il ndicating | esser inter-4#3a¢®E)2 ecoml

wi El 0. 97eV which suggests that a higher i

1400 - = VT753-12-001 1
- +  VT762-43(H)-002
1200 - 1
. - E,=1.20eV
> 1000 b - .
> 800+ T ey 1
I Twe iy
600 | e,
E,=0.97 £+ 0.01eV Seerm.
400 -

0 50 100 150 200 250 300 350
T (K)

Figul 2@ Vov.Imeasur e@dd®eddelven sol ar cel |l sowith t
vapor treatment conditions.

Further mbT ec,urtvhees Jobt ai ned were used to
obl ocking contacts. The bl oekhianpge clomvi et &s
seen fQuateadt d(fa)Fi-gauseer oBinllt he high for wa
seen in tSheqgpaweant(4(df) Firguase |3i.gihvter amds d

di spl ayedd4(iocm) .FiTghudsea I3nblhn mi t advi bedatvvo osolcan
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in SHJ or CdTe cell s i n Ilight or dark, or
shown ind4dFigure 3.1
50 (a) 40} (b) :
01" 4th quadrant S-sh
30l 4th quadrant S-shape curves 30+ 1st-quadrant roll-over curves i
T = 300K
& 20 T = 250K & 20+ T=300K .
§ 10f —T=200K 5 —— T =250K
< e P <10} ——T = 300K )
Eo - £
ol 1"
201+ 4
-10
30} J
'40’| 1 1 1 | '20
-500 0 500 1000
V (V) V (V)
50 F © I
40t /-
Light & dark cross-over curves N
30 . B
P T = 300K !
E20) ——T=250K J 1
Em' ——T=200K 5 ]
> 0
10}¢ ]
201 J
-500 0 500 1000
V(V)
Figutl 4 yhuwandrsamtped-VI cghtved in SHJ sol ar
per atsguasnndf@antlirol l over inVhigh f
v €d SeCideT/es &bar cel | at |-¥Yweur vempe

eCldeT/ e :

m
r
splaying
S

As

a |l-ogéat Babapaear &r
ar cell

s ol
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.3l Bsfirument ati on -l e pe t B nMeeadspuerreanteunrtes

JV-T measurements were conductednoam obHEd

chamber from Tenney En<giTneer i@dqTel nscol,arwhc
conducted inside a Linkam cryostat system.

The Tenney chamber at the | EC can oper :
470K. It can be heated using a resistive ¢
Ssystem. A resistance temperature detector
tempesabhspoe. On the chamber panel I's a tem
temperatures were set and the signal comin
chamber is an ELH projection | amp that il
at dtohoer of the chamber. This | amp was cal ikt
a Si cel | from the NREL. |l nsi de t hpoicnhta mb e
el ectrical probe on samples. The ptbbebewel
SMU, voltage was swept -0f.rB38onv rtev ear sfeo rbmiaarsd W
1.2 V, ending t hemAf &mweanrdd tshweereepa fater5a he v

backward f-0o0&V.1l. Wi ¢4 oprocess was bepwaéepd f

200K and 300K on sever al SHJ cell s before

JV-T measurement set wup with TB8(nan) e ya ncdh atnmbee ri

of

the measurement $HyBt.em i s seen in Figur
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(a)

Tenney chamber

! iﬁ- Heating/cooling

| system

| GPIB

| 4 /

i 7

: ”

| dl -

i Light \\

! Source Keithley 2400 SMU Labview-controlled
i RTD w\“ ica erhiey Computer interface

Figutit®(8) Schemat iJ¢-Tdmagsameménta setup usi
controlled Tenney -¢hasndteup (b9i Agnaa et a
controlled Tenney chamber.

JV-T measurements on CdTe solar cell s wert

schematic divdgmaemsafembaet Jusing a Linkam c

3.16(a) and the image of the measurement s
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(a)

GPIB

rF W 4

©,

Keithley 2400 SMU _
IV VI Labview-controlled

computer interface

Cryostat

_Chamber | | | | Tt

i ‘Samplei —

1 | i :

i Sample mounting Plate s i 85-3 °C

! Ur Ry Tefnp e 1

| Heating Q @Sehsor Temperature

i element | | S || T controller
Liquid Nz Light .
Dewar source

Liquid N2
I{G£)) pume

Cryostat ¢
chamber

Figute(a) Schemati ¢V-Tdi mgasanr enfenda et up us
cryostat (-MJ BEmagp aBiagdJa Linkam cr

Whil e the CdTe sample was placed on a m

chamber, the temperature of the sample wa
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underneath the plate or) bpump/lidgwahesy stgem
chamber . The heating and the cooling eler
controller, which in turn interfaced to a
adjusted from the tempienmlksoustevnac en tirncsltladrl e
computer. Cel | sampl e sprwebree ecloencntercitceadl ucso m
the mounting plate. The probes wer e/ Tin tur

measur ement s.

3.30Q8antefufm cmeaaxcwyr ement s

A spectrally resatkivseda npeocavseurrfeure ntt o oolf f o
di fferent regions of solar cells, to provi
recombination | osses.

Spectr al response (SR) is a measure of

can be converted to-hglantpamrygi @erddducedelpec

via the equation [16]:

Y'Y 20 =
Q% @ 0P T

Whev(®=i nci dent photon drsi)x, (guinvietn ibny :# phot

% S P )
6o _ U=r']D‘O U=r']=0‘0 op v
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Whe@QE= external guawbuml e miptEeri @ieoy ,oh=ener g\

Pl anckos eoorstspreted( iommqgd i gglheact(riacani ¢ charge

Therefore, substitution of equation (3.15)
nY.Yr'?‘! =‘
r]8)0=8,g—i) op ¢
External guantum efficiency (QE) determ
defined as the number of <carriers collecte
i . e.

Me "I | BO& & Qo QB _

"O- Tiwm: Gonmb 6 ¢ in 0% oP X
Rearranging the equation (3.17) results 1in

QU _ R O_ & %o oP Y
Ther ef dsrcean tbhee obt ained by integrating the
circuit condition (i.e. at V = 0) to give:

0 _ I’] L~)O=Fh) T & g _ A% o w
Wheva@r. 5« spectr al i rradiance from the AM 1.
QE< 1 EOEcdue to optical | osses (reflected, p
absorbed phot ons) ; and/ or recombinati ona

photogenerated carriers).
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Refl ectioamrtdypsesas | §Ropbtained sepsirhtely
near i nf-flaS)eds pgeJvt rophot omet er, therefore
separated from the total |l osses. This | ead
efficientyg I(QERE)s defined as the ratio of

at the output terminals to the number of p

L NEHHl I BREEQOE Do

VL NraG o Eedl &1 omay_ o8 T
Il n additi on, at | onger wavelengt h, ener
bandgap of the cell. Therefore, by assumin
subap region i.e. the Urbach Energy exOrath

the bandgkE)p ®mhesglyar cell s, by finding the

D

nergy (E), given by

Q0 O_

°- To__ o8 P

Ther ef &¥wa,s tohbet ai ned from the peak point o

D

guation (3.21). The QE response of a SHJ

—+

abricated at the T(EBRG .arTdheshowrorirre shioguri en g:
from the pl @&tbs) Honesrfel gBesr @V¥,&a18) 4 9Ece MisarR/decaTe)
= 1.41 eV. The bandgap of the CdSeTe/ CdTe i
due to interdiffusion at the CdSeTe/ CdTe

Cdg®e.al | oy.
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101 | ' @ ] 16| —— CdS/CdTe cell " (b)
141 — CdSeTe/CdTe cell
0.8} —— SHJ cell
i 12y Ecasicare = 149 eV\
LUO'S_ %1O-ECdSe/CdTe=1'41 eV\\
g T 8r
0.4+ m E,=114¢eV
Q 6r 2
T 4l
0.2 l—— cds/CdTe cell
= CdSeTe/CdTe cell 2r
O'O-l SHJC?” 1 1 L Ot 1 1 — 1 PR
400 600 800 1000 1200 11 12 13 14 15 16
Wavelength (nm) Energy (eV)

Figute(ad) QE response of SHJ, CdS/ CdTe ar
Bandgap of SHJ, CdS/ CdTe and CdSeTel/ C
of the derivative of QE with respect
and the dashed | ihies oemprlesedat a. Gau

Anot her piece of information that was

di sorders in the CdTe cells in form of ban

are characterized k. tEBwvans oxXt Uabtbeth Emnemgh
at the exponential absorption tail near t hi

coefficient of the absgpapeabsarwyeptriodhiesstlb

Euu A steeper sl ope indicates sharper band
tails Eu.e.ltowes calculated using [17]:
o & = 8
) oo.o Og P

The equation (3.21)E<El dJEé or O8I €dTe wv ¢

CdSeTe/ CdTe cell s,8 awashexwnr aaot €dgurem3t Ae
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ThEyi n

Figut@&UBbach Eheegyr gcted for CdS/ CdTe ver
cells. The SHJ has no band tail effe

The QE measurements being discussed up
CdTe cell photocurrent may depend on the Vv
applying a bias voltage or a | ight kltas ca
di fferent wavelength regions. For i NSt ance
arising from electric field variation as a

n

Fi
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gur e

—_

L
g
C

Si cel H iilsm |Codwear

3oi8erddectypyswal | structures

swmd mp a rce
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107F [ 25amev o fi
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t aken

response

Wi

t h
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(i .e. more collecti

a |low diffusion | ength
in Si cells
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thus collection is majorly due -depanddmucse C

QE.
10 _m I '10
0.8}

09 2
W06 3
o ——QE at0VD o
T ——QE at-1VD r0.8
—— QE Ratio
0.2}
L0.7
0.0}

400 500 600 700 800 900 1000
Wavelength (nm)

Figul@V@Il tdaegpee M@Ee mteasur ements on the CdSeTe

333 Lnstrumentation foragwartmemteasf ficiency

The QE meas wroenmdrstt ssetfupn opti cal syste
The schematic of the meas2ilameminds ethep i imag
setup i s sho@mn) .i nTHa gluireght3.source uses a 25

( QTH) projection | amp. I'ts intensity was

supply.
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e OpucalStage
i— Bias light: w/ orwlo !
@ﬁlter (optional)
; Filter Optical e Sample |
! Monochromator i
! Light wheel chopper Vertical |
! source ; 4« stage |
: - :
I :-: e— s i
| S |
T Focusing Collimating E
' lens lens '
5 @ DC power Tri
: supply rigger
TV SR R Y
| Lock-in !
i Q amplifier
; = ~\]
' GPIB I-V converter
Electrical Stage!
i Labview-controlled Voltage bias
; computer interface source 5
(b)

B >

Focu Fllter nght source
ISampIe Collimating bias lens 22 wheel 2 Source lamp

stage lens llght

‘ ? Bias Iamp

power supply

Lock-in amplifier

Figu2@(8) Schematic diagram of the QE meas
of the QE measurement setup.
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Starting from thghbopsouanteswageinthdent,

on the Oriel Cornerstone monochromator. Th
hel ped to eliminate high order modes befor ¢
monochr omat ore swehpareat edghtth beam into mo n

monochromator houses a diffraction grating
into a slit, thereby producing a narrow Ga
abouitl510nm)ar rTve mmeam was in turn incident

at abiorBt Hz2 The chopper was needed to obta
for use by (or synmampoémnifzed .t dheaelfo@clk, t hi

by dthepper to @amplibdbckr facilitated phase ¢

The narrow monochromatic beam from t he

collimated with | enses on the <cell sampl e
col |l i matmmn twaesr edoy making measurement ind
nowmni formities in illumination was avoi ded.

The cell sampl e wmrsolceo nenleecd terdi ¢ aol as yf sotuer
signal obtained was converttoed! ttd@devodh agrt e

TheV Iconverter also provided gai’?nl@Vi/tAh an
These conversions and gain are needed to
detectabl e) vol tage si-gomal sandaMiooainnTehret &k

vol tage output-iwasmpeédfiptp ahbdbatksed ahesy
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chopper as a trigger i nput. Theref or e, t h
controlled computer interface. Al s o, al | (

interfaced to the computer.

Il n addition to using the monochromatic

mW/ éanonst ant white or filtered |ight. Ther
il lumination (with a DC bias |light) or in
only measurements in the dark wereppgloinsd der

to some samples with a voltage bias source
at OV on some samples, while soma otamegn nme

bias voltage.

Before the QE measurement was carried o
knowswas used for calibration. The | ight sp
if the integrated current density of the r
integrated current dendslowegveft ,tharpaéeviboousm
thAh% due to deterioration of the source |

woul d need calibration after the | amp repl

The correction performed on raw data of

given by
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WheRBEBi 5¢etQE reference data of the previousl
AM 1.5G ®QrdiQE are,f erence data of the Si ce

on the samples under test.

3.3Sd4nwsdmeasurements

| nj ecéevdelpende-ot r copietn v-Ud}t amgeasuUSwement s

carried out on SHJ <cells with Sinton equi
measur emMeandg lofght intensity as a function
312a) . The il lumination provided by a xeno

t hroeeder of magni tVugieasheements| owilmg- t aken
Vodcneasurements were taken witkwase nwrgrl erctt e

Théluminati &g sveplsatst adfd)n. Fi gure 3. 2

By applying the princip}e cafr veupvarsy

construct edVofdracdm tuhse nJunsl 8] .
0 0 pi 6& OQAQWHEE Q o ¥

Whereld hsftcortcuit current dew sditmulleaditeari,ne d

current density obtai fhednraddt dl fdemkent | igh
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The const r-#\ tcewr vpesse u(dwi t R)o uvte rtshues etfhfee crbhe
JV curves at Refderct()wiartle tshewn i n FiVgure 3
curve, -failplseudot or (-pfFfFi ciaenndc ya wegeudoobt ai

resistance was also determined using:

Y og 7§

WheV¥ng(sum® maxi mum voltage -Udyheaa snuerdemgiennotm t he
vidmpevy= maxi mum voltage and maxi mum current

t hd dneasur ement .

Dat a taken -Vogcmena s three mwnmn ss can be used

(parasitic) barriers or contact properties

beyond 1 sun. Under 1 sun, the barrier wil
|l eakage) . Bhutt iantt ehnisgihteyr, lai gsi gni fi cant phot
a barrier opposing the main diode juncti on
shunt resistance would be unable to -fully

VobackWwamdli ng in case of -V®axch ctatt kuyy ali a romi & rn
coll ection RdAdrspéraysFiSiHdr & d@B0al2 ecxehlilb iMd 1n5g8 4S
barrier;100@16M&ni festing col | d4dt0ilo ns hboawirnige
insignificant barrierVoawti | hi gleer ebasghtasi bt

(excess carrier density inside the device,
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T
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—— MC1642-12-003| 3
MC1642-11-001] ]

10"k
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Voc (V)

Fi gu22S@8Yocmeasurements taken on {0H0e013HJ s
di splaying Schottky bWweaurewe (laasc kewnair

bendi ng at hi gher Il i ght i AtZeMI)i ty),
exhibiting collectiom.barveesatasatei
higher |light inbemaveéedg)SHaAdEOIN) aM@E!

I n addit ideermp,e ndpdagwaSulcsonducted to i nves
of dominant recombinati oMhcmems8H& meal |l svasBe
this work, the transmission of a blweS and
spectrophotometer, ad afeprTheea retadddeprern dEing u 1
SuiWswas conducted by placing blue and red
|l ight source. The blue | ight gemrecatéd whr
the red filters generated | ight more wunifo
in addition to the generation at the front
depth into the sol a3 bgel[ll9i]-¥,sseismm g winrst aFki egnu

di fferent ficletldrss, acrkih.gbGemr 3 EP, are sho
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Figu22(a) Transmi ssion measurements of a

Normali zed carrier generdtmagre wemusu®e
M. A. GnHnpéa] 1e6BpPnNSWN’SBEEmcel |l s with
filters.

't i s seeBt hat Fti-Ha&rki Bé &4 which generat
front junction Vpo oldhuebeddefdi H& ehri gabheiscth gener e
l ongest wavelength th%e WhhE5e6s rapnddo @ uhcee d etdh «

filters (that generated carriers-Hhétaintitmg)
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produced anVdivratlairemediTahties si tuati origdegges

recombination in the cell under measur emen

3.43Lnstrumen$awvsdomadwmrement s

The Sdcegui pment from Sinton comprises
photodetector, power supply electronic <cir
analysis). The schematic of tdha)egundpmbet.i

of the setup i4 b9hown in Figure 3.2

The |l ight source was ©provided by a xer
equi pped with two diffusers to ensure unif
neutr al density fi Mareabar ememwt ss.nt Emes i egu
depl oyed a separate monitor <cell ( Si phot o
To ensure the,hmeasunmrmemnmemwtf, tthlkke photodet ect
flashlight to match the bandgap of t he Si
clai bration numbers (different aperture si
measurements. The generation rate was comp
vol t agen ajturncdtei opn -ppdi ntth eelceecltlir,i caal2cpr alhe we

cel |l s.

The power supply electronic circuit con

network. The oscillating field in the coil
cell sample resulted in an eddy ccuoirlen[t2 Onh
according to Lenzdés | aw. Consequently, thi
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umi nati on i nt

in the same order of the 111
acquisition was obtained in about few mil]l
(a)
Xenon
photoflash
Photodetector
Sample 4
te GPIB  Computer
Photoflash coil 2000 -
power RC network t Connector
supp|y '_l block

enon [
photoflash
lamp

di-hgmeam ua fe me nSi rsted ru pS U 1

Schematic
setup.

Figu2¢(3a)
ntvggne8esor ement

a Si
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3.3Spatiraeklbdveed rol umi nescence

Solar cells absorb | ight and generate ¢
terminal s. |l nversing their operational mo d
voltage | owers the potenti al bar recetrabdte t
emi ssion of |light. The electroluminescence
achieve this |ight emission at forward bia

The EL reveals information about optica
emi ssion at (&anpsy)dpiorseicttiloyn proportional to ¢t}
inversely proportional to the recombinatio

oo O ooh 8 O& o8] U

Where E = photon energQE (E, r) = energy and position dependent external quantum
efficiency which reflects the optical and recombinational losg&3,= Internal junction
voltage, which accounts for the resistive losses (increaie would result in junction

voltage drop)KT/q = thermal voltage.

3.53El ectroluminescence instrumentation and
The EL setup consists of a chaigmuples device (CCD) camera made up of a

siliconrgermanium complementary metatidesemiconductor (SGe CMOS) image

detector, a framgrabber, a dark box, cooling fans, a dark box, a Keithley 2400 SMU, a

four-wire electrical probe system, a vertical stage, and a computer. The schematic of the

measurement setup is shown in Figur&@Pand the Image of the setup in Figuré&s@22.
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The dark box encloses CMOS detector, the vertical stage for sample mounting, the cell

sample, and cooling fans to provide ventilation. This box helped to eliminate any stray light

from getting to the detector.

(a) Dark box
i Frame
g:’:g:st(;?"age Video grabber
F. out oo [ ]
- hf — == o
@ [aVaVaVang —
“ = - i
' —
Keithley "\__ sample 1 1
2400 SMU " Vertical stage - o
[ | ;)z \
Computer
(b)

Dark box

&

CMOS image
detector

Fi gu2 ® (aBSchematic diagram of a spatiatgsolved EL measurement setup (b)
Image of the EL measurement setup.
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Since thelsc value taken with a-¥ simulator on each cell was above B@/cng,
then, the total current flowing a cell area of@bwas estimated to be around 80 mA.
Therefore, a Keithley SMU was used to inject a maximum current of/88n each of the
2.5cn? SHJ cells measured. The SMU was connected to the cell samples usiigea 4
electrical probe, thus allowing current and voltage to be measured independently, such that

the effect ofRs on voltage bias was eliminated.

The current injection drives the solar cell into far forward bias Mgawhich
reduces the barrier at the junction, thereby enabling holes and electrons to combine
radiatively, consequently leading to photons emission. The CMOS detector (which was
held at-80°C with a thermolectric cooler) detected these photons emission from the cell
under measurement and then sent the acquired image, through a sensory frame grabber, to
the computer [23,24]. The frame grabber was configured to convert a video bigtial (
the NTSC and the PAL formats) to a digital uncompressed or a JPEG compressed image.
There is no spectral resolution since all photons with energy > 1.1 eV are collected by the

CMOS camera and processed identically.

The expodeyreoftitme Gample was controll eo
(FR) and the integration time (1T), determ
5 p 0OY
"0‘Y8_ucu og @

WheFBE frame rate

numberl Fofi nftreagmeast ipoenr tsie

per | ines.
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The computer contained an installed FIJI software for image acquisition and
analysis, and the ImageJ software for image processing. Both the FIJI and ImageJ were
obtained from the National Institute of health [25]. With ImageJ, an image taken without
any airrent injection (dark frame) was subtracted from the image taken with forward
current injection, to further eliminate the effect of dark signal and little stray light that
reached the detector. An image taken at forward current injection is shown ie Figur
3.26(a), an image taken without current injection is shown in Figure 3.25(b), and the

resultant image after subtraction is seen in Figure 3.25(c).

(a) (b)

Figu2@(8d8) I mage taken at the forward curre
current (c) Resul t aeftf @ anta geef adttreay slui
removed.

3. 3CéapaciMoanosegpes ur ement s

Capacitance profiling method can be use
the width of the depletion | ayer in solar
defect states. As explained in Chapteof 2, I

a eneded junction as a Vijuncitni ownhiocfh DCh eb iaabss

doped and not fwlolly demlsetwend | &t ther cemi tt e
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extremely thin. Al so, the c hcahragreg er ersepgoi nosne (
of the absorber | ayer. The SCR or the depl e
charge density remains t heélhcs aAnse daes itvheed 3 GR

(2.210), capacitance is given by:

P Cw
3 o o8 X

n-00
Using the equBh/f®en¥ym.o2x7) ,catBtebdt mak WMoplot,
generated-Vf remut he 7Ca) .Fi Gidowpr e xA.i b1i/1C a |
ver¥uwsehavior for a crystalline SHJINaell ,
and thHe bvwoMttatge e extracted from the sl op
Howevelr/?€@e¢hwusl ot for CdTe cel tuniid omaont dloipn e
and relatively high density of deep states
extract an aMraawmidawiet hv atl-Bieeh ddtdtt ky appr oach.
concentration -iinl Mmh@dTeaseelolfs twaeni olat aivee c

equation (3.27) as

o)
N

Q
Qwd R-00

Therefore, the doping density gives:
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The.equation (3.29) can also be written as
. : 0 .
V) V) w 7 oW T
.« QO
L
And he depletion width, as derived in Cha
o 0 o
W —
3 P
Using the equation (3.29) Nower(&8wues3 &) owdras nse
farhe CdSe&£€/ddeSesDbe cel |, @sc)s.een in Figure 3.
4.0x10°} (a) 1.4x10% - (b) ]
35x10° | 1.2x10% - N:’t/ﬂ“ed ]
_3.0x10° | T 1.0x10° )
E . E 8.0x10"}
© 25%10°) > soxol. ch=57x10/15 em3 1
S Si cell [3)
2.0x10 —— CdSeTe/CdTe:Sb cell = 4.0%10% ¢ L Vbi=075V ]
1.5x10% 2.0x10" 1
——Si cell
1.0<10% | 0.0l — cdseTe/CdTe:Sb cell ]
0.;)1 Uj‘l 2.5 -2|,O -1I,5 -1I,0 -C;E 0‘,0 OTS
vde (V) vde (V)
(c)
107 ¢
———CdSeTe/CdTe:Sb cell
”‘Em‘ﬁ—
s
3
=z
10" ¢ Atov
Ngy = 6.3 x 1013 em™3
10M L x=0.91um
06 07 08 09 1.0
X (um)

Figu2e(38)Y Gneasurements takenC@b€@d@8rs0Sar vee
at 100 Kk#z h(oh)t kMo tptl o tGd SeQTdellb g SBi swvka
cell s at 100 KkHazvercs)usEdsg8aoedtei 8h o061 &l
cell at 100 kHz.
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3.63Contribution of deempml|dtagytee snetad uc &@pneait tsa

The depletion approxi mation using equat|

holds in the presence of high significant
Newal ue is approxi mately equal to the free
significant defect density in the deep st a
this cMwal] uehés overestimated, being a cor

and the charge captured or emitted from th

As discussed in detail I NnEe)Chaafptarsi2nglten
trap state is given by:
I gl Y
O QYO(W—E— QYaf— o® C
WheEe demarcation energy = energy separati

states at t he demarcation di stance

¥p=F¥0T°=NMm = t her mal em+ sastitbo@mptaptatteguency

a tempeememdent p=arod nee tcearpstpuatei ocrr dls&sBout 10

cmM) Nv= effective density 0P Ystale8T Mmhodhe v:

thermall &'¥l=ochon/ys .

According to equation (3.32), Il ncreasin
a | &&wmeirEeel oser the valence band), |l eadi ng
capacitance measurement . Il n other word, i f
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contri bulNceo bttoai mapma cfirtoam

the frequency

and they wild.l not
shall ow states is a
frequeBbgcomes [Eanoyerd
emi ssion rate of the
¥a}, then the defect

capacitance

contribution of bot h
the frequency of the
at the | EC.
(a) = 1kHz 10% |
* 10kHz
H 4 100 kHz
16 | 4
;‘10 i - ‘: &
¥ & b 15 L
§ ‘ngqp‘-‘:' g i 81
> >
z e’ z
10 E 10 |
CdSeTe/CdTe:Sb

Figu2e(3a)

n

0.0

02 04 06 08 1.0 1.2

X (um)

eclaorsrei ea p pdreonxsiinayt.i oHho wo

(@iwaeg . fr

deep st a

adf<riih,e tAhCe sdiegfneaclt (sit.aet.e wi |

om the val enc

te defsect s

S

statesi kgepnupgnwiovier e

val uB:.vwo b@@an mequ ethrtang a § &t eheene n t

the shalNNwiwt mndhdarmege d

BCarxifgmral Cd Se Eedn/o@udh T e nc

(b)
=T = 300K
T = 250K
CdSeTe/CdTe:Cu
0.0 05 1.0 1.5 2.0

X (um)

Variativan t of t hde f Nequency of

t

cel | cywWibt)h Vtae mmd rn atnu roef

CdSeTe/ CdTe: Sb

measur ement on CdSeTe/ C
Aside from frequency, the
the deep states.
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deep states). The capacitance measured in t
states. Heiwe vieBewme t dve t owards the valence b
temperatures. I n t his case, onl vy t he s h a
measuremé&nts, at cl®se appaoxi ematdensoNcyfrEle

with temperatures3(bys. shown in Figure 3.2

3.3A€.R2ircui't mod el of a sol ar cel |

An LCR meter was used to mmeddur eBatsheed c©oa

LCR meter setting, the real (resinstiuneaelt i aamc
sol ar ecietlhlercane represented in series or in
in FBXua)e and the parallel 82 klu.it model IS
(@) o (b) T
— Cs
Gp < = Cp
S R
: :
Figu2@(38) Series circuit model of a sol ar

cel |

The i mpedance o»B)f ian Ski2grrse €si gicuen fy:

O Y =, o® o
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WheRe seri es Csr=esciasptaacnictea,nce Y n=fa2seamngsl ar

frequency
Similarly, Y)heofadamiptaraanlcl@edAZb¢i rseugt ven Biygu

® O qQ o oD T

WheGe shunt cGrdecapamcceance ¥n=fa2paamglledr

frequency

Equating (3. 33)-qindes(3.34) as

5 114 p 7£)-|6
O o] o o v
a vy P p QYo
O
By rationalization, the equation (3.35) 1is
given by
T T A R o
O Q o Q o ¢

p 1 YO P 1 Y6

The rel ati on6yaingl Raidstewreeemnr eesheent ed by t he r e:
(3.36), given by

1 YO p 0O

© Vs & o

p
5 @

While the rel atChaomck Giilpe bepwesrentled by t he

the equation (3.36), given by
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p 86 p

0 Yo 5 o o0 0w Y

Where ofyy= dissipation factor of a series

Similarly, equationg—qdi3ves) and (3.34) a

. P P
Y Q6 0 O b 0% W
By rationalization, the equation (3.39) 1is
given by
Y © o 7016 o8
16 0O 16 O 1 6 n
The real part of the equation (3.40) is gi
Y o o8
O 1 6 P

By -arer anging equation (3. 44and Gihhse t dlust igo vs

by:

8% 08 ¢

While the i1 maginary part of the equation (
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By -arer anging equation (3.43and Cihhse t &dluast igo vs

by:
1 0O
" O g PO o8
0 TS o v
o)
Where"-_tlélD—E': di ssipation factor of a parall el
T —

The dissiDatienubadt o6 or gtuea nafi fayn tadhsec il lolsast i «

ratio of resistive power | oss to reactive

3.3l 6sBrumentati omotboageameasuaement s

The schematic -wdl ttdPe ofeePaasairteanseendt isne ttuhpi
wor k i s sho3Mha) narrtagtferéeh & . set up I3PbHhewn i n
setup consists of a 4 Hz to 8 MHz Hioki L C

digital multiYibetasr adBMiherg r2aPiyniehdoncomput er i

temperature controlled Linkam cryosltaatte. Th
|l ocated inside a Linkam cryostat chamber,
controlled during measur emantne.d TMhe sckeattaioln
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\Linkam Cryostat |

Hioki LCR meter | adapter
"l‘

%

L[] ]

Keithley

2400 SMU Keithley
2110 DMM

O

—
' GPIB & Python-
programmed
L4 computer interface

Bias
adapter

Figu3e(a) SchematvVi cmeafsut amerlCtmagét uMe ( IC)
measurement setup at the | EC.

160



The LCR meter was connect edprtobe eCdelet rci
system. The meter used a small AC voltage
i mped#&ncoen (the sample. When the small AC s
current response consisting of curplasecom

and-oduhtase) with the applied voltage. The a
w0 w0Q w AT100 OET o o8 @
Considering a capacitiv¥ adomwiRsedtieed €c inreglu ietc

the current | eads thasvektagelnhb), guipbraad8fedra

current gives:

0 00 w AT100 % OEIN 0 %o o8 X

Th¥of the parall el mod el i s given by:
o p ) TN Y ) 5 114

W & O Qo O Q o o8 Y

The magnitude of the Y gives:

A "0 Qo o8 w

And the phase between the current and the

1 0

0 o’ TT

O A%o

WheGe conductance ( WRBi=t Siums cRipgagmearcse)X(F nl/Si

wheX=e reactance (i n Ohms).
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The tot dl meuasruerngd (from the LCR meter gives

0 Gd “©0 Q8 o p
(a)
T Im(i)+ (b)
G § —=c V“wc""""""'i
l ? VG Re(l)

Figu3®(ad8) A parallel model <circuit represer
representation of a parallel circuit

Il n Figodreha&8. Keithley 2400 SMU (which s
provided a bias voltag¥&baasossaphercelThesh
series withptbeeceeétd sBhepLER meter from ex
With SMU being ciomtenff deddbyompGPéeéB, the DC
from the reverse bias to a forward bias re
were measheedCRi tmet er . The output voltag

measured with a DMM and the results were r

3.3Cémplicationsvolftzgpameadsamecement s
One of the complications of the paralle

l ow frequency of the LCRameteovelatdddeprrpolelse
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a device. I n suRdham ma@aslegngder kdfredl ot ed,

3.183a) is redrawn as2(that shown in Figure 3.
@ g, ®) R,

AN AN 0

Vé/? %Gp JTCP Véx/? —ZCp

O

Figu32(38) Parallel equiviBéeheéctiflbuiPamall ¢
circuit behpausnagfl |l kerauhdwr Ra hi gh

Il n parall eR>mGb/exRC>whEeRanhtd €f bem -pmpad ow
filter circuit 289) shbendingFiguandehBghaed di
consequently |l eading the LCR meter Disading

hi gher eitRef dbhe ttevhicghor | ow frequency

i nl eads to a |l arge error in determining the
o 2 L% 544 o ¢
v O
WheQ=e quality factor of the measuring inst.|
An approximate value of the instrument err
D‘Q‘l‘lé{mpp—: o} o

According to ®gulti &ne(B8Bob3wpubtd be kept t
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The problem oDi bighetival ael pfobserved

vol tageagft¥HMApr @due t-wphdsuaggkeCinurrent resul ti

| ower i ngn ojfuntchtei ojm barri er. The real Signa
capacitive signal. Therefore, capacitance
was inadcwaat @oanconsi dNevwr e dAnasi nas tnaenacseu roef o

FiguBea)d3.®8Bs peaking bwhadi at at reheqgieerwyr
of 1 kHz, thereNbylapaodsacisegdibdpnsyughref Be
mi nzend when the measurement was conducted ¢

in Fi @ua)e &Bnd3 ( b) .

e ; . — o . . . .
3.0x10 @) i 100 10 (b)
2.5%10°% i 80 107k - ‘
2.0x10%4 Cvs. Vg, Dvs. Vg, : I
NE 15x108] ——1kHz | [--oee 1kHz 60% § .
i — 500kHz| f::e-- 500kHz i: o 3 1015 [ f L] R
; 1.0x10° / 40 g z L] '-I )
4K 14 [ ':!}..
5.0x10° ettt i —-/ 0% n Tee
L 1 "
0.0 ; 107 = 1kHz -
B.0%10% ] e enaens IRLSU R I 1] .. .500”-.'2 o
1.0 05 0.0 05 05 00 05 10 15 20 25 30
Vde (V) X (um)

Figu3&(ad8) Effebonoc¢apaghtance resultis taker
hi gbhies observed Vsg bl)a rHjagrheedrtoirmwvg rrdo i sy

at | ower Kk Heeqoune ntchye (Measurements t akecé

cel |
Besi des measur ement error at l ow frequ
frequency (O 1 MHz) can introduce a parasi

i naccurate capacitandehaodsysewsrud mesntaf Fmegas «
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conduct@dS eTeT/@an SbHaantd MBHZO MNhiea ken at 1 MHz w

close to an ideal CV Iline due to error i nt
1017_
1016_
g
-~ 15 L
310
z Ideal line
1014_ . 1 kHz
4 10kHz
v 100 kHz
107 ¢ 1 MHz

02 04 06 08 10 12 14 16
X (um)

Fi gu34N3measuremadtst ekiHzfoMdthe L r o Newarsul t s
seenMidtiué to stray inductance of the

Further mdrmeas hree@ent Neealsp s tf axhdalt toanigrh otf h
the thickness of the cell, with a d4dgati al
| n ot hdsgowoerrdnss, t he spatilalnfdxuteenncte o vheer dwhsi
char gexs>.>phmue t hold to neglect the transit
However, complication could occurlpahereby

because of minority carriersd injection fr.
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3. 3Dr7i-lveevel capacitance profiling
TheVCmeasurements described in section
interface in addition to defects at the bu
and the bul k of the CdTe <cells rebdylted i
However,-lekhel dcapaci tance profiling (DLCP)
bul k states whos &aearde rnyt isse ngrieadtveer ttohamt e
at |ImRiwee. hi gher ff=r elgOu0e nkcH/z )( eaarg ulr awB=e . tge mpa
200, the DLCP gives a more accubpptehaal ube
CV measur ement [ 26, 29] . Il n addition, when
deep states, the DLCP can accurately esti mi

to an AC signal

Il n this work, the sanfe mem@wiurmraeretntseti mp s
was used for DLCP mea¥umeaneumtesme Tthe we e dac
a fixed smaVa) A@pivbdbt utdgBPbCP5Meadur &t nt , a
peak ACVWj)p)olwaasgeswWept fromm¥g dmalal | ammglei taumge
mVy for each appl i ¥dvavwo |lvtaa\g ez aso idadhteo Asxart fted
a way that the maxi mum applied voltage r em:

Therefore

W ") ") od 1
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Constant applied
DC voltage

Maximum applied voltage (V)

Vpp.?

Time (au)

Figu3®V&8riat medlpéakhAC voltage during the
Theaawd dMer & changed in such a way t
voltage remained constant.

Since there wasVa@g tle gPLQRrampi @ach nno

s maslilgnal condition. As detailWwgi ehd€hhpghe

order corrections, given by
0 0 0 w 0 w E 6 61 w 61 o E o} v
Whe€Ce small signal pdra&p=acliitnaenacre c(ournrietcst iionn

i pFJyyVY that all ows the det er mx,at ihd g heefr wtra

capacitap&AdV(unit in

The%2der polynomial f iCd, Wdwen duGiehdel tesertr &

equation (3.55) for various apPpplied voltag
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Figu3eP8lynomial fits appligdhd&hd DLCP resu

The coe@Ghndi € Cevsetreer rused to esti mate the i«

the prsigiivean by [ 26].

&

Wh e Near = edf-aarer i erc Ml egn(s ,exyed(ensity of states

| oc ax¢(iceBm e @) Fer mi energy in the bulk (far

As previously detailed in Chap&@rs 2.i vieme bfy
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\'e) o® X

The plot ver@Xor a CdSeTe/ CdTe: Sb so? ar cel

1016 | _

— 1 kHz

— 10 kHz
PR 100 kHz
-E1015_ J

~

C

(

1014 L

x (um)

Figu3®2TBe plhot wdr &lfsor a CdSeTe/ CdTe: Sb s
frequencyk Haentdwlellda@ 1r oom t emper atur e.

The DCLP measure shall owEac ddee poern dasn do rd «

the cell temper at ur é&aca nldh et hDeL CfPr engeuaesnucrye mae fn
frequencies and/ or | ower temper dtrer@aes i grod
density (with no bulk and interface contr.i

case"tehen pf the equation 3.56 approaches
Il i ne. However, | ower frequencies or hi ghe
esti mat rcoanr roaferf rdeeensi ty and bul k defects de

t oetmeasur ements) .
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Each of the deep state defects are expe
can be summed up to give the overall dens

interaction bgfEt,dJxeeansthussbeThbt ai"fed nmfrom

of the equation (3.56), to give:
0w 2 o
Q0 v

Di fferent defects (such as vacanci es, i
boundaries and so on) introduced different
states within the bandgap ig( K nxo@hheE axse )t he
critical to the perfor mance of semi condu

optimization is required to minimize its e
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Chapter 4
| NVESTI GATNNTGON DEGRADATI ON I N SI LI CON

HETEROJUNCTI ON SOLAR CELLS UNDER AN ACCELE

TESTI NG
4. 1l ntroduction
Il n recent year s, emphasis has been shif
architectures of highly efficient silicon

record efficiency of 24.5% has beenaatthiev
(PERC) solar cell [1], and over 26% with t
sol ar cel |l [ 2], the back jSuHJc)t isoonl asri lciecloln [
interdigitated back contact gitthesse thedlerol
the interest in silicon heterojunction (SI
passivation quality provided by the-extrer
Si : H), which reduce surfa¢c€i ggefebeseby 1t as
hi gh-copemni tVovol tagaddi ti on, the SHJ sol ar
climates due to its | owetrt akmmpmWaKumaedcode
temperature coeffici @nt0laed Kf i[l5]] .f dmnt sru c(hF R)
can provide a 10% power increase relative

crystalline sil i ceampesrcaltaurr ec eolfl aabto ua nBOdAUCT €
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Despite the outstanding attributes of SHJ cells, the economic viability and the
concern about lonterm stability pose a barrier to largeale commercialization of this
solar cell technology. By 2030, the market share of SHJ solar cells is expected tggro
to 17% among other silicon technologies, and module installations in deserts, tropical
climates and other special environments are projected to climb to about 25% [7]. Therefore,
approaches to ensuring lotgym stability and reducing manufacturingstare critical to

gaining a growing market share.

According to past |iterature, SHJ sol ar
than the diffused junction solar <cell s, un
rate of about 1%/ year in SHJ PV modat esncon
crystalline Si solar modul es has been repo
1. 2%/ year in SHJ PV modules compared to a
modul es was published for PV motdiud eso n diistt iad
[ 91 . | n s ¥nhearsalb esetnu diegpso,rt ed as the major f
degradation in SHJ solar cell s and modul e
contribution to performance | o0oss itherSHJ s

reliabilaomiyc awnida eiclointy of this ted&hamd ogy,
FF degradations need a thorough investiga

mechanism and the techniqgues needed to mit
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4. 2l nfluence of exposure temperature on

4. 2Médtivation

ThougWdtehger adati on has been reported mo:
l oss in SHJ solar cells and modules, the |
been observed with aging underl dse!| domiomalt
by FF has been reported for SHJ modul es t
conditions in I ndia. It was reported that
the initial val ue was attrinbwteed etsi)ytelse sp
andgdlmunt conductance [10]- i AkRadoe, gt FaFd adt e gorna dhe
been observed for SHJ modules that operate:q
FF | oss was ascrRiwhedc ht op oasns iibnl cyr eaarsoes ei nf r o m
transparent conductive oxide (TCO) | ayer
di sconti nYii-Biy haett erhoei nat er face(s). [11,12].

Degradat i ofni liln fpascetModhoa ¢y pFB) santbeen repo
solar cells that were exposed to elevated
The degr ¥Ydatdi opnFFi f ol | owed by a reveamdry pt
pFF degradations were ascribed to a decrea:t
in surface recombination. It was conclude
degradation occurred during theebhowelwbrat e
t he -ilndbhded defect is not strongly activat e

Understanding the factor smicnomtirzieb wtri mpg o

eliminate the potential | osses, and further
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To investigate the possible factors that

temperatur e, teet asmudgred tSHI 2s.blcar cel | s, wit

(1' TO), to ALT wunder 1 sun il lumination i nt e
SHJ cell s °@exworsednadr 9Y st able even after =z
120 for 1000 hours degraded i n perfor manc

domi nated by a significanW: FFhe esal lwsd Wwre ae

analyzed to obtain the possible factors co

4. 2Sampplreeparation and exposure conditions

A total of ten unencapsul ated cell s wer
was divided into three parts. The details
explained in section 3.1.1. The ALTt heexper.i

details of the chambersd operations are ex

I n experiment 1, a total of four cell s

chamber for 1000 hours at an el evated temp

in argon ambient. I n experiment %, etxlpe sfeadur
during experiment 1 were batched equally i
were exposed to ALT at 90AC while the rema
an additional 1000 hours under AmiBiuanti.l |
Therefore, the tot al ALT duration adds u g
identification number and their initial el
conditions are shown in Table 4. 1.
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Tablle 4nitial average electrical perfor man

# Cel | Cel Exp Expos I nitV aPerdf or mance
Celldentif Are. Temg Ti me
# (cIn (AcC (hour Voc Jsc FF
(mV) (mAPAc ( %) ( %)

Experiment 1

*4 MC16-30
MC16-090 2.
MC16-61
MC16-048

90 1000 709 [36.9 67.5 17.7

(¢)]

Experi ment 2

*2 MC16-830 2.5 120Addit 716 [36.7 67.9 17.8
*2 MC16-09 1000
MC16-67 2.5 90 Addit 698 36. 9 67.3 17.3
MC16-048 1000

Experi ment 3
120 1000 713 35. 8 68.0 17. 4

2 MC1663 2.

o

MC16-67

MC16-98 c
2 uélesp 2-% 90 1000 713 37.0 67.7 17.9
2 MC178 2.E5 45 1000 704 35.1 64.6 16.2

MC17-06
* Four cells in experiment 1 were Se«pa&mratmedtin
2.

For wvalidation, the same conditions 1in
But in this experiment, an exposure temper
Si X unexposed cells were separated icmmto 3

were exposed to ALT conditions for 1000 hol
in different chamber s. The details of t he

identi fication number are shown in Tabl e 4
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4. 2CB8Brrent vobénsigey measur ement s on cell s
conditions
The nor WalpiezrefdordJmnances measured versus
Figureil{d)(a)Each data point represents an

hours in

experi med?,

1 MOBEE 9 OMEEH06 158 d MTELI6 6 A 0

wer posed to the ALT at 90AC and were stabl
exposed at DOAEGndMmLE6RO®mMai ned stable whil e
at 120AC-20MQ@GIn&d5 7MT)N 6 W@ gr aded i n el ectrice
per f or madactei odne girsa domi nated by FFW@sd, wi
t hJe¢ as stated in Table 4. 2.

Tabl2e ®Rel ative change in electrical perfor|
of ALT exposure under 1 sun il l uminali

Cel | Il dent Are Exposure Rel ative Ché¢

( cHn ( AC) Perfor manc

Woc qdc oF F  ay

(%) (%) (%) (%)

MC16-61, M@ 2 . ¢ 90 (2000 -1.:+0. 2.1t -3.'!

MC1630, M@BL 5, ¢ 9090 (1000 -3.:-3..-12. -18,

120 (100¢
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@ | - ()
1.02 "Exposure T = 90°C Exposure T = 1 1.02 -Exposure T = 90°C ﬁExposure T= a
8 I 190°C vs. 120°C Q i 190°C vs. 120°C
> 1.00+ ' =] 1
o L 8 1.00+ -
[0}
N 098t = ’
g £ 098+ .
G 096+ S 1 | |
pd | i pd .
0.0 Exposure Temp = 90°C ] 0.96 Exposure Temp = 90°C .
7 [|—— Exposure Temp = 120°C | —e— Exposure Temp = 120°C
0 500 1000 1500 2000 0 500 1000 1500 2000
Exposure Time (hour) Exposure Time (hour)
1.05 (€) o4l @ T
| Exposure T= 90°C ggggsureg;oc T Exposure T = 90°C§ ExEosure T = ]
L 100, : vs. ~ Z100l 190°C vs. 120°C
8 g 0.95
N U330 1
% 0.95 =
£ - € 090+ 1
S 090+ 2 085l
—— Exposure Temp = 90°C "~ ll—— Exposure Temp = 90°C
0.85 \——Exposure Temp=120°C  ~ | 0.80 Exposure Temp = 120°C 1
0 500 1000 1500 2000 0 500 1000 1500 2000
Exposure Time (hour) Exposure Time (hour)
FiguteEWhectprirdalr mance of SHJ cells exposed
il lumination intensity in argon ambi

and at 90AC vs. 120AC between 1000 a
Nor maldce® dE¥posure tisges(Bxpbdboesumal it iz:e
Normali zed FF vs ExpdwaurExpgaaner € dt)i rie

The |l ight -g§sndutwesdabkaidned before and
the M@DU6%BANd -MT1608®0experi ments 1 and 2 are
4. 2(b) respectively. At the efposeté uvenpe
ALT aiemmed stable and tidrage/ewadisr vnecss faosr nsaeteino |
4. 2(a). Heweawerd,-V|Idcylmsv eJ was observed after

experiment e0n9 tcheed IMGIx6pP0s ed at 120AC; as s
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shape -M icguhrtvel emanated from an increase in
TCOKSa: HEp) HEil )cdent act of the SHJ cetlylpest r uc
SHJ sol ar cel I, the majority caearf e-T€0O[( al
Si: HEn) H8ii ) tont act as r eP/r ecsuanvtee dwhh yi et hen e
carriers (hol es) are ce&lil:eHStpe dHEti N tomg @ ct he
represent edV bcyurtvhee. |Asg hsteeln k AJ Fiug wree ddo.es( |
di spl syhapreddxcurve because there is no barr.i

change i & tchug vekasr kafX er the ALT experi ments

Ry , as displayed by theVcbangesin the sl op

40 | a T T T T T T T T T 40 L b T T T T T T
(@) Light Dark (b) Light Dark
[[—— 0 hour ——0 hour y ||——0 hour ——0 hour
20 {-==-1000 hours|= = =-1000 hours . 20 p----1000 hours |- - - - 1000 hours ]
------ 2000 hours|r--++- 2000 hours |+-=-- 2000 hours *+++-- 2000 hours ]

rExposure Temp =90°C .
Lfor 1000 hours & 120°C .-~
| up to 2000 hours

Exposure Temp = 90°C
~  for 2000 hours

)
o

Current Density (mA/cm?)
o
[¥)
o

Current Density (mA/cm?)
o

A
o
T
1
1
N
o

0 200 400 600 800 0 200 400 600 800
Voltage (mV) Voltage (mV)

Figu2elL#ght aWdcdawksJobtained before and
under 1 sunntkehemitgwaandni n alr4g ocne lalmb i
exposed &€t fDr =20i0M0e ard yr sst abl e perf

MC1609 cel l exp@skedr a1l 000 =h&Drfsorand
another WL&d0@dhoturstable in the first
thereafter, -asapeidemtein the s
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For validati on pur poses, t he effect 0
investigated in experiment 3 -0w8i,t hMa@xl&tss? o f
MC16-08, M@D12652M@D17 1&nd -IMENL 714G he normal i zec
performance bO®@®Q weewnr € asnndsHdwB (idy . FEgquehe 04 .

points represents an average of two cell s.

As seen i ni4ki3g(udr)e, 4t.h3e(rae) i s a significan
to a sl ightVoarnadpltiihoer btoliéan ¢ dlel s e x pOo3s eadn da t
MC16-67) in experiment 3, confirming the re
cell s exposed -88 AAAC-MCMEFTERINAi ned nearly

performance while theé &NOCTs (MCAFdd® dM@)L 7 86 A

showedi nldiugchetd per for mance | mprovement. The
consiwsténtprevious reported studies; whereb
50AC has been shown to improve SHJ cells aj

density of -arcedombiimatteitdijacel ssabhesexpadasdSur e

wth a | ow temperature annealing was assume
guality [20]. The relative change in el ec
experiment 3 is shown in Table 4. 3.
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1.02} _ _
S 100l | 8102 _
° B 1.00F .
N 098 - % ' 1
g . £ 0.98+ .
E 0.96 | [—— Exposure Temp = 45°C 2 096 ——Exposure Temp =45°C | |

| [—=— Exposure Temp = 90°C —=— Exposure Temp = 90°C

0.94 .
i —-—Exposure Temp = 120°C 0.94 - —— Exposure Temp = 120°C|
0 200 400 600 800 1000 0 200 400 600 800 1000
Exposure Time (hour) Exposure Time (hour)
1.05} 4 1A 1
1.00 | -
m _ S1.0¢ -
Eo.gs_- 18
2090 1 go9} 1
‘-O_ i - o (=} L
Zos85| Exposure Temp = 45°C |1 Z Exposure Temp = 45°C
| —=— Exposure Temp = 90°C 1 08H o -
| —— Exposure Temp = 120°C | = Exposure Temp = 90°C
0.80 : ‘ : : : . |t Exposure Temp = 120°C
0 200 400 600 800 1000 0 200 400 600 800 1000
Exposure Time (hour) Exposure Time (hour)
Figu3eEWectrical performance of SHJ cell s
1000 hours under 1 sun il lTumination
exposure temperatures of 45AEvVSES. 90

Exposure timesdd)ENposnade zeddmd (c) N
Exposure timegvSdExNosmalei 2 é ane .
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Tabl3 Rel ative change i n el ectrical per f o

experi ment on the SHJ cells wunder 1
3)
Cel | |l den Are ExposExpos Relative Chang
# (¢’ Temp Ti me Perfor mance

(AC) (hou g¥oc oqkc oFF qn
(%) (%) (%) (%)

MC17-Q68, 2.5 45 1000 +1. +0. +1. +3.
MC17-Q6
MC1608, 2.5 90 1000 0.7 O 2.4 2. F
MC16-62
MC16-63,
MC1 667 2.5 120 1000 2.2 -1.8 -11. -15.
TheV Jcurves for cell s exptosmple rtaot ArLas i of

(MC1®80Q0 and those expeedsiegd aate IshmAG (i MC IF6 597
4. 4(b) respectVedegl. | ThrepdLddb ba&t a temper at
of -ahap/eclirve whi l0g tcred |IMCkGIseod agthdpBMAG
l i gWtcdrve, and this is consistent with the
sshape-Vl icurtvelJ i s evidence of holes coll ect
of exposure at 12 0sAhCapreHo we VvV sr .nog u oVsanm ved

curves, indicating trdirmti njheatei ars. no barri e
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40 Ha) 40 [( ,
@ Lign Dark (®) Light Dark
l——0 hour —— 0 hour — 0 hour ——0 hour
20 - -~ -1000 hours|- - - - 1000 hours 20 - ---1000 hours|----1000 hours|//

" Exposure Temp = 120”0’,"

Exposure Temp = 90°C
- for 1000 hours p

- for 1000 hours 7

)
o

Current Density (mA/cm?)
o

Current Density (mA/cm?)
o

A
o
T

. -40
0 200 400 600 800 0 200 400 600 800
Voltage (mV) Voltage (mV)

Figu4elLdAght avdcumvdé&s Jobtained before and
argon ambi enti lalnWmiumateiromn ismuthnensi ty &

(a) MOB6X®EI| exposed at ifear OPAEt &b
perfor manee apred maursd®7(bpl MC2E&HPGEsed
120AC foriddad@drOehdbaud ssi gni ficant-ly 1in

saped curve.
4. 2SdrAsdaneasurements on cells under varying
To gain more insigh&osmeadournedme rFtFs | wesrse ¢
under a white |Iight on cells exposed to AL
hidden barrier in SHJ cells is revealed at

cells, as ddhlppayeidgtotg slhni s better reveal e

intensity witdodneashelkmeat .a Suns

Barrier is prominent at a higher inten:
i ncreases t he caiSii eatbsdebeirty ther dafher ec al
electrostatic (and weak band bendingh and 1

consequently creates a hiTghhee r-Supnassasiuere meot b
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candiot elettlexct c o(lbleeccatuisoen tlhoes smeasur-eimeatist we
condi tiJdJden,0)Wwut hrat her TleoBdhwrate ome haisrse d
same at O and 100@4hcedl s feaxpotsikee MCL1E@OnNper
the recombination r aHoewedviedr MOA 8 S hdnlenly et e ree
waspoaor col | ect iloOn0 Ce fhexgicesnoafye attfot teaehmegp eAlaTt ur
120UC, the uncollected hol es r &/ nebsi pneecdi awi |

at hliigghmrensi ty as seen in Figure 4.5(b).

—
o
™
—_—
Q 4
S
L

m

[ -

3

@ [ —0hour

210"~~~ 1000 hours 3
g ------ 2000 hours

£ 10°%¢ 3
c

Re)

= -1 4
_E 10

g Exposure Temp = 90°C

for 2000 hours ]

—
<
LS

0.5 0.6 0.7 0.8
Voc (V)

FigubeSd#smeasurement taken under a white
exposure in experiment 1 and 2, i n
illumination iO#erceilily ekiploesddd é 9D aOrorA
with no sWicfutr vien b®umwseen 0 and0R2000 h
cell exposed at T = 90AC for 1000 ho
1000 ihsoiugrnsi f i cant b ar-Voiceurr vvei tbhe t swheiefnt
hours and 2000 hours.

As seen in bdrgdueed. a2t thhgher I ight int
i n holfeergnuaslievelSihé&yanoattehd aae as the il |

increases, thereby | eading to an increase
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