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[TPOAOTI'OX

H moapovoa mruyiaxn epyacio £xel ¢ 6TOYO TN LETAPPOACT] TOL ETGTNHOVIKOD ApBpov pe
titho "Growth of a Pure and Single Phase Iron Sulfide (Pyrite) Thin Film by
Electrochemical Deposition for Photovoltaic Applications", To omoio dnpocievOnke oTIg
24 YentepuPpiov tov 2019 oto Scientific Research Publishing and tovg Emmanuel A.
Botchway, Francis K. Ampong, Isaac Nkrumah, Francis K. Boakye ka1 Robert K. Nkum
and to Tunpa dvokng tov [avemotuiov Emomung kot Texvoroyiog Kwame Nkrumah

otV Kovpdor g 'kéva.

To apBpo avtd e&etalel TV avanTvEn evog Kabapov Kol HOVOPACTKOD AETTOD LUEVIOL
Be10V0V G1OMPOoL (TVPITNG) HECH NAEKTPOYNUIKNG 0mOBECC, LE GKOTO TNV EPAPLLOYT TOVL
oe potoPoAitaikd cvotiuota. H épevva amotedel onpoavtikd Prjpa tpog v KoatevBvvon
™G PBertioonc ¢ amodoTIKOTNTAS TOV PMTOPOATAIKMOV KVWEADY, GUUPAALOVTAG O

Buboun evepyelokn Topoymyn.

H petdopaon emompovik®v KEWEVOV 0md TNV ayyMKN otV €AAMVIKY YAM®OoO givol
0VGLOONG Yo TN OYLOT TNG YVOONG Kol TNV EVIGYLON TNG KATOVONoNG UETAED TV
EMIOTNUOVIKOV KOWOTNTOV OlPOpeETIKOV Yopdv. H epyacioa avt) omookomel otn
LETOQOPA TNG TANPOQOPING KOl TNV TPOGOPUOYN TNG OTO EAANVIKA EMIGTILOVIKA
dedopéva, avadekvhovTag Tn CNUOVIIKOTNTO TNG EPELVOS GTNV EYYDOPLO EMIGTNLOVIKTY)

KOwOTNTO.

H ovykexpipévn petbopaon @odolel va oamotedécet éva ypfioyo gpyareio v
LEAALOVTIKOVG EPEVVNTEG KOl POITNTES, TOPEYOVTAG TOVGS TN duvatdTnTo Vo eUPadivovy oTIC

véeg texvoroyieg Kot peBdd0vg Tov AVATTOGGOVTOL Y10 TV APy KaBopng EVEPYELNG.



META®PAXMA

Avartogn evog KaOapov Kol HovoQactkov AETTOV DUEVIOV 01000V 61O POV
(mopitn) pe nhekTpoynuikn evarddeon yio QMTOPOATUTKES EQUPROYES
Emmanuel A. Botchway, Francis K. Ampong, Isaac Nkrumah, Francis K.
Boakye, Robert K. Nkum

Tufqpoe ®voikiig, lMavemotiuio Emotiung kot Teyvoroyiog Kwame Nkrumah,

Kumasi, I'kava

[Tepiinym

Me emtoyio evamotéOnkav vpévia povoeacikol ocdnponvpitn (FeS2) oe yvdiva
vrootpopate pe emkaivym ITO ypnoomoidvtog €va MAEKTPOYNUIKO cvotnuo 3
niextpodiov pe ypoeitn g avimrektpodio kar AG/AJGCI og niextpddio avagopdc. Xe
avt Vv  niektpoamdBeon evog otadiov, TO WPAOpopo Aemtd vpévio  FeS
nAektpoomotédnke anevbeiog 010 AydY Yo VIOSTPOUA OO TO SAAVLO NAEKTPOAVTIKOV
Aovtpov mov mepieiye FeSO4-7H20 wg mnyn oonpov kot Na2S203-5H20 wg mnyn Oeiov.
H evandBeon mpaypoatomombnke notevolootatikd oe otabepd dvvaukd -0,9 V évavt
Ag/AQCl oe Bepuokpocio dopatiov. H avémroén g @dong tov odnpomvpitn
emtevyOnke pe avomnon tov dnwg evarotédnke otovg 500°C yu pio dpa oe mepiPdArov
Beiov ywo va oynuatiotel n edon tov mopitn. [a ) Belwon ypnoywomomdnkav 6Ho
PO PETIKEG TEYVIKES, i e T xpNon TN cvokevng tov Kipp kot pio devtepn,  onoia
nepledpuPove Béppovon otoryelakov Beiov otovg 200°C, yoo v Tapaywyn tov oepiov
Belov. Ot avardoelg mepiBroong aktivav X tov Oetopévov vpeviov €dei&av Ott Kot o1 500
TeYVIKES Beimong pdvnike va oynuotilovv m edorn Tov Topitn, ®GTOGo 1) devTEPN LEBOJOG
£€0GE VUEVIO [LE PEYIOT KPUOTOAMKT TAEN Kol oTotYElONETPin Y0Pig SoKPITEG KOPLPES

TPOGUEE®V.



Ot petpnoelg onTikng amoppdPnong amokdAvyav v vmoapén dueong petdpaong pe
exTipopevo yaopa Covng 1,75 eV. H pkpoypagic SEM £6e1&e pia cupmayn popeoroyio
LE TPOr(18 EMLPAVELL ATOTEAOVDUEVT] OO KPUGTOAATEG OKAVOVIGTOL GYNUATOS KOt peyEBoug
pe KaAd kabopiopéveg akpég, mov kdAvmte oAdkAnpo 1o vrdotpopa. H avédivon EDAX

TOV VUEVIOV NTAV GOUP®VY LE TO GYNUATIOUO AETTMOV LUEVIOV TTVpitn FES2.

1. Ewayoyn

H o@don tov mopitn covAgidiov tov odnpov (FeS2) eivar éva nuiaymykd vAkd pe
a&loonpelmTeg 1010TNTES KATAAANAO Y10 EQOPHOYEC NAOKAOV KuWeA®V. Etvor pun to&ukd ko
T GLOTOTIKA TOV, 0 GidNPOg Kat 10 Beio, Bewpovvtar oToryein oV Ppickovian o peYAAN
apBovia pe younio ko6otog e£0puéng kat enefepyaciog [1]. Avtd kabioTd TV TOpoy®YN

TOV DVAMK®OV 0VTOV GE PLEYAAT KALAKO OPKETE QKT KOl OTKOVOUKE 0t0d0TIKN.

O mupitng etvar Eva amoppoPNTIKO LAIKO OV pmopel va gival gite nuoay®ydg TOmov N gite
Nuoymydg tomov P, avdioya pe tov Tomo twv mpoouitewv [2]. O mopitng €xel Tyun
NAEKTPIKNG AyOYILOTNTOC TOV KvpaiveTor petold 0,05 kot 3,5 (Q-cm)-1 kot cvykévipmon
QopEV oL KupoiveTon petacd 6,9 x 1015 kan 5,4 x 1017 cm-3 [3]. Q¢ amotéAespa TV
pétplov yaopatog {ovng tov 0,95 eV kot Tov VYNAOV GUVTEAEGTI OTTIKNG OMOPPOPNONG
o1 pecaio vEpvOpN TEPLOYN, O GlONPOoTLPiTNG Bewpeitarl Eva amd To TO VIOoYKOUEVA
DMKG NUIOy®Y®OV Yo TNV KAALYN TG TECTIKNG CNTNoMG Y10 EVEPYELNKES AVGELS YOUNAOD
KO60T0VG. ‘Exel avdtepec MAEKTPIKEG 1010TNTEG UE UEYOAO UNKOG O1AYLONG QOPE®V
peovomtog ~0,1 éog 1,0 um kot kvntikd o popémv mepinov 360 cm2 V-1 -s-1 [4]. To
TAEOVEKTN A TNG VTLOPENG LYNAOD GUVTEAEGTI AOPPOENONG Elvar 1W1AHTEPO CTUAVTIKO,
KaOd¢ amortovvior povo mepimov 40 nm mopitn yw va amoppoendel to 90% Ttov

TPOCTURTOVTOC PWTOG [5].



Ot dwtdelg mopitn mapovoidlovv avénuévn kPovikn amddoon (cvyvd >90%) Kot
eotopevpata (>40 MA-cm-2 ) oAAd pikpéc eoTotdoelg (cuvndmg <200 mV, ~20% tov
yéopatog {ovng). H xaunAn tun e eototdong evfdvetat yio Ty meplopiopévn anddoon

TOV NMOKOV KOYEADV

Av xou n Beopnrikn €pevva mpoéPreme OtL Ba MrTav ekt M emitevén amddoong
peyoAvtepng amd 18%, oty mpaypatikdtnTa, To nAoKd KOTTapa LE BAGTN TOV TUPiTn OV
£XOVV KOTAOKEVAGTEL LEYPL GNUEPA OElYVOLV OTL 1 OTOO0CT| LETATPOTNG Efvor pukpdTEP
and 3% [7]. H younAn ootevny tdorn amodidetal oe KEVA OYKOV Kol EMUPAVELNG TOV

TAPAYOVV NAEKTPOVIKES KOTAGTAGELS EVIOG TOL Ao atog {ovng [6].

H younAn amddoon miotedeton emmhiéov OTL o@eideton o mpoouilelg edong 6mmg o
papkacitng mov oynuatiCeron pali pe tov mopitn OTOV AVATTUGOETOL OO VOOTIKA
dwdvpata [8]. Avti 1 ikt @domn tov FeS2 emdswvmvel emiong ) @oToPoATOiKN TOV

anddoon.

Alpopeg texvikég etvar dabéoipeg yuoo v evamobeon Aemtodv vueviov FeS2. Metad
QUTOV TOV TEYVIKOV, N NAEKTPOYNUIKY EVATOOECT TPOGPEPEL OPKETE TAEOVEKTNLOTAL,
OT®C: dSuvaTOTNTA EAEYXOV TOL TTAYOVCS, TNG GVVOESNC, TNG LOPPOAOYING K.ATT. TOV LUEVIOL,
KUPImG LEGM TOV EAEYYOV TV NAEKTPIKAOV TOPAUETPOV, OTIMG 1 TAGT TOL NAEKTPOSIOV Kot
N mokvoTNTO PEVIOTOG, O1 0TToleg etvan evkoAa pvOlopeves. H texyvikn eivor omAn ko
OKOVOUIKY] AOY® NG YPNONG CLOKELMV YAUNAOD KOGTOVG, YOUNANG Oepurokpaciog

Aertovpyiog Kol apUeEANTEOV OTOPANTOV.

H niexktpoynuikn evamdbeon covAgidiov tov G1dNpov mTpayuaTonoleitolr cuvnwme Le
depyasio dV0 otadinv, ypNoyoToldvTag dpecn niektpoandbeon cvuvletng ovsiag Kot
o cvvéyewa Beiwon v va Anebei n edon tov moupitn. H Beiwon nailer onpavikd poro
omv emitevén HOVOPOCIK®V vueviov mupitn, mepthapupdver Bepuikn emeEepyacio tov
AentoV vueviov oe atpocEapa TAovola o Bgio. O KOplog okomdg etvar va avénbei n
ovykévipwon Beiov oto vUEVIa Kot 6TV TEPITTOGT VTN Vo CLUTANPBOVV Ta kKEVE Belov

oV GLVNOMG amavVTOVTUL 6TO cvaTpato FesS.



H emoyn g teyvikng Beimong elvar kaBoploTikng onuaciog yio Tov Kabopicud tov
EMIESOV KOOUPATNTAG TOV AETTOV VUEVIOL GLONPOTLPITY. AlPOPETIKESG TEXVIKES Beimong
0o mopnyayov vpévio oldnpomupitn pe JpopeTikd emimedo Kabapodtntoac. Afyot
oLYYPAPELG £XOVV LEAETNOEL KOl avaPEPOEl CESUPOPETIKEG TTVYES TNG NAEKTPOYNUIKNG
evandbeong Aentmdv vueviov Bgrovyov odnpov. Ot Arico k.4. [9] perétnoav oplopéveg
OOUIKEG 1010TNTEG AemTdV  vueviov Oswodyov oWdnpov pe mAektpoomdbeon o€
vrnootpopata mhativac. Ot Dong x.4. [10] peAétmoav v enidpacn ¢ Beppokpaciog
Oeiwong ot dopn Aemtdv vUEVIOY GoVAPLOioL Tov cdnpov (FeS) mov evamotiBevtal og
VrooTp®paTe 0&e1diov Tov wdiov-kaoottépov (ITO) pe niextpoynukn evondbeon, v
ot Wang x.4. [11] peAétnoav v enidpacn tov xpdvov Beiwong otn dopun AETTOV LUEVIDV
coVAQPiov OV G13NPOV IOV evamotifevton e niektpoandbeon. Téhog, o Kawai et al.
[12] perémmoav 115 BéATIoTES GUVONKES Yo TNV NAEKTPOOTOOEGT AETTTMV LEEVIEDY BE10VYOV
ownpov. Kabévag amd ovtodg T0UVG CLYYPOEELS YPNOLOTOINCE TOVG OKOVS TOL
HOVAOTKOVE NAEKTPOYNUIKOVS TAPAYOVTES, OTTG TO PH, 1] GuYKEVTIPWON TOL NAEKTPOADTY,
10 duvopkd evamobeong kot 1 Beppokpacio Kot 0 xpdvog evandbeong. v moapodcoa
gpyacia, n xpNon YAt ®G ovVTINAEKTPOO10, TO OLVAIIKO evamOBeoNC GE oYEomn HE TO
Ag/AQCl, 10 pH 10V niektpordtn kot ot ovykevipooelg FeSO4-7H20 ko
Na25203-5H20 mov ypnowomomnkav Yoo TNV TOPUCKELY] TOV MAEKTPOAVTY €lval
HOVAOIKEG Yo TV mopovco epyacio. Emvoncope emiong tn 0kn pog TeXVIKN Yo TV

eneéepyacio LETA TV evamdBesT) TV SEIYUATOV 0TS evamoTEO KAV TPV amd T Oeimon.

1. Yhxkd kot pébodot

M copfotikn d1dtaén tpdv NAEKTPodimY, amotehov eV and Eva NAEKTPOSI0 avapopdg
Ag/AQCIL, o mhdko ypaeitn ®¢ avtinAektpddo Kot €vo YOAAMVO VIOGTPMUO. LE
emdAvym ITO g nhektpdodlo epyaciag, ypnoyomomdnke yo v niektpoanoddeon. To
dddvpo niektpoivtn mepeiye FeSO4-7TH20 w®g mnyn ownpov, Na2S203-5H20
ypnowomomdnke wg myn Beiov, H2SO4 ypnoonombnke v t pvduon tov pH kotd

™ Sdkacio TG niextpoandbeonc.



['o v moapackevn Tov MAEKTPOADT, 160t dyKkot (~40 ml) 0,24 M FeSO4-7H20 «ot 0,45
M Na25203-5H20 avoueiydnkav poli oe motipt (éoemg twv 100 ml. To diéAvpo wov
wpoékvye glye PH = 3,73 og Bepprokpacio dopoatiov. Avto 1o pH pvBuictmke and 3,73 oe
1,96 pe v mpooOnkn pepikadv otaydoveov 2M H2S04, avtd éywve yio va Bedtimbel n
TPOCKOAANGN TV NAEKTPOAVTAOV. To dtdAvpa Eyve BOAd KaTd TV TPOosONnk ToL 0&E0g
My tov oynuaticpod otoryelokov Beiov. Metd amd mepimov 20 éwg 30 Aemtd o
NAEKTPOADTNG 0TO AOVTPO Apyloe Eapvikd va petatpénetarl omd oAd oe dypwpo, Kabmg
10 ilnua Beiov elye katakabicel otov TLOUEVA TOL TOTNPLOV (Ecews. H nAektpoandBeon
TPOYLOTOTOONKE TOTEVOIOOTOTIKA [E TN Y¥PNON TOTEVOI00TATN-YaAfavootdtn Echem
ER466, oe otabepd duvauko -0,9 V évavtt Ag/AQCI oe Bepuokpoaoio dopatiov (30°C +
2°C). Katd v niextpoamddeon eEacporiotnre ypdvog avamtuéng ~30 Aemtov. [1épav
avToL TOL YPOVOL TO LEEVIO Yivovtal moAD mayld. To Sidypoppo ™G TEPOUATIKNG
dwataéng mapovoidletar oto Zynuo 1. Ot meplocdtepes avaPopEs GYETIKA pE TNV
evandfeon covApidiov Tov cNpov pe evamdbeon 3 niextpodiov, meptrapupdvovv
xpon Kopecspuévov miektpodiov kaioperiiov (SCE) g nAextpdolo avagopdc Kot
AEVKOYPLOOL 1] YPLOOV ®G OVTMAEKTPOSWO. Q0TOCO, OTNV  TAPOVCH  EPYACIN
YPNOOTOLEITOL O APYVPOC/YAMPLOVYOG APYLPOG MG NAEKTPOSIO OVOPOPAS KoL 1| TAGKQ
ypopitn o¢ avtiniektpdoto. H emhoyn tov nhektpodiov avapopds emnped el 10 SOLVOLIKO
evandbeong. EE Oowv yvopilovpe, dev €rovv avapepbel moAAég epyaocieg mov va
YPNOOTOOVY OVTOV TOV GLVOVOCUO Yo eVOmODEST AETTOV VUEVIOV GOLAPLOIOV TOL
ownpov pe 3 mAektpodwn. o va amogevybel n o&eidwon twv evamotefeipnévaov
pepppavov katd v Enpavor, emvondnke n akdoiovdn teyvikn. ‘Evog Enpavimpag pe
(PPECKOTOPACKEVACUEVO LEGO ENpavong kKabapiotnie apykd pe aépto Argon. To delypa
nov giye evomotebel elonyOn otov Enpavtipa, 0 0moiog NtV cLVOEIEUEVOS e avTAioL
KeVOU 1oL TV e€arymyn Tov apyov Kot T Onpovpyio oteyavig opdytons yopw ond v
bxpn tov Enpoavipa. Metd v Efpavon, ta evamotedeptéva vuéviar avontnOnkav ce
atpoceapa Beiov otovg 500°C yia va oynpatiotel 1 @dorn tov moupitn. AVo S1POPETIKES
TEYVIKES, IOV TEPTYPAPOVTOL GTNV EMOLEVN EVOTNTA, YPNCLOTOMONKOV Y10l TV TOPAY®YN

10V agpiov Bgiov Yo ™ dradkacio Oeiwong.



"Epeoaon divetor otn ohykpion e To0TNTOS TV VUEVIMV GLONPOTVPITN TOV TOPEyovToL
LLE TN PN o™ TG GLokeVNG Tov Kipp yio v mapaywyr agpiov vépodelov Yia T dradikacio
Beiwong kot 6tav 10 oTotyelnkd Oeio Bepuaivetal otovg 200°C Yo TOV GYNUATICUO ATUOV

Beiov yia ) Beiwon
2.1 O¢cimwon
Awdikacio 1: [oapoaywyn H2S pe ypnon e cvokevng Kipps (Zynua 2)

Ye oavt ™ Odwowkacio, emnapkel moocdTNTEG OPOA®Y GOVAPSiIOL TOL GLONPOL
tonobeTovvTan oTov Keviptkod PoABo o cvokevnc Kipp. Xtov dve BoAfo mpootibeton
apotd Beuxd 0& 2M pe avoryti ™ Bpdon péxpt va yepioet TANPp®G 0 Katw PoAPdg Kot va
KaAveOoHV ta GPdAOL BeloVY0V G Pov pe 0&D. TN cvvEyela KAetvetal 1 Bpoor. To 0&H
Ba avtidpdoet pe 1o Be1o0Vyo cidonpo yo va moapaydel aépro vopdOelo to omoio yepilel Tov
uecaio BoAPod. H e&icmon g avtidpaong eaiveton topakdto FeS H SO FeSO H S +—+
24 4 2 To aépro vopobeto umopel va mopadobel yio Oeiwon avoiyovrog t Ppoon, Omwg

eaiveton oto Zynua 1.
Awdwkacio 2: Xprion okovng Beiov (Ewkdva 3)

>m oJwdwacio mwov oamewoviletanr oto Xynfuo 3, N okdévn otoyElKoy Oelov
YPNOOTOLEITOL Y10, TNV TTapay®yn atudv OBeiov. 0,5 g okovng Beiov y0bnkav o KEPOLUKO
okdpoc kot poll pe to oelypa FeS2 tomobembniov péca oe KAEWGTO ANV omd
Bopromupitikd yvoll. [Ipv amd owtd, 0 coinvog EemAvdnke e Argon yu 10 Aemtd yio va
amoAlayel amd Toxdv o&uydvo. H Ogpuoxpacio e {dvng 0éppavong tov delypatog
avénonke ko datnpndnke otovg 500°C yw 30 Aemtd. H {odvn Ogiov Oeppavinke ko
dwnpnnke otovg 200°C. H dmapén atpmv Beiov 610 coinva kad' 6An m didpkela g
drdkaciog ivol TOAD GNUOVTIKT Y10 VO O10GPAAIGTEL TO GUUTATPMLO KOL 1] EVOOUATOON
T0v Bgiov 6TO PUANL KOTA TN dLdpKeld TS dadKaciog avomtnons. Xpnoyomotdnke pon
apyoL Yol T UETAPOPE TV aTU®V Bgiov 6T0 £6mTEPIKO TOL COANVA. Metd T ddkacio
Be1doemc, 0 KAIPovog apédnke vo kpudacet pe uokd TpdTo yapnAdvovtag ) Oepudra,

EVO v TN pon apyoL.



2.2. Xapaxtmpiopdg Apyikd mpaypotomomonke dopukn avdAvon yo vo TpocdloploTel
ToloL TEYVIKN Be1d0emG NTaV KATAAANAT Y10 TNV EMTELEN LOVOPOAGIKOV VUEVIMV TupiTY.
To euip mopit pe v vynAdTEPN Pabporoyio KaBapOHTNTUS XOUPAKTNPICTNKE GTN GUVEXELL
TEPUTEP® UE UETPNOES OMTIKNG ATOPPOPNONG, MNAEKTPOVIKY LUKPOCKOTIOL GAPWONG

(SEM) ka1 avéAvon gvepyetokng dtoomopdc axtivov X (EDX)

3. AmoteAéoparto Kot GENTNGELS

3.1. Avdivon XRD

Ta dedopuéva XRD elnepbnoav pe mepibrooipetpo axtivov-y okovng PANalytical
Empyrean Series 2 pe axtvoPfolio Cu-ka (1.5406 A) oty meproyn 20 = (10° - 90°). To
unyévnuo Aettovpynoe og 40 MA kot 45 KV yo tv avaivon QAcemv LE TN Ye®UETpia
Bragg-Brentano. O cuvolMkoO¢ xpodvog avaivong ava ostypa frav mepimov 35 Aemtd yio
fMua cdpwong 20 0,06°. Ta dedopéva towv aktivov X avoAdvdnkov pe tn ypnion tov
Aoyiopkov HighScore Plus. To mepiOraciypoppa aktivov X mov mopovcstdleTor oto
Symuato 4(a)-(y) ovykpiver m obdvBeon tov mPOdpopov Aemtov vueviov FeS dmwg
evamotédnke Kot Tov vpueviov mov Betmdnkay pe T1g 600 SUPOPETIKES OAOIKAGIESG TOL
neprypdonkay. Xto Zynuo 4(a) mapovostdletor To dSdypappa tepiblaonc mov Aappdveton
petd v dueon niektpoondfeon tov FeS2 pe évaon. To potifo tov e€€yovcmv Kopvemv
oto meplOraciypappo tavtiotnke pe tig evooelg FeS (JCPDS Card No. 65- 9124) kot Fel-
XS (JCPDS Card No. 29-0726). Aev vanpyov KOPLEEG TOL VO, OVTIGTOLYOVV 6T PACT TOV
nmopitn FeS2. To oynua 4(P) eixe onuovtikd aptBpd KopuE®OV TOV OVTICTOLOVGAV GTY
@domn tov mopitn FeS2 (JCPDS No. 65-3321). Mepikéc kopugég pe v évoeién "X
avtiotoryovoay og eacels Tpocuéng omwg FeS (JCPDS Card No. 65- 9124) kou Fel-xS
(JCPDS Card No. 29-0726). H BaBupoloyia yio t @domn tov wopitn givat 70, 0Tme gaivetal
GTOV KOTOAOYO TpoTO®V ToL mivaka 1. Ot dopopeTikés amodOOUEVEG KOPLPEG TOV
napovctalovtar oto oynua 4(y) éywav pe cvykpion pe ta tpotura JCPDS kot taipalov

andAvto, pe ™ edon mopitn FeS2 (JCPDS apif. 65-3321).



AVTEG 01 KpLOTOAAIKEG KOpLOEG eppavifoviol otig 20 = 28,4956°, 33,0393°, 37,07443°,
40,7648°, 47,4354°, 56,2717°, 59,0751°, 61,6613°, 64.2344° ko 79.0545° avticToryovv oe
avakAdoelg and ta enineda (111), (200), (210), (211), (220), (311), (222), (023), (321) ko
(420) avtictoya. H amovoia kopvemv mpoopitewv amotehel capn EVOEEN TG VYNNG
kaBapoTag Tov delypatog. H Babuoioyia yio ) @don tov mupitn givar 94, dmwg aivetot
GTOV KOTdAOY0 TTPOTOTT®V TOL Tivaka 2. Amd to TePOAAGTYpAUATO KOl TOV KATAAOYO
TPOTLUT®V TOL Tivako 1 Ko tov mivaka 2 givor caeég 0Tl M TEYVIKY Ogiwong mov
weprypdpeTon otn ddkacio 2, dnAadn pe t ypnom atpav Oeiov, givor Tpotiudtepn yio
™V €MiTEVEN HOVOPAGIK®V VUEVI®MV upitn. O wivaxkag 1 Kot o mivakag 2 amoTehovV TG
TO10TIKEG TTANPOPOPIEG GYETIKA UE TIC GYETIKEG TOCOTNTEG TOV OPOPWV PACEDY TOV
aVYVELOVTOL GTO, AETTA DUEVIOL KO TNV avTIGTOYN SOUT TOVLS, Ol OTOIEC TAPAYOVTOL OId
10 Aoywouwkd High Score Plus. H kpvotaAlikn doun tov mopitn sivor kuPwr [13]. H
TOPAUETPOC TOL TAEYpaTog "o ektiuiOnke amd v mapokdto e€icmon 6nov d kot h, K
kot | eivon  andotacn petaéd tov emmédwv kot ot deikteg Millar avtiotoya. H tyun mov
TPOEKVLYE Y10l TIC TOPOUETPOVS TAEYHATOC fTav 5,42256 A. To amotédeopa ovtd sivar
KOVIQA otV ovoeepouevn T Yy tov mopitn. To péco péyeBog KOKKwV 1OV
npocdilopiotnke pe tov Tomo tov Scherrer frav 31,9861 nm, to omoio gival kovtd oTIg

TILEG OV avapépOnKay amd [14] [15].

3.2. Hiektpovikn| pukpookomio capwong (SEM) Ot eikdveg NAEKTPOVIKNG UIKPOOSKOTIOG
obpwonc (SEM) kar o1 avarvcelg evepyelaxng olaomopds aktivov X (EDX) AMjebnkav pe
™ xpnon opydvov Phenom e ovopaotiky tdom déoung niektpoviov 15 KV avtictoryo.
H pcpoypagio SEM 10ov Aemtov vueviov FeS2 (pdom mupitn) mapovsialetor 6To Zymuo
5. H pkpoypapio delyvet por copmoyn Lopeoroyio pe tpoyid ETpAaveln Tov omoTeAeiton
00 KPLOTAAAITEG OKAVOVIGTOV GYNIOTOS Kot LeYEBOVG pe KaAd kabopiopéveg akpég, Tov

KOADTTOUV OAOKANPO TO VITOGTPWLLO.



3.3. Avédlvon cvvBeong pe poacspotookomio aktiveov-X gvepyetakng dtacmopds (EDX) Zto
Zyuo 6 mapovcialetal to edopo EDAX kot n ototyeloky ovvheon tov vueviov. H
avédivon EDAX tov vueviov cuvadet pe to oynuatiopd FeS2. And tov mivaka (évBeto),

TopatnPEiTal OTL TO VUEVIO £XOVV KOAY| GTOLXEOUETPIOL.

3.4. TIpocdopopdg tov ontikov yacpotos (ovne ‘Eva gacuatépetpo dmAng déoung
vrepLddovc-opatov ¢ oepdc Cecil CE7500 mov Aettovpyel oto O6movL V gival 1)
ovyvotnta, h givar n otabepd tov Planck, k icovtan pe pio otabepd, evd n tiur Tov N gival
elte 1 yia queoeg petafaocelg eite 4 ya Eppeceg petafaocelg, avriotoyo. H evépyeia tov
yaopotog (ovng Aapfdvetor pe ™ xapaln Hog YPOUUNG KOADTEPNS TPOGOUPUOYNS GTO
ypaonua () 2 N Ahv cuvaptioet tov hv Ko v mapEKTacn TG YPOUUNG DOTE VO TEUVEL
tov gvepyelokd déova oto () 2 0 n Ahv =. Z10 Zynuo 7 mapovsialeton 10 yaopa {dvng
0V Aemto¥ vueviov FES2. O ypapukds YapaKTnpog ToV doypaUUaTog exiefotmvel TNy
napovcia dupeong petdfoong. To extipudpevo ydopo Cmvng yo to Aemtd vuévio FeS2 eivau
1,75 eV. Avti n onUaVTIKY LETATOTIOT TOL YAcHatog {dvng tpog to umAe (0,85 eV) and
v T 0,95 eV g palag, Ba pmopovoe va 0modo0el 6to kKPaviikd eovopevo peyéboug
OV TPOKOAEiTAL OO TOVG VavokpvoTalrite oto vuévio [17] [18]. 4. Zvunépacua Ta
vuévio povogactkov odnpomupitny (FES2) evamotédnkov pe emtvuyic o€ yvdAwva
vrootpopate pe emkaivym ITO ypnoomoidvtog £va MAEKTPOYNUIKO cvotnuo 3
otadiwv akolovboduevo amd Beimon. Ot avardoelg tepiBiaong aktivov X emPePaimcay
o0TL M teYvIKN Belwong, n onoia wepreAduPove BEpuavon ototyelakov Beiov otovg 200°C
v T onuovpyia aepiov Belov, amédwoe LVUEVIOL pE UEYIOTN KPLOTUAMKN TAEN Kot
otoyEopeTpio. Agv LANPYOV OWKPITEG KOPLPEG MOV VO, OVTICTOLOVV O (QACELG
npooEns. H avaivon EDAX tov vueviov ntav copuemvn pe to oynuationd FeS2. H
pkpoypagio SEM tov vueviov mopit FeS2 £6eile o copmayn popeoroyio pe tpoyid
EMPAVELD ATOTELOVUEVT OO KPLOTAAATES OKAVOVIGTOV GYNLLOTOG KOl LeYEBOLG e KaAd
KaBoplopéveg aKpUEG, MOV KOAVLTTE OAOKANPO TO vLmOSTPpOUN. METPNGES ONTIKNG
amoppOPNONG AmOKAAVYAY TNV VTaPEN AUECTG UETAPAONG LE EKTILOUEVO Ybopa {dvng

1,75 eV.
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OMlo To omoteAéopata amd TIG TEYVIKES YOPOKTNPIGHOV delyvouv 6Tt 1 ddikacio

oVuvheonc mov ypNoIOTOWONKE GTNV TAPOVCA EPYOGIN, TAPNYUYE LOVOPUGIKE AETTA

vuévia odnpomvpitn (FeS2), ta omoio pmopodv va xpNoomombovy o amoppoENTIKd
VAMKG oe mMokég koyéhec. Ov pedlovtikés epyooieg Oa meprlopupdvovy mepattépm
YOPOKTNPIGUO HE TEYVIKEG OTIMG POTOPMTOVYELW, Kol peTpnoels 1-V, kabmg kot pétpnon
™G HeTaPoAng g ovykévipmong tov FeSO4-7H20 pe v mMAEKTPIK) Oy@YOTNTO.
Evyapiotieg Ot ouyypageis emBoupodv va evyapiotioovy 1o Tpnqpa Gucikng kot to Tunpa
lswemomuov, apedtepa oto IMavemommuo g ['kava, Legon, yw T ypnomn tov
eEomMopob mepibiaong axtivov X, Tov NAEKTPOVIKOD UIKPOGKOTIOL CAPMOONS KOl TOV

UNYOVLLOTOG EVEPYELNKTNG O10.6TTO0PAG aKTivey X.
2VYKPOVGEIS GLUPEPOVTMOV

Ot ovyypa@eig 0ev ONADGVOVY GUYKPOLGT] CLUPEPOVTOV CYETIKE LLE TN ONUOGIELOT TOV

TapovTog GpOpov.
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MMPQTOTYIIO KEIMENO

Abstract

Single phase iron pyrite (FeS2) films have been successfully deposited on ITO-coated glass
substrates using a 3-electrode electrochemical system with graphite as the counter electrode
and Ag/AgCI as the reference electrode. In this single-step electrodeposition, the FeS
precursor thin film was directly electrodeposited on the conductive substrate from the
electrolytic bath solution which contained FeSO4-7H20 as an iron source, and
Na2S203-5H20 as a sulfur source. The deposition was carried out potentiostatically at a
constant potential of —0.9 V vs. Ag/AgCl at room temperature. The growth of the iron
pyrite phase was achieved by annealing the as-deposited at 500 C for an hour in an ambient
of sulfur to form the pyrite phase. For sulfurization, two different techniques, one using the
Kipp’s apparatus and a second, which involved heating elemental sulfur at 200 ‘C, were
used for the production of the sulfur gas. X-ray diffraction analyses of the sulfurized films
showed that both sulfurization techniques appeared to form the pyrite phase, however, the
second method yielded films with maximum crystalline order and stoichiometry with no
discernable impurity peaks. Optical absorption measure ments revealed the existence of a
direct transition with an estimated band gap of 1.75 eV. SEM micrograph showed a
compact morphology with a rough surface made up of crystallites of irregular shapes and
sizes with well-defined edges, covering the entire substrate. EDAX analysis of the film was
consistent with the formation of FeS2 pyrite thin films.

1. Introduction

Iron sulfide (FeS2) pyrite phase, is a semiconductor material with remarkable properties
suitable for solar cell applications. It is non-toxic and its constituents iron and sulfur are
considered as elements which are highly abundant with low cost of extraction and
processing [1]. This makes the large scale production of these materials quite feasible and
cost-effective. Pyrite is an absorber material that can be either an n or p type semiconductor
depending on the type of dopant impurities [2]. Pyrite has electrical conductivity value
which varies between 0.05 and 3.5 (Q-cm)—1 and carrier concentration which varies
between 6.9 x 1015 and 5.4 x 1017 cm—3 [3].
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As a result of its moderate band gap of 0.95 eV and high optical absorption coefficient in
the mid-infra-red range, Iron pyrite is considered as one of the most promising
semiconductor materials to meet the pressing demand for low cost energy solutions. It has
superior electrical properties with long minority carrier diffusion length of ~0.1 to 1.0 um
and carrier mobility of about 360 cm2 -V—1-s—1 [4]. The advantage of having a high
absorption coefficient is of particular importance since only about 40 nm of pyrite is
required to absorb 90% of the incident light.

Pyrite devices demonstrate elevated quantum efficiencies (often >90%) and photo-currents
(>40 mA-cm—2) but small photo-voltages (typically <200 mV, ~20% of the band gap) [6].
The low photo-voltage value is liable for the restricted solar cell efficiency. Although
theoretical investigation envisaged that greater than 18% efficiency should be achievable,
in reality, pyrite based solar cells fabricated so far show evidence of less than 3%
conversion efficiency [7]. The low photo-voltage is ascribed to bulk and surface vacancies
that produce electronic states within the band gap [6]. The low efficiency is additionally
thought to be caused by phase impurities like marcasite which is formed along side pyrite
when grown from aqueous solutions [8]. This mixed phase of FeS2 also deteriorates its
photovoltaic performance.

Several techniques are available for the deposition of FeS2 thin films. Among these
techniques, electrochemical deposition offers several advantages such as the ability to
control film thickness, composition, morphology, etc. by mainly controlling electrical
parameters such as electrode voltage and current density which are easily adjustable. The
technique is simple and economical because ofits use of low cost apparatus, low operating
temperature, and negligible waste materials.

Electrochemical deposition of iron sulfide is usually carried out by a two-stage process
using direct compound electrodeposition followed by sulfurization to obtain the pyrite
phase.

Sulfurization plays a significant role in achieving single phase pyrite films, it involves
thermal treatment of the thin film in a sulfur rich atmosphere. The main purpose of this is
to increase the sulfur concentration of the films and in this case fill the sulfur vacancies
usually found in FeS systems. The choice of sulfurization technique is crucial in
determining the level of purity of the iron pyrite thin film. Different sulfurization
techniques would produce iron pyrite films with different levels of purity.
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A few authors have studied and reported on various aspects of electrochemical deposition
of iron sulfide thin films. Studied some structural properties of electrodeposited iron sulfide
thin films on Platinum substrates. Dong et al. [10] studied the effect of sulfurization
temperature on the structure of Ferrous sulfide (FeS) thin films deposited on indium-tin
oxide (ITO) substrates by electrochemical deposition, whilst Wang et al. studied the effect
of sulfurization time on the structure of electrodepo sited iron sulfide thin films. Finally,
Kawai et al. [12] studied the optimal conditions for the electrodeposition of iron sulfide
thin films. Each of these authors used their own unique electrochemical factors such as pH,
electrolyte concentration, deposition potential, and temperature and deposition time. In this
work, the use of graphite as the counter electrode, the deposition potential vs. Ag/AgCl,
the pH of the electrolyte and concentrations FeSO4-7H20 and Na2S203-5H20 used in
preparing the electrolyte are unique to this work. We also devised our own technique for
post deposition treatment of the as-deposited samples before sulfurization.

2. Materials and Methods

A conventional three-electrode setup consisting of an Ag/AgCl reference electrode, a
graphite plate as a counter electrode, and an ITO-coated glass substrateas aworking
electrode which was employed for electrodeposition.

The electrolyte solution contained FeSO4-7H20 as an iron source, Na2S203-5H20 was
used as a sulfur source, H2SO4 was used to adjust the pH during the electrodeposition
process.

In preparation of the electrolyte, equal volumes (~40 mL) of 0.24 M Fe SO4-7H20 and
0.45 M Na2S203-5H20 were mixed together in a 100 ml beaker. The resulting solution
had a pH = 3.73 at room temperature. This pH was adjusted from 3.73 to 1.96 by adding a
few drops of 2M H2S04, this was done to improve the adherence of the electrodeposits.
The solution turned cloudy on adding the acid due to the formation of elemental sulfur.
After about 20 to 30 minutes the electrolyte in the bath suddenly started to turn from cloudy
to colorless as the sulfur precipitate had settled at the bottom of the beaker.
Electrodeposition was carried out potentiostatically using an Echem ER466 potentios tat-
galvanostat, at constant potential of —0.9 V vs. Ag/AgCl at room temperature (30 °C + 2C).
A growth time of ~30 minutes was ensured during electrodeposition. Beyond this time the
films become too thick. A diagram of the experimental set-up is shown in Figure 1.

Most reports on the deposition of iron sulfide by a 3-electrode deposition, involve the use
of saturated calomel electrode (SCE) as the reference electrode and platinum or gold as the
counter electrode.
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However, in this work silver/silver chloride is used as the reference electrode and graphite
plate as the counter electrode. The choice of the reference electrode affects the deposition
potential. To the best of our knowledge not much work has been cited using this
combination for a 3-electrode deposition of Iron sulfide thin films. In order to prevent the
as-deposited films from oxidation, whilst being dried, the following techniquewas devised.
A desiccator with freshly prepared drying agent was initially purged with Argon gas. The
as-deposited sample was introduced into the desiccator which was connected to a vacuum
pump to extract the argon and create a tight seal around the edge of the desiccator. After
drying, the as-deposited films were annealed in a sulfur atmosphere at 500 C to form the
pyrite phase. Two different techniques, described in the next section, were used to produce
the sulfur gas for the sulfurization process. Emphasis is on comparing the quality of iron
pyrite films produced by using the Kipp’s apparatus to generate hydrogen sulfide gas for
the sulfurization process and when elemental sulfur is heated at 200 C to form sulfur vapor
for sulfurization.

2.1. Sulfurization
Procedure 1: Production of H2S Using Kipps Apparatus (Figure 2)

In this procedure, sufficient amounts of iron sulfide lumps are placed in the central bulb of
a Kipp’s apparatus. 2M dilute sulfuric acid is added to the upper bulb with the tap open
until the lower bulb is completely filled and the Iron Sulfide lumps covered with acid. The
tap is then closed. The acid will react with iron Sulfide to produce hydrogen sulfide gas
which fills up the middle bulb. The reaction equation is shown below FeS H SO FeSO H
S+—-5+2442

The hydrogen sulfide gas can be delivered for sulfurizing by opening the tap, as shown in
Figure 1.

Procedure 2: Using sulfur powder (Figure 3)

In the procedure illustrated in Figure 3, elemental sulfur powder is used to produce the
sulfur vapor. 0.5 g of sulfur powder was poured into a ceramic boat and together with the
FeS2 sample, placed inside an enclosed borosilicate glass tube. Prior to this, the tube was
flushed with Argon for 10 minutes to get rid of any oxygen. The temperature of the sample
heating zone was raised and held at 500°C for 30 minutes. The Sulfur zone was heated and
maintained at 200°C. Having sulfur vapor in the tube throughout the process is very
important to ensure the supplement and incorporation of sulfur into the film during the
annealing process. An Argon flux was used to carry the sulfur vapor inside the tube.
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After the sulfurization process, the furnace was allowed to cool down naturally by turning
down the heat whilst under the flow of argon.

2.2. Characterization Structural analysis was first carried out to determine which
sulfurization technique was suitable for achieving single phase pyrite films. The pyrite film
with the highest purity score was then characterized further by optical absorbance
measurements, scanning electron microscopy (SEM) and energy dispersive X-ray (EDX)
analysis

3. Results and Discussions
3.1. XRD Analysis

The XRD data was obtained by a PANalytical Empyrean Series 2 powder X-ray
diffractometer with Cu-ka radiation (1.5406 A) in the range of 20 = (10° - 90°). The
machine was operated at 40 mA and 45 kV for phase analysis using the Bragg-Brentano
geometry. Total analysis time per samples was around 35 minutes for a 20 scan step of
0.06°. The X-ray data was analyzed using the HighScore Plus software. The X-ray
diffractogram shown in Figures 4(a)-(c) compares the composition of the as-deposited FeS
precursor thin film and films sulfurized by the two different procedures described.

Figure 4(a) shows the diffraction pattern obtained after the direct compound
electrodeposition of FeS2. The pattern of prominent peaks in the diffractogram was
matched to FeS (JCPDS Card No. 65- 9124) and Fel-xS (JCPDS Card No. 29-0726)
compounds. There were no peaks corresponding to the FeS2 pyrite phase. Figure 4(b) had
a significant number of peaks indexed to the FeS2 pyrite phase (JCPDS No. 65-3321). A
few peaks labelled as ‘x’ were matched to impurity phases such as FeS (JCPDS Card
No.65- 9124) and Fel—xS (JCPDS Card No. 29-0726). The score for the pyrite phase is 70
as shown in the pattern list in Table 1. The different assigned peaks shown in Figure 4(c)
were made by comparing with JCPDS standards and they were a perfect match to FeS2
pyrite phase (JCPDS No. 65-3321). These crystalline peaks occurring at 20 = 28.4956°,
33.0393°, 37.07443°, 40.7648°, 47.4354°, 56.2717°, 59.0751°, 61.6613°, 64.2344° and
79.0545° correspond to reflections from the (111), (200), (210), (211), (220), (311), (222),
(023), (321) and (420) planes, respectively. The absence of any impurity peaks is a clear
indication of the high purity of the sample. The score for the pyrite phase is 94 as shown
in the pattern list in Table 2. It is clear from the diffractograms and the pattern list in Table
1 and Table 2 that the sulfurization technique described in procedure 2, that is, by using
sulfur vapor is preferable for achieving single phase pyrite films.
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Table 1 and Table 2 are the qualitative information on the relative amounts of different
phases detected in the thin films and their corresponding structure, produced by the High
Score Plus software. The crystal structure of pyrite is cubic [13].

The lattice parameter “a” was estimated from the equation below where d and h, k and 1
are inter-planar spacing and Millar indices respectively. The value obtained for the lattice
parameters was 5.42256 A. This result is close to the reported value for pyrite. The average
grain size determined by Scherrer’s formula was 31.9861 nm which is close to values
reported by [14] [15].

3.2. Scanning Electron Microscopy (SEM) Scanning electron microscopy (SEM) images
and energy dispersive X-ray (EDX) analyses were obtained using a Phenom instrument
with nominal electron beam voltages of 15 kV respectively. The SEM micrograph of FeS2
(pyrite phase) thin film is shown in Figure 5. The micrograph shows a compact morphology
with a rough surface made up of crystallites of irregular shapes and sizes with well-defined
edges, covering the entire substrate. 3.3. Compositional Analysis by Energy Dispersive X-
Ray Spectroscopy (EDX) Figure 6 shows the EDAX spectrum and elemental composition
of the films. The EDAX analysis of the film is consistent with the formation of FeS2. From
the table (inset), it can be observed that the films have good stoichiometry.

3.4. Determination of the Optical Band Gap A Cecil CE7500 series double beam UV-
Visible spectrometer operating in the where v is the frequency, h is the Planck’s constant,
k equals a constant while the value of n is either 1 for direct transitions and 4 for indirect
transitions, respectively. The band gap energy is obtained by plotting a line of best fit on
the () 2 n Ahv versus hv graph and extrapolating the line to intersect the energy axis at ()
2 0 n Ahv = . Figure 7 shows the band gap of the FeS2 thin film. The linear nature of the
plot confirms the presence of a direct transition. The estimated band gap for the FeS2 thin
film is 1.75 eV. This significant blue shift (0.85 eV) of the band gap from the bulk value of
0.95 eV, could be attributed to quantum size effect induced by the Nano crystallites in the
film [17] [18]. 4. Conclusion Single phase iron pyrite (FeS2) films have been successfully
deposited on ITO-coated glass substrates using a 3-stage electrochemical system followed
by sulfurization. X-ray diffraction analyses confirmed that the sulfurization technique
which involved heating elemental sulfur at 200°C to generate sulfur gas, yielded films with
maximum crystalline order and stoichiometry. There were no discernable peaks
corresponding to impurity phases. EDAX analysis of the film was consistent with the
formation of FeS2. SEM micrograph of the FeS2 pyrite films showed a compact
morphology with a rough surface made up of crystallites of irregular shapes and sizes with
well-defined edges, covering the entire substrate.
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Optical absorption measurements revealed the existence of a direct transition with an
estimated band gap of 1.75 eV. All the results from the characterization techniques indicate
that the synthesis process used in this work, produced single phase iron pyrite (FeS2) thin
films, which can be used as absorber materials in solar cells. Future work would include
further characterization by techniques such as Photoluminescence, and -V measurements,
and also measuring the variation of the concentration of FeSO4-7H20 with electrical
conductivity. Acknowledgements The authors wish to acknowledge the Department of
Physics, and the Department of Earth science, both in the University of Ghana, Legon, for
the use of the X-ray diffraction equipment, scanning electron microscope and the energy
dispersive x-ray machine.
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2XOAIAXMOZ

To teyvikd xeipevo meprypdopel v evamdBeon Kol TOV YOPOKTNPIGUO HOVOPOUGIKOV
vueviov ownpomvpitn (FeS2) y peAloviikéc e@apuoyés o MAMOKES KOWEAEC.
[Tpokepévou va evomobécovv 10 mpoddpopo Aemtd vuévio FeS oe yvdva vrootphpota
pe emkdivyn ITO, ot emoTiuOvVeS YPNOOTOMGAY ML NAEKTPOYNUIKY dtdtaln 3
NAeKTPOSiV pE TOV Ypaeitn vo ypnolevel og avimiektpodo kot 10 Ag/AgCl va
Aertovpyel g nAektpddo avaeopds. H evandBeon mpaypoatomomdnke oe Beppoxpacio
dopatiov kot o€ otafepd dvvaukd -0,9 V évavtt Ag/AgCl. Mg v avOmTnon Tov vpeviov
katd Vv evondBeon oe Beppoxpacia 500 Pabuov Keioiov eni pia dpo o atudseoipo
mov mepi€xel Oelo, katéotn Ovvarn n mwpomdOnon g avdmtuéng ™ @dong Tov
ocwdnpomupitn.

H 6ciwon emrevyOnke pe m ypnon pog cvokevng Kipp o€ pia mepimtwon ko pe
0épuavon otoyelakov Oeiov oe por dAAN. Kot o1 dvo mpoceyyiceic ntav emrvyeic. H
avdivon pe ) xpnon g tepibrlaong axtivav X (XRD) £6e1&e 0Tt ko 01 000 S10OIKAGIES
odnynoav oTnV Tapaywyn e edong tov moupitn. Qotdco, n devTePN nEHodOG TapNYyayE
vuévio Tov eiyav BeAtiopévn kpuoTaAMkn TAEN Kol GTOUYEIONETPIOL KOl OEV VINPYOV
OlkpItég Kopveég mpoouiewv o avutd To. VEEVIA. Ot TapaTNPNCES TNG ONTIKNG
amoppdeNong £0€1Eav o dpeom petdfocn mov eiye extipdpevo ydopa (ovne 1,75 eV. Ot
EIKOVEC OV EANEONCaV LE NAEKTPOVIKT piKpookoTia cdpwong (SEM) amoxdivyay pio
ovumayn Hop@oAoyiat oV KOAVTTE OAOKANPO TO VROGTPOUO Kot O1EfeTe por Tporyid
EMPAVELDL TOV OTOTEAOVVTOV ad KPLOTOAAITEG SopdpmV oynudTov Kot ueyedov. Mo
épeuva LE TN xpNom evepyelakad dlackopmiopévoy aktivov-X (EDX) éoeiEe ot elyav
oynpoatiotel Aentd otpodpata wopitn FeS2.

Ot ovyypageic/emotnuoveg e&étacav v mOavOTNTA YPNONG TOL GLONPOTLPITN ©G
NUOY®YIKOO DAIKOV Y10 XpNON OE EQPAPHOYEC NAOKDOV KOYEADV AOY® TOV EEMPETIKOV
1010THTO®V 0VTOV TOV OPLKTOV, Ol 0TTOieg TEPIAAUPAvoVY TV agbovia, To YOUNAO KOGTOC
kol 10 pETpo yaocpa C(ovne. Eméommoav emiong v mpocoyn oTiG OLOKOAIEG TOv
ovvdEovVTOL PE TNV ovATTLEN NMAOKOV KUWEADY pe PBdomn Tov mupitn mov £x0vv LYNMAN
amodoon, Onwc N Vmapsn YoUUNANG e®TOTAoNG Kot 1 Vapsn aKafapcIdV Kol KEVOV
0éocov. H pébodog nhektpoynukng evandfeonc emAéyOnke AOy® TV TAEOVEKTNUATOV
OV TPOCPEPEL GTOV EAEYYO TMOV WIOTNTMOV TOV VUEVIDV, KaBMS Kot TG uKoAing ypMong
KOLL TNG OIKOVOUIKNG OO0 TIKOTNTOC.

levikd, to keipnevo mpooeEpel o oAokANpopévn kot o€ Pabog emeEnynom g
TEWPAUATIKNG OITOENG, TNG OWOKAGIOG EVOTOOEONG, TOV TEXVIK®OV OEIDCENS KOl TMV
peBOOMV YOpPaKTNPICUOD TOL YPNCLOTOMONKAV Yoo TN SEPELVNON AENTOV VUEVIDV
onpomvpit.
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Ext6g amd v vroypdupon e onpaciog Tov ddtkasumv Beimong yio v Topaymyn
vpeviov mopitn vynAng kaBapoTnTog, TO ELVPNUOTO VTOSEIKVOLOLV TN SVLVATOTNTO
YPNOYOTOINGNG TOL GONPOTLPITI MG NULOYDYIKOD DAIKOD Y10, TV OVATTUEY EVEPYELNKDY
MoewV YoUnAov KOGTOUG.

IIpwv Eexviow 1 dwdkacio ¢ petdppacns, dapaca T0 EMOTNUOVIKO GpOpo Tov
eméhelo MOAAEC QOpEG Kol TPOooeKTIKE Ko va 10 eE€taca oe Pabog. 'EAdeyEa tig
TANPoPopieg kaBmG Kol TNV amrddoon Tov EMAEYONKE eKAoTOTE e PAOT TOVG KOVOVEG TNG
AYYAMKNG YPOUUOTIKNAG. TNV CUVEYEWL TPOYDPNCO OTN UETAPPOCT TOL He TV Ponbewa
dapopwv Aelikov wote va gipat BEPata 6TL N amddoon Ba NTav 660 0 duvaTOHV aKPIPNG
K0l 0®OTH, €6TIALOVTOC TEPETAIP® GTO TTO CNUAVTIKG GTOLXEID KO GTIG O EVOLUPEPOVTES
AEMTOUEPELEG. ZOUP®VA LE TO OKENTIKO TOL Jean Delisle évag petappoaoctig npénet va £xet
TANPN KATOVONGCT TOV YPOUUOTIKOV KAvVOVOV NG YA®GOIKNG TNYNG, TPOKEWEVOL V.
petapépet pe akpifeta to vonua. Avtd NTov Kol 10 oKETTIKO oL enéAiela av akolovdnow

YOupova pe tov Juan Sager, "N peTAQpAOT ACYOAEITOL LE TN YADOGO GTO TAMIGIO NG
YPNONG TNG, EVM M 0POAOYIN OGYOAEITOL E TN YAMOOO GTO TANIGLO EVOG EVVOIOAOYIKOV
ovoTnuatog".

Q¢ ek TOVLTOV, GTNV APY NTAV TOAD SVGKOAO Kot XpovoBOpo AdYyo TN eHoNG TOL KEWEVOL
myn va JwPdco Kabmg Kol Vo KOTOVONo®m Jpopa GTOYElD KOl Topoypapovs Tov
apBpov. Avtd cvvéParve €medn TO KEIUEVO TTEPIElYE TN OIKN TOL HOVOOIKN YAMGGO Kot
ppoceoroyia, KabBmg Kot Evtovn Kot EEEOTKEVUEVT) OPOAOYI YEYOVOS TTOV TO KOO1GTOVoE
Wiaitepa SHoKOAO.

To ocwnpomvpitikd eivar ocvvropoypoaeio Tov ynMukov o6pov "FeS2", mov ompaivel
ownpomvptikd arag. Etvor mbovo va unv yvopilovv 0A0t T 06T HETAPPOCT) OLTOV
0V 6pov. O 6pog cdnpomvpitng uropel va cuvtopoypaendet wg "FeS2", mov onuaivel
GLVTOUOYPOPiaL.

Ot 6pot "mAextpoynukd cvotnua”, "avimiekTpodo”, "MAekTpOd0 avapopas” Kot
"niextpoandBeon" avaeépovior oe cvykekpuéveg puebodoroyieg Kot SodOIKOGIEC TOL
oyetiCovton pe v nhektpoynuk evamoddeon. Etvar mbovo oti évog avayvdotng mov dev
EXEL YVAOGELS GTOV TOUEN 0VTO deV Bal KATAVONGEL TO VOTLLOL OLTAV TV OPOV.

H otoyegopetpio, ot "kopveéc mpoouifewv", 10 "ydopa Lovng" kot n "ovykévipmon
QopEMV" efval OAEC PPAGEIS TOV AVAPEPOVTUL GE LOEEC TTOV YPNGULOTOLOVVTUL GTOVS TOLELG
NG EMGTHUNG TOV VAK®OV Kot TG NAEKTpoViKNG. Eivar moAd mbavd 61t Oa yperactel pio
eMeENYNON AVTAOV TOV OPOV TPOKEEVOL VO KOTAVONGETE G€ fABOG TOVG OPOVS AL TOVC.
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O ppdoeig "avonmon", "Beiowon", "nepibraon oktivov X", "uikpoypapiocc SEM" ko
"avéivon EDAX" agopodv pia 6epd amd S10d1KAGIES Kot TEYVIKES TOV YPTCILOTO0VVTOL
oTNV EMOTNUOVIKY épevva. Avommnomn sivoar 1 ddikasioo Katd TV omoio &va LAIKO
Oepuaiveron og Beppokpacio peyoalvtepn amd 1o onueio TENG Tov.

Etvor mBoavo 1o gupd xowvd va punv givon eoketmpévo pe antr| tv oporoyia- 1 epdon
"mAako,  ypoeitn" oavoeépetal oe  por TAAKO  YpaQitn TOL  YPNOUOTOIEITOL G
avtimAektpoolo. H AéEn "ypaopitng" pmopel va eivor owkela 6e opiopévoug avBpomovug,
oAAG M TpooHNKM TG AéEng "TAdKka" pmopel va Tovug apNoEL va ELVOVY TO KEPAAL TOVG.

To "FeSO47H20" eivor n ymukn cvvtopoypoaeio yoo tov nrtdvudpo Oeuxd cionpo, o
omoiog Aettovpyel MG Tapoy oONPOL 6TO NAEKTPOYNUIKO cvotnpa. To dvopa avthg g
évoong etvan emiong n ynukn cvvropoypoeio. Otav n cvvropoypagio petappdleton o€
TANPELS TPOTACELS, O OVAYVAGTNG UTOPEL VO SUCKOAEVTEL VO KATOVOT|GEL TL TTPOLYLLOTIKGL
onpoaivel  cuvtopoypoPioL.

>t swdkacio g nAektpoandfeongs, To Oeud 0&y, Tov 0TIV 1) YMUKT CLVTOUOYPOPTa.
etvar "H2S04", umopet va ypnoomomBel yio va oAréEet o pH tov doddpatoc, 1o omoio
etvar éva omd ta Prpota g dwdwkasioc. Emmiéov, to 0&H avtod tibetan og ypnom. Kot
woM, pmopel vo givor O00KOAO Vo emtevyOel M KUPLOAEKTIKY UETAPPOCT 1TNG
GLVTOUOYPOPTOG.

H avéivon mepibiaong axtivaov X givorl pia 10tpikn Te(VIKY Tov £EETALEL TIG ECMTEPIKECG
OoUEC KOl  aviyveDEL TS TOPAUOPPAOGCES Y. Vo Jo@aAicer tv  opbBotnta.
Xpnowomoteitot yio T d1dyvoon Kot v aEoddynon acheveldv pe ) ypnon aktivov X
GTNV OKTVOYPAPiOL.

H mepibiaon axtivov X eivor pia péBodog mov umopet va ypnoyomomBet yuo tnv avdivon
KPLOTUAMK®OV DVAIK®V, TN ONovpyia S1akprtdv Hotifov mepiBiaong kot v avakdioyn
TPOoGEemV Ko Tapatumidv oto VAIKO. H yempetpio Bragg-Brentano sivon pio omd avtég
T1G nebddoLC.

H axtivoPoAia Cu-K eivar puo cvykekpyévn oelpd aktivov X mov mopdyetot amd yoAKo
KOl YPNOOTOLEITON Yo TV EEETOGT KPLGTOAMK®OV dopmv. O cvpporicuog "2 = (10 - 90)"
QVTITPOCMOTEVEL TN HETPNON TNG YOVING 2 EVTOG EVOC GUYKEKPLLLEVOL EVPOVC.

Avtd mov evvoeiton pe tov 0po "Aoywopukd HighScore Plus" avagépetor amidg og
"Moyopkd HighScore Plus".

Ta yvdawva vrootpopata pe emkdivyn ITO avapépoviar otn Popnyovio. amoKAEIGTIKA
¢ "yvaivo vrootpopata pe gnudioyn ITO".

AOY® T0V TOAD £E€10IKELLEVOL AeEILOYIOV KOl TOV TEPITAOK®V EVVOIDV TOV EUTAEKOVTAL,
N LETAPPAOT| TEXVIKOV TOL KEWEVOL umopel va givar yepdtn pe ToAAEG TPOKANGELC.
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AxorovBolv opiopéveg YeEVIKEG SVOKOAIEG TTOL AVTILETMTICN:

1. Ewwi Oporoyia kor @paceoroyio: Ot eEMOTNUOVIKES £pEuveES OTMG €lval AOYIKO
neptlopPavouy  Ee1dIKELIEV OpoAOoYia Kot ppaceoioyia, 1 omoio umopet va Exel N va
unv éxel axpiPn avtictoyio ot YA®oco oty omoia petappaletar. Ipoxeévon va
LETOPPOUCTOVV OTOTEAEGHATIKA QUTEG O1 PPACELS, Ol HETAPPACTES TPEMEL VoL EIvol KaAd
eCOIKEIOUEVOL LIE TO OVTIKEIIEVO KOl va £xouv TpocPacn o Aelikd cOyypova Kot GAAEG
yEC oV givat €101KES Yo Tov Topéa. Towg ta online Aeikd va umopovv vo OempnBodv
TO EUTMIGTO GE QVTEG TIC TEPUTTAOGELS KOOMS EVILEPDOVOVTOL UE LEYOADTEPT] TAYVTNTO OO
OTL £val XEPOTAGTO AEEKO.

2. Emotmqpovikéc 'Evvoleg: 1o TeXVIKO KEIPEVO TEPLEYOLV UEPIKEG POPES TEPIMTAOKEG
EMIOTNUOVIKEG 1] UNYAVOAOYIKEG EVVOLEC TOVL UTTOPEL vau lvail GVGKOAO va KortavonBovv Kot
va amodo000v 6e AAN YA®ooa. ['a va vl KAmoo emTuynUEVT OC LETOPPAGTPLA, TPETEL
Vo €YEL KOAN KATOVOTOT TOV AVTIKEWWEVOD, KABmG Kot apiotn yvdon g YADGGOS GTOYO0G
wote va etvarl capng kol akpiPng otig SVGKOAES EVVOEIC.

3. Emwapoétnre: H teyvoroyia kor n emomun eEediocovion paydaio, €mouéveg m
LETOQPACTPIOL TTPEMEL VO Elvan EVIUEPT Yo TIS TeAevTaieg e€eAilelg Ko vo umopel va
avayvopilet Kot va ypnoipnomolel Ty Tp€xovca oporoyio. Avtd dNUovPYNGE Yo ELEVOL LLaL
oEPA OO TPOKANGELS, KAOMG EMPENE VO TOPOUUEV® CUVEYDG EVIUEPMOUEVT] GE VAV TOUEN
7OV O€V glya Kapio amoAHT®S TPOTHTEPT YVAOGCT KOOMS Kot Yo TG EMOTNUOVIKEG e€EAiEelg
0G0 TPOYLLOTOTTO0VGA T LETAPPOCT).

[Mapaxdtw akoAovBovV OpICUEVES TOKTIKEG TOV YPNOHOTOINGA Yoo Vo EEMEPAC® TO
EUTOOIL OV TAL:

Apy1Ka, TPOGEYYIGO TNV TEYVIKT OPOAOYIL TOV apYIKOD KEYWEVOL LLE QVGTNPT AVAALGT| Kot
TPOGOPUOYT TOV OPWV, EVAD TOVTOYPOVO EVTIOMIGO TOVS KATAAANAOVS OVTIGTOTYOVS OPOVG
0T YA®GG TPoopIopov. Avti 1 dtdikacio cuvéBaie KabopioTikd otn dnpovpyia evog
OUVEKTIKOV YA®MGGIKOD TAUGIOV TOV EMTPEMEL TNV EVKOAN KATAVONOT| KOl OITOd0)T TOL
KEWEVOL a0 TOVG OVOYVOOTEG TNG TEMKNG petdepaons. EmmAéov mpoympnooa o€
oLYKplon G oporoylag mov emére€o pe v opoAoyio mov ypnoomomdnke omd
OPIOUEVOVG EPELVNTEG OE OOOKTOPIKES OOTPPEG Kot SUTA®UTIKE  epyacieg Yoo va
BeParmbBod yro TV opBOTNTA TNG KpiomMg KoL TV EMAOY®V HOL.

EmumAéov, de&nyaya extevn HEAETN Yo TO GLYKEKPEVO €0KO BEpa Kot améKTnoo
gumepio ot YAOGGO TOL ¥pnoyonoteital 6to tpwtdtuno Keipevo. H cuveyng evnuépmon
Kot eKaidoevon otig véeg e€eMEglg Kot 6TV 0poroyiot TOV APOPOVV TO TTEPIEXOLEVO TOV
TPMOTOTVTOL KEWWEVOL NTOV KOOOPIOTIKN BGTE Vo €y emikopes yvooes. Emmiéov, n
GUUUETOYN OE OOIKTLOKE GEPVAPLO KOBMG KO 1 TOPOKOAOVONGT KATOI®V VIOKILOVTEP
OV Ol BEUATIKEG TOVG NTAV KOVTA LLE OVTO TOV TPOTOTOTOV KEWEVOL GUVEROAE GTNV
Beltioon TV YAOCOIK®OV KOl TEYVIKOV 0eE0THTOV LOV.
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lNo va dwoeoAiico v axpifso kot ™ ovvénewn G HETAPpaonS, aflomoinca
emoryyehpotikd kot online Ae€ucd kot dALES aE10MIOTEG TINYES.

EmumAéov, pedémnoa opiopéveg 10aKTopikés StaTpiég Kot SITAMUATIKES EpYOCing KOVTH
070 B£10 TOV TPOTOTOTTOV KEWWEVOD KO TG AMEKTNGO TEPOUTEP® EUTEIPTIA KO EVIULEPOOT
oxeTIKA pe TIC e£eMEEIC 6TOV TOUEN TOV POTOPOATAIKDV

Kot v empéreia Tov HETAPPAGUEVOD KEWEVOD, £0wa0 Pdon Kupiwg otnv eEocpaiion
™G akpifelog kabmg Kot TG CLVETELNG AALA TG KOTOVONTOTNTAS TOV. AVTH 1) TPOGEYYIoN
NTOV OLGLIGTIKN Y10 TNV TOPOY®YN MG UETAPPAONS VYNAOD EMIMESOV, EVM M YPT|OM
pécwv 010pHmong GuVEBUAE GTNV AMOTPOTY| OTOLOVONTOTE AMOKAIGEWV.

Yuvoyilovtog, 1 HETAPPOOT TEYVIKOV KEWEVOVY omattel eolkeimon pe to avTikeipevo,
YAWGGIKES IKOVOTITMV KO TPOGEKTIKY TPOGEYYIon ot Aentopuépeia. 'Etotl dStucparileton
1N ordS00T TOV TPMOTOTLITOV KEYEVOL LE TN HEYIGT duvaTh aKpiPela Kol GUVETELQ.
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