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Abstract

Abstract

Presently the efficiency of standard solar cellsdenrom multi-crystalline silicon (mc-Si)
reaches values in the range of 16%. A main pointtf@ achievement of higher cell
efficiencies is a significant improvement of thelkbmaterial. Of particular relevance are
extended defects such as dislocations, which aperitant recombination centres. Therefore
the reduction of the overall dislocation densityod improve the performance of the
material.

Previous results have shown that the dislocatiac$eate and multiply during crystal growth
due to local stresses which arise from differenoese local thermal expansion. Especially,
the formation of localised areas with very highatiation density (up to £@&m?) are crucial

because these regions are particularly detrimeotathe charge carrier lifetime and the
material performance. A further improvement of matystalline materials requires a

substantial reduction of these bad regions.

The goal of the present investigation is to redthee dislocation density by hindering the
nucleation and motion of dislocations. Solid santhardening by impurities, which cause
local strain, is a well known phenomenon in met&sice germanium and hafnium are
electrically inactive elements with high local stran silicon due to the larger size, their effect

on dislocations has been studied here.

We have investigated different mc-Si materials Whiwere intentionally doped with

germanium concentrations up to 1% of weight anahibaf concentrations of 6 and 11% of
weight. The influence of germanium and hafnium loa distribution of oxygen and carbon
was studied by Fourier Transform Infrared SpectpgdFTIR). The grain size was measured
with the Intercept method, the resistivity of themple with a four-point probe and the

dislocation density with laser scanning equipméw-§can).
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Celle solari: stato dell'arte

Le celle solari in silicio sono state il traino kledustria fotovoltaica per molti anni e tuttora
rappresentano 1'80% dell'intera produzione mondidlenoduli fotovoltaici costruiti con
questo tipo di celle hanno una grande affidabéditgaranzie di durata che arrivano a 20 o 25
anni, dato eccezionale per qualsiasi prodotto ratiniiero. Nonostante celle di diversi
materiali continuino ad essere sviluppate e predaara difficile spodestare il silicio da
guesta posizione. La tecnologia che sta alla bageska dell’elettronica dei semiconduttori:
una cella solare in silicio & una particolare forthaiodo a semiconduttore. Fortunatamente,
il silicio in forma di quarzo (diossido di silici® un componente molto comune dell'intera
crosta terrestre ed e essenzialmente non tossicon® due tipi principali di celle solari di
silicio cristallino attualmente prodotti in elevablumi:

- Monaocristallina Il tipo piu efficiente, costituito da un wafer itwsottile ricavato da
un cristallo di silicio puro. | wafer circolari diirca 15 cm di diametro hanno una
struttura cristallina ordinata con proprieta unifide prevedibili. Tuttavia, richiedono
processi di produzione attenti e costosi, incldsdragaggio con piccole quantita di
elementi per arrivare alle caratteristiche eldteicichieste. Lefficienza dei moduli di
silicio monocristallino in commercio € dell’ordingel 14-16%. La superficie di
moduli necessaria & di circa 7/kW,.

- Policristallino. Questo tipo di cella & prodotto attraverso prsicesdustriali di
fusione. Quando il silicio fuso si raffredda, daaviad un lingotto con struttura
policristallina irregolare che viene successivamdagliato in fette sottili e quadrate
per creare le singole celle. La loro strutturatatima, essendo casuale, porta ad avere
efficienze leggermente inferiori al silicio monatgllino, ma questo svantaggio e
compensato dal costo inferiore del wafer. Leffiida di un modulo in silicio
policristallino & nell’'ordine del 11-15%. La sugdei® necessaria & di circa SV,

Le celle create in laboratorio raggiungono efficenmaggiori rispetto a quelle prodotte

industrialmente in elevati volumi. Lefficienza deioduli € leggermente minore rispetto a

quella di una singola cella perché la superficieimimodulo non puo essere completamente
ricoperta dalle celle ed anche il telaio occupaperde importante di superficie. E sempre
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importante distinguere tra I'efficienza della cedléiefficienza del modulo.
E presente anche un altro tipo di cella solardlicicccomunemente in uso:
- Amorfa Le celle solari in silicio amorfo sono piu ecoriohe delle celle solari in
silicio cristallino, ma hanno un’efficienza moltamore: circa il 6-8%. Oggi vengono
usate tipicamente nelle facciate degli edifici eslgerficie richiesta e di circa 16
MKW,
La tecnologia che sta alla base delle celle saiasilicio cristallino € ormai consolidata ed &
spesso chiamata di “prima generazione”: di questmd parte tutte le celle che si vedono
sulle case, sulle industrie e sugli edifici comnrcTuttavia, € importante sapere che altri
materiali semiconduttori possono essere utilizaati produrre celle solari. La maggior parte
di questi ricade sotto il nome filim sottileed implica il deposito di uno strato molto sottlie
semiconduttore su una varieta di substrati. | pitod® film sottile sono generalmente
considerati come l'ultimo obiettivo per il fotovalto terrestre in quanto utilizzano quantita
molto ridotte di semiconduttore e processi contswlarga scala che non implicano il taglio e
il montaggio di singoli wafer. | moduli a film sd& basati su composti di semiconduttori
quali rame-indio-selenio (CIS) e cadmio-tellurio (CdTe vengono prodotti a livello
commerciale. Questo tipo di moduli € detto di “seta generazione” e ha efficienza inferiore

al silicio cristallino, ma rappresenta un signifigca progresso per i prodotti a film sottile.

Silicio monocristallino

Il silicio utilizzato per produrre celle fotovoltdie ha tipicamente una purezza del
99.99999%, simile a quello utilizzato nell’induatrelettronica per produrre componenti a
semiconduttore (diodi, transistor, chip). Il singakistallo viene prodotto attraverso il metodo
Czochralski(C2), molto semplice da visualizzare. Grossi pezzsiticio puro senza una
particolare struttura cristallina vengono fusi mperature superiori a 1414°C in un crogiolo
di grafite. Un piccolo seme di silicio viene poda contatto con la superficie del fuso per
iniziare la cristallizzazione. Il silicio fuso sdifica all'interfaccia tra il seme ed il fuso memtr

il seme viene lentamente ritirato. Un grosso litgonizia a crescere verticalmente e
lateralmente con gli atomi che tendono a dispormsiun reticolo cristallino perfetto.
Sfortunatamente questo metodo presenta alcuni aygintLa crescita del cristallo € molto
lenta e comporta un elevato consumo di energidapado ad un elevato costo di produzione.
Le impurita possono essere presenti a causa detkirione tra il fuso ed il crogiolo. Inoltre

la produzione di wafer sottili comporta il taglieldingotto in fette, un processo molto lungo
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e con lo scarto di molto materiale che puo essevece utilizzato. Per queste ragioni
I'industria fotovoltaica ha incentivato la ricerda metodi alternativi come, ad esempio, la
produzione di cristalli in fogli sottili. Alcuni diquesti metodi sono oggi utilizzati per

produzioni a livello industriale.

Figura 1. Silicio puro prima della fusione.

Silicio policristallino

Come e stato detto in precedenza, le celle salailicio policristallino nascono anch’esse dal
silicio puro fuso che viene pero solidificato irobthi, tagliato in mattoncini piu piccoli ed
infine ridotto in sottili wafer. Il processo di fusie e solidificazione produce una struttura
policristallina che si allontana dalla strutturamooristallina ideale ma che viene compensata
da un costo inferiore. Inoltre, dato che le cellengono tagliate in forma quadrata o
rettangolare, possono essere disposte I'una valifaitra nei moduli. Quando il silicio fuso

si raffredda, la cristallizzazione avviene simuétamente in diversi punti del fuso producendo
grani con dimensione, forma ed orientazione cas@dllinterno di ogni grano la struttura

cristallina € molto regolare, ma i bordi grano nmagsentano delle imperfezioni che

favoriscono la ricombinazione tra elettroni e lagun
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@) (b)

Figura 2. Wafer di silicio policristallino (a) e madulo fotovoltaico in silicio policristallino (b)

Vincoli progettuali

| progettisti di celle solari sono sempre concenteh miglioramento dell’efficienza di
conversione delle celle in silicio cristallino, cando anche di superare gli schemi base gia
conosciuti. Molti dei vincoli all’efficienza sonoaasati dai principi di ottica e di teoria
guantica, altri dalle proprieta dei materiali seomduttori o dai problemi di progetto. La
figura ... sintetizza i principali fattori che detamano I'efficienza di una tipica cella solare in
silicio in commercio che opera alla massima potehaapotenza solare incidente & denotata

con 100% e le successive perdite riducono la patdisponibile attorno al 15-20% in uscita.

resistance
recombination
opfical

theory

Figura 3. Perdite di efficienza di una cella fotovitaica.

Teoria quantica
Questo argomento rappresenta la piu grande peddigdficienza delle celle basate su una
singola giunzione p-n. Un modo per ridurre il peshh € quello di impilare due o piu

giunzioni con diversi gap di banda per creare wglatandem

Ottica
Le perdite ottiche riguardano la luce incidentep@aiendone I'assorbimento da parte del

semiconduttore e la conseguente produzione di eagpttrone-lacuna. In una cella ci sono

12
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tre principali tipi di perdite ottiche. Il primoptd puo essere considerato quello riguardante il
bloccaggio della luce incidente da parte dei cdingaperiori. Lombreggiamento dovuto alla
presenza dei contatti pud ovviamente essere ridoiitcendo I'area totale occupata da questi
contatti. Chiaramente, una griglia di contatti Ispaziata riduce le perdite ottica ma ha come
svantaggio quello di incrementare la resistenzapéalita per ombreggiamento dovuto ai
contatti si aggira tra I'8 e il 12%. Il secondodipli perdita ottica € quella associata alla
riflessione della superficie superiore della cdlar compensare questo tipo di perdita ci sono
due miglioramenti progettuali applicabili. Il primé quello di applicare un rivestimento
antiriflesso, trasparente e dielettrico sulla sfiper se il rivestimento € spesso un quarto
della lunghezza d’onda incidente, la luce rifledaliinterfaccia tra il rivestimento e la cella &
sfasata di 180° rispetto a quella riflessa dallzesficie superiore. Linterferenza risultante ha
come effetto la cancellazione. Ovviamente, I'esediacellazione si verifica solamente per un
valore di lunghezza d’onda, normalmente scelto g@lgpicco di flusso dei fotoni: 0.63m. il
secondo miglioramento progettuale applicabile dlguk creare undexturesulla superficie
che permetta una riflessione casuale con una mggiossibilita da parte della luce di
entrare all'interno della cella. La struttura ailBha del silicio permette, con attenti attacchi
chimici, di creare delle piccole sporgenze pirartida luce riflessa dalle facce inclinate puo
incidere le piramidi vicine ed entrare nella cellaterzo tipo di perdita ottica € data dalla
riflessione della faccia inferiore della cella senkzsuccessivo assorbimento. Il rimedio piu
utilizzato e quello di applicare una superficieegolare totalmente riflettente che possa
deviare la luce in maniera casuale all'interno aleklla. La luce verra poi intrappolata per

totale riflessione interna. Questo processo e digtibtrapping

Ricombinazione

Questo processo avviene quando gli elettroni eateidle generati dalla luce, invece che
passare attraverso la giunzione ed essere cattiaiatontatti, si incontrano e si annullano. La
perdita di portatori di carica influisce negativartee sia sul voltaggi che sulla corrente in
uscita dalla cella, riducendone l'efficienza. Alcuipi di ricombinazione hanno luogo nel

corpo della cella (bulk recombination) ma la maggarte si ha in corrispondenza di impurita

e difetti presenti nella struttura cristallina.
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Resistenza

L'ultimo tipo di perdita € dato dalla resistenzeetgica. Una cella solare pud essere
considerata come un generatore di corrente. Cometye i generatori di corrente, e
desiderabile minimizzare il piu possibile la resigta in serie ai terminali di uscita. In questo
caso, I'interpretazione fisica della resistenzaerie e data da tutti i contatti e i conduttori che
permettono di raccogliere il flusso di correntaustita, nonché dal materiale semiconduttore

della cella.

Le tecniche per contrastare le perdite di efficeenel silicio cristallino sono state raggiunte e
migliorate con anni di ricerca e sviluppo in tutaboratori del mondo, ma il grado in cui esse
vengono impiegate a livello industriale e commedecidipende dal giudizio dei produttori: il

numero e la complessita delle operazioni di pracéssino un grande impatto sui costi ed é

sempre presente un inevitabile compromesso traepséstazioni.

Dislocazioni nel silicio policristallino

Le dislocazioni sono responsabili del comportameiéstico dei materiali cristallini ma ne
possono influenzare significativamente anche et elettriche, specialmente nel caso dei
semiconduttori. Ci sono due tipi principali di dishzioni:edgee screw Il vettore di Burgers
rappresenta lintensita e la direzione della dstore del reticolo cristallino causata dalla
dislocazione. In una dislocazionedge il vettore di Burgers &€ normale alla linea di
dislocazione mentre in una dislocaziosaew e parallelo alla linea di dislocazione (vedi
Figura 4). Tuttavia, la maggior parte delle diskioai € di tipo misto. Le impurita sono
attratte dalle dislocazioni e agglomerati di impurspesso creano precipitati che possono

bloccare l'ulteriore moto delle dislocazioni.

14
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Figura 4. Direzione del vettore di Burgers in una @élocazioneedge(in alto a destra) e in una dislocazione
screw(in basso a destra).

Nucleazione delle dislocazioni

Ci sono diversi meccanismi di nucleazione dellelodazioni durante la crescita e |l

raffreddamento della struttura cristallina. E not® le dislocazioni possono generare come
risultato della tensione prodotta attorno all’irine a causa della differenza tra la
contrazione termica del cristallo e quella delllusione stessa. Le dislocazioni possono
generare anche dai bordi grano: durante la cresdtal successivo raffreddamento si

generano campi di tensione quando grani aventereéifite orientazione crescono I'uno

affianco all’altro, specialmente quando tre o piarg si incontrano. Anche i bordi grano in

movimento possono generare dislocazioni: quandognamo cresce a spese di un altro

'impacchettamento degli atomi al bordo grano pdtenka nucleazione delle dislocazioni.

Movimento delle dislocazioni

Nei semiconduttori la velocita delle dislocazioningenta con la temperatura a parita di
tensione applicata. Esistono due tipi principalinthto delle dislocazioniglide e climb. I
glide, 0 moto conservativo, si ha quando la dislocazgimauove sul piano che contiene sia
la linea di dislocazione che il vettore di Burge@aiesto processo implica lo spostamento di
un piano atomico sull'altro ma il numero di atomidespazi nel reticolo cristallino resta

invariato, per questo € detto anche processo ocmisar. Il climb, 0 moto non-conservativo,

15
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e il movimento della dislocazione fuori dalla sdfmée di scorrimento in direzione normale al
vettore di Burgers. Itlimb necessita di un processo di diffusione o dellssgmea di siti
vacanti nel reticolo cristallino. Alle basse tengiare la diffusione e ridotta e il moto delle
dislocazioni & limitato solo al processogiitle. E stato studiato che un aumento della velocita
delle dislocazioni & determinato solamente dagiineinti cosiddetti donatori, come il fosforo,
mentre non é influenzata dagli elementi “accettatmme il boro. Se I'impurita presente nel
silicio é rappresentata da un singolo atomo, I'gi@emecessaria alla dislocazione per
superarla non & cosi elevata da influire sul meltadiislocazione stessa. E quindi pensabile
che gli ostacoli che rallentano e bloccano il mdadle dislocazioni siano agglomerati di

impurita.

Dislocazioni contaminate da impurita

| portatori di carica che si generano in una cstiiare ne determinano la corrente in uscita. Di
conseguenza, una barriera alla formazione o unditpedi queste cariche diminuisce
I'efficienza della cella solare. Le impurita meigle sono comuni nel silicio cristallino di
grado fotovoltaico e studi effettuati su lingottit®posti a solidificazione direzionale hanno
rivelato la presenza di impurita quali ferro, crqmaaime, molibdeno e cobalto. Le dislocazioni
POSSONo essere spesso sito di attrazione per difgstdi impurita ed e stato dimostrato che
sono molto piu dannose nei confronti dei portattircariche che le dislocazioni “pulite”. |
precipitati metallici risultano essere dannosi malgto aumentano la ricombinazione dei

portatori di carica e diminuiscono I'efficienza ldetella fotovoltaica.
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Descrizione dello studio effettuato

Meccanismi di rafforzamento del silicio policristitho

Il presente lavoro si propone di studiare l'effettbe hanno due tipi di rafforzamento
solitamente utilizzati in metallurgia sulle caratédche elettriche e microstrutturali del silicio
policristallino. Tutti i meccanismi di rafforzamenintroducono dislocazioni o difetti nel
reticolo cristallino che agiscono da barriere adloorrimento tra i piani atomici. | due
meccanismi considerati sono il rafforzamento peluzmone solida (alligazione) e |l

rafforzamento per precipitazione.

Rafforzamento per soluzione solida

Questa tecnica consiste nell’aggiungere atomi délamento (elemento alligante) nel reticolo
cristallino di un altro elemento (metallo base)elemento alligante diffonde nella matrice
formando una soluzione solida e producendo camterdiione locale che interagiscono con
gli omologhi campi di forza generati dalle dislocad. In questo modo il moto delle
dislocazioni viene ostacolato e la tensione di \\areento del materiale aumenta. La
soluzione solida puo essere di tipo sostitutivanterstiziale ma, in entrambi i casi, I'intera
struttura cristallina rimane pressoché invariatelldNsoluzione solida di tipo sostitutivo gli
atomi di soluto hanno dimensioni tali da poter isoisé gli atomi del metallo base nel reticolo
cristallino. Secondo le regole di Hume-Rotheryatgio atomico dei due elementi non deve
differire di piu del 15% affinché abbia luogo quespo di soluzione. | campi generati sono di
compressione e sferici e non interagiscono con isoahzioni a vite perché privi di
componente di taglio (caratteristica di questo tipalislocazioni). Nel rafforzamento di tipo
interstiziale I'atomo di soluto ha dimensioni intet alla meta dell’atomo del metallo base e
si annida negli spazi all'interno del reticolo taiino causando un campo di tensione. Questo
tipo di campo genera una distorsione tetragonake mid interagire con qualsiasi tipo di
dislocazione. Il rafforzamento per soluzione solaanenta la tensione di snervamento del
materiale in quanto aumenta la forza necessanmao&b delle dislocazioni. Il rafforzamento
del silicio per soluzione solida € possibile coengdnti elettricamente inerti e completamente
solubili nel silicio. Il germanio € un elementotélieamente inerte nei confronti del silicio e il
diagramma di fase Ge-Si (Figura 5) evidenzia atalm®mpleta solubilita tra i due materiali,
quindi il germanio € un elemento adatto al raffareato per soluzione solida del silicio. Le

dislocazioni che vengono bloccate dai campi diiteresgenerati dagli atomi di

17



Extended abstract

germanio possono prevenire l'ulteriore propagazioneoltiplicazione di altre dislocazioni.
Inoltre, nel caso di silicio drogato con elevateampita di boro, gli atomi di germanio

compensano il ritiro del reticolo cristallino dogwlla dimensione ridotta degli atomi di boro.

Weight Percent Silicon

0 10 20 30 40 50 60 Y0 B0 96 100
T T | T II T | T 1 II II | II |
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1400 L
1300 -
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=]
Q
h
= 1200 -
o~
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g
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1000 L
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0 10 20 a0 40 50 60 70 80 a0 100
Ce Atomic Percent Silicon 9

Figura 5. Diagramma di fase Ge-Si.

Rafforzamento per precipitazione

Questo metodo si basa sul cambiamento di solubilitastato solido in base alla temperatura.
Quando la solubilita di un elemento in lega camisiaha la precipitazione di una fase

secondaria che impedisce il moto delle dislocazadiiinterno del reticolo cristallino. Quando

I precipitati differiscono in dimensione rispettgliaatomi del metallo base si ha una
distorsione del reticolo: i precipitati piu piccgortano ad una tensione positiva mentre i
precipitati piu grandi ad una tensione di comprassi La forza che agisce sulle dislocazioni
e sempre perpendicolare alla linea di dislocazmmgiest’ultima, se la tensione di taglio sul
piano di scorrimento e piccola, assume una formaota”. Se la tensione di taglio raggiunge

il limite critico, le bolle confinanti si toccanoreagiscono a formare un anello di dislocazione

attorno al precipitato e una nuova linea di diski@ae. Questo comportamento e illustrato in
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Figura 6. In generale qualsiasi materiale pud esseforzato per precipitazione ma se i
precipitati sono troppo piccoli le dislocazioni poso tagliare il precipitato senza che esso si

opponga al moto.

®©® @ @ @

Figura 6. Rappresentazione di una linea di dislocéane che si aggancia ai precipitati.

Un altro elemento elettricamente inerte nel silieéid’afnio e il diagramma di fase Hf-Si
suggerisce che esso e anche adatto al rafforzanmertoprecipitazione se presente in
determinate concentrazioni. Per concentrazioni fdfikb al 30% la struttura del materiale

presenta precipitati di HfSin una matrice di eutettico Hf-Si.

Preparazione dei campioni

Per verificare l'influenza del germanio sulle priepa strutturali del silicio policristallino,
sono stati studiati sette campioni drogafcon aggiunta di boro) intenzionalmente legati con
germanio fino all’1% in peso. Ciascun campione adn una fetta dello spessore di 2 mm
ricavata dalle parte centrale di un lingotto dir di diametro e dell'altezza di 5 cm. Ogni
lingotto e stato fuso in un forno Bridgman da latorio nell’ Istituto di Metalli Non Ferrosi e
Materiali Super Puri all'Universita di Freiberg iBermania. Per verificare I'effetto del
metodo di rafforzamento per precipitazione, somdi studiati due ulteriori campioni. Questi
due campioni, ottenuti nello stesso modo dei camgcecedenti, sono stati drogati con boro
e legati con afnio nelle percentuali del 6% e d&lb in peso. Oltre a tutti i campioni sopra
descritti, & stato studiato nello stesso modo umpiane di riferimento senza alcun elemento
in lega denominat8&i-1 Prima di effettuare ogni misurazione i campioevaho essere
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lucidati e, per le misurazioni con lo scanner Ig88f Scan), sottoposti ad attacco chimico. |
campioni sono dapprima fissati su un piatto cineldi alluminio con una cera solubile in

acqua. Successivamente questo supporto € montatasmacchina per la lucidatura. Questa
macchina ha la caratteristica di applicare unaafaastante ad una determinata velocita di
rotazione mentre un disco lucidante ruota allasste®locita in senso opposto. La procedura

di lucidatura e i parametri di lavoro sono descaitparagrafo 4.2.1.

Force

Figura 7. Rappresentazione dell’apparecchiatura peta lucidatura dei campioni vista da sopra (a sinisa)
e il support del campione visto di lato (a destra).

In seqguito alla lucidatura, i campioni vengono gptisti ad attacco chimico che permette la
rimozione degli atomi dalla superficie. Se il numati atomi rimossi dalla superficie e
maggiore in corrispondenza delle dislocazioni allsr formeranno delle depressioni, mentre
se il numero € inferiore, si formeranno dei riganfenti sulla superficie stessa. Il metodo piu
comune per una rimozione lenta e controllata detglini dalla superficie € l'utilizzo di una
soluzione contenente acido fluoridrico, acido odrie acido acetico in un determinato
rapporto. La reazione che sta alla base della ldesme della superficie del silicio € un
ossidazione del silicio seguita dalla rimoziondalstrato stesso di ossido attraverso 'acido
fluoridrico. Il procedimento seguito per effettudiatacco chimico dei campioni & descritto

al paragrafo 4.2.2.
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Metodi sperimentali e risultati delle misure
Le misurazioni effettuate sui campioni si articaan cinque diverse fasi:
- Misurazione della distribuzione di ossigeno e carbattraverso la strumentazione
FTIR (Fourier Transform Infrared Spectroscopy);
- Misurazione della distribuzione del germanio e ’d&iio all'interno dei rispettivi
campioni con strumentazione EPMA (Electron ProberAnalyser);
- Misurazione della resistivita con la sonda a qogitmti;
- Misurazione della dimensione dei grani cristaltion il metodo ad intersezione;

- Misurazione della densita di dislocazioni con larseer laser (PV Scan).

Distribuzione e concentrazione di ossigeno e caidon

La FTIR e una tecnica analitica che permette dntifleare le concentrazioni di specie
organiche ed inorganiche nei solidi e nei film ifiottin questa tecnica si misura
'assorbimento di varie lunghezze d'onda infraroske parte delle specie di interesse:
determinate bande di assorbimento identificanoroet@ate specie e strutture molecolari. La
radiazione infrarossa viene fatta passare attravirgampione e I'accoppiamento tra il
legame molecolare e la radiazione ha come risuliatpicco di assorbimento nello spettro
misurato. Per un determinato spessore del campidnigrale dell'area dello spettro e
proporzionale alla concentrazione della specie amPer diminuire gli errori di misura
viene considerata la media di una serie di spddlia stessa misurazione. Nel modo piu
semplice uno spettrometro in grado di effettuarestputipo di misurazioni € composto da due
specchi collocati a 90° I'uno rispetto all’altroogientati perpendicolarmente. Uno dei due
specchi € mobile, l'altro e fisso. Un prisma €& pmsiato al vertice dell'angolo retto e
orientato a 45° rispetto ai due specchi. La radr@iche incide sul prisma viene divisa in due
parti ciascuna delle quali si propaga verso glicspee viene poi riflessa dagli stessi. | due
raggi riflessi vengono ricombinati e trasmessi @&pdsitivo rilevatore. Muovendo uno
specchio € possibile creare un campione di comma@zhe permette di codificare lo spettro

della sorgente. La strumentazione e rappresemidimira 8.
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Figura 8. Rappresentazione dell’'apparecchiatura FTR.

Questa apparecchiatura permette una misura senglimn distruttiva ed e adatta ad una
stima di massima della concentrazione di ciascpeais chimica. Le misurazioni sono state
effettuate registrando lo spettro di assorbimergni @ millimetri dalla parte inferiore alla
parte superiore di ogni campione. Lo spettro prsetue picchi che rappresentano le
concentrazioni di ossigeno e carbonio. Il piccatieb all'ossigeno & posizionato a 1107tm
e il picco relativo al carbonio a 605 ¢ml_'assorbimento & stato convertito in concentragio
(atomi/cn?) con i coefficienti di conversione implementati seftware utilizzato. | risultati
delle misurazioni sono riportati al paragrafo %.@.scopo di queste misurazioni € stato quello
di verificare se i fattori normalmente coinvolti ion processo di fusione, come la
concentrazione di ossigeno e carbonio, possanoiaenib loro comportamento nei lingotti
contenenti germanio e afnio. Nei campioni contenggrtmanio € stato possibile notare che |l
contenuto di ossigeno tende a diminuire spostandidi parte inferiore alla parte superiore
del lingotto: infatti, il coefficiente di partizian dell'ossigeno nel silicio € 1.4 e questo
comportamento € quello che ci si puo aspettare.gRanto riguarda la distribuzione di
carbonio negli stessi campioni, & stato possiteldeve che essa é pressoché costante per tutta
I'altezza del lingotto ma e possibile pensare ehedncentrazione aumenti esponenzialmente
nella parte piu alta a causa del coefficiente diiziane pari a 0.07. Nei campioni contenenti
afnio I'ossigeno ha lo stesso andamento dei camposcedenti mentre le misurazioni
relative alla distribuzione di carbonio ne evidemz un incremento nella parte centrale del
lingotto seguito da una brusca diminuzione nelleepauperiore: € possibile affermare che
guesto comportamento sia dovuto per lo piu allalapresenza di precipitati che influiscono
negativamente sulla misura. In definitiva si pudnooque dire che la distribuzione di

ossigeno e carbonio non viene influenzata dallagmea di germanio e afnio in lega.

22



Extended abstract

Distribuzione degli elementi in lega

LEPMA e lo strumento utilizzato per analizzaredamposizione chimica di un campione
lucidato meccanicamente. Quando elettroni con &eeaergia bombardano il campione,
vengono rilasciati elettroni secondari dalle orlpie interne degli atomi che lo compongono.
Gli elettroni delle orbite ad energia piu elevaeno ad occupare i posti lasciati vuoti ed
emettono energia in eccesso sotto forma di raggiQxesta energia e direttamente
proporzionale al numero atomico. La strumentaziBeRMA permette di rilevare la quantita di
energia rilasciata e, di conseguenza, il tipo dim&nto da cui proviene. In questo lavoro la
strumentazione EPMA é stata utilizzata per rilevarelistribuzione degli elementi in lega,
guali germanio e afnio. L'equazione di Scheil (Exjaae 3) descrive la distribuzione del
soluto durante la solidificazione della lega assushoel’equilibrio in corrispondenza del
fronte di solidificazione all’interfaccia solidogluiido. Se il coefficiente di partiziond)(e
inferiore a 1, la concentrazione di soluto durdateolidificazione € maggiore nella frazione
liquida e ci sara un accumulo del soluto nellagoahte solidifica per ultima. Al contrario, se €
maggiore di 1 il soluto si accumulera nella pate solidifica per prima. Le misurazioni
effettuate in questo lavoro hanno permesso diiearé il valore conosciuto del coefficiente
di partizione del germanio nel silicio, pari a Q.38stituendo questo valore all’equazione di
Scheil e costruendo delle curve che permettesseconifronto con i valori misurati. Nel caso
dell’'afnio la documentazione relativa al coeffidienli partizione nel silicio & inesistente, ma
e stato comunque possibile verificare che e inferaol ed il valore che meglio si allinea alle

misure effettuate € risultato essere 0.004.

Resistivita

La resistivita di un semiconduttore € un fattordtmonportante e la sua misura € largamente
effettuata in campo industriale. Il metodo utilitz@er le misure di questo elaborato si serve
di una sonda a 4 punti e lo standard ASTM F43-8323-97 ha permesso la conversione tra
la resistivita misurata e la densita dell’elemedtpante nel campione. La sonda a 4 punti
viene posizionata sulla superficie piana del campie una corrente continua viene fatta
passare attraverso i due punti piu esterni deh@aolLa differenza di potenziale misurata tra i
due punti piu interni della sonda permette cosindiurare la resistivita del campione. Lo

schema della sonda e descritto in Figura 9.
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Figura 9. Sonda a quattro punti.

Le equazioni utilizzate per calcolare la resisivé la densita dell’elemento dopante sono
rispettivamente I'equazione 12 e 13 (Paragrafo. £8me risultato di queste misurazioni, in

tutti i campioni, € stato possibile notare una dumzione della resistivita dalla parte inferiore

alla parte superiore del lingotto. Questo compoetatm puo essere spiegato dall'accumulo di
boro in corrispondenza della parte superiore degadito e I'equazione 13 spiega la

diminuzione di resistivita. E stato comunque osaterche il valore medio di resistivita resta

invariato a circa 10Qmm. Un’unica eccezione € stata rilevata nel cangicon la

concentrazione piu elevata di afnio: il valore noecklcolato e stato di circa 2Z&nm.

Dimensione del grano cristallino

La misurazione della dimensione dei grani crisiale stata effettuata a partire da un
immagine di ogni campione ricavata con un comum@rser ottico con risoluzione minima di

600 dpi. Se il campione di silicio e stato lucidato sottoposto ad attacco chimico,
dall'immagine € possibile distinguere facilmentdoardi grano della struttura cristallina.

Tuttavia, le misurazioni sono limitate perché nompassibile un’analisi quantitativa e la

risoluzione raggiunge i valori che si ottengoncoadhio nudo. La dimensione del grano € un
parametro molto difficile da misurare ma, nel cdsgrani a crescita colonnare, il metodo piu
semplice € quello di tracciare sull'immagine ott@ngon lo scanner un numero di linee
equidistanti perpendicolari alla direzione di cresadel grano e contare il numero di
intersezioni con i bordi grano in ciascuna lineaot8ene cosi la lunghezza totale delle linee
(L) e il numero totale di interseziom;) da cui € possibile ricavare un indice di dimensio

del grano dettdunghezza media di interseziorfequazione 14). Questa definizione non

considera le proprieta variabili dei bordi grantd,esempio, nelle aree in cui sono presenti
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twins, la dimensione del grano diventa molto piccolaatondifficile da misurare con questo
metodo. In questo lavoro sono state tracciate letpedistanti 5 mm sullimmagine di ogni
campione e sono stati ricavati i rispettivi valaiella lunghezza media di intersezione
Effettuando una correlazione lineare dei risultati, stato ricavato un coefficiente di
correlazione pari a 0.25. Il grafico che rappresemisultati ottenuti e la figura 39 (paragrafo
5.4). Questo risultato e insufficiente per afferemann collegamento diretto tra la
concentrazione di germanio e la dimensione delgraistallino di silicio. Lo stesso tipo di
misura e stato effettuato per i campioni contenaimio ma in questo caso l'elevata presenza
di precipitati nella parte superiore dei campioni leso impossibile la determinazione dei

valori dell’indice di dimensione del grano.

Densita di dislocazioni

Il PV Scan é un’apparecchiatura che permette lanazsone della densita di dislocazioni in
base alla luce riflessa dalla superficie di un camg precedentemente sottoposto ad attacco
chimico. Un raggio laser illumina perpendicolarneetd superficie del campione. La luce
viene riflessa dai solchi creati dall’attacco chime viene raccolta da una sfera che permette
la misurazione. Il segnale misurato dalla sferarettdmente proporzionale alla densita dei
solchi ed e interpretato come densitd di dislocazida luce che colpisce un solco
corrispondente ad una dislocazione viene riflesgaun angolo ampio, mentre la luce che
colpisce un solco corrispondente ad un bordo géanftessa con un angolo stretto. | due tipi
di luce riflessa vengono registrate in manieraedéhte e quindi i bordi grano possono essere
distinti dalle dislocazioni. Nel caso di aree in sano presentiwins I'errore di misurazione

puo essere elevato perché vengono misurati corteediioni.

Grain
boundary
detector
Laser Beam
SoUrce \gplitter
Integrating
sphers
sample [, LA

Figura 10. Riflessione con angolo ampio dovuta adhusolco di dislocazione.
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Figura 11. Riflessione con angolo stretto dovuta agh solco di bordo grano.

Il PV Scan permette una misurazione veloce ed midaumetodo disponibile per ottenere
misure statistiche in larga scala. | campioni devessere lucidati e sottoposti ad attacco
chimico. In questo lavoro e stata scansionata aa’dr 7x7 cm con una risoluzione di |

in questo caso il software collegato all’appareathia PV Scan genera una matrice di
1400x1400 valori. Ogni valore corrisponde percia alensita di difetti in un’area di 50x50
um. Per eliminare la parte piu esterna di ogni camgiin cui si ha un accumulo di difetti, lo
studio e stato ridotto ad un’area di 5x3.5 cm. loriapossono essere rappresentati su un
istogramma per evidenziare la distribuzione di dandi dislocazioni e, per permettere una
piu facile comprensione dei risultati, e statadrai@ una curva che unisce i valori centrali di
ogni intervallo dellistogramma. | risultati son@ppresentati in Figura 12. Le misure
effettuate hanno rivelato un’influenza del germasufia densita di dislocazioni. In particolare
e stato osservato che la minima densita di dislonazsi raggiunge nel campione con
concentrazione pari allo 0.0155% in peso. Lo stassdtato si ha osservando il valore
minimo, medio e massimo della densita di disloaaiziognuno di questi valori raggiunge il

minimo nel campione sopra citato (Figure 13, 14, 15
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Figura 12. Distribuzione della densita di difetti rei campioni contenenti germanio.
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Figura 13. Valori minimi della densita di dislocazoni nei campioni contenenti germanio.
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Figura 14. Valori medi della densita di dislocazionnei campioni contenenti germanio.
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Figura 15. Valori massimi della densita di dislocamni nei campioni contenenti germanio.
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Questo risultato deve essere preso con cautelagstadi precedenti hanno dimostrato che il
germanio in concentrazioni elevate riduce drastaram le proprieta elettriche del silicio.
Tuttavia, in questo lavoro la concentrazione ding@rio € molto piu bassa di quella
considerata nei suddetti studi e percio l'influerszdle proprieta elettriche dovrebbe essere
verificata. | risultati ottenuti sui campioni legaton afnio sono stati apparentemente
confortanti ma non sono stati presi in consider@ziperché I'elevata presenza di precipitati

ha di certo influito e falsato le misurazioni.

Aspetti conclusivi e sviluppi futuri

Il risultato principale ottenuto da questo lavorostato che il germanio, in determinate
concentrazioni, riduce la densita di dislocaziogli silicio policristallino. | risultati mostrano
che, oltre alla riduzione del valore medio di d&nsii dislocazioni, si ha una riduzione del
valore minimo e massimo della stessa. Leffettolimig si raggiunge con una concentrazione
di germanio pari a 0.0155% in peso. Basse concatriadi germanio (inferiori all'1%)
sembrano influenzare positivamente le carattehiststrutturali del silicio policristallino ma
linfluenza sulle principali proprieta elettricheom & nota. E inoltre necessario un
riconoscimento delle aree in cui sono presemwitis per eliminarne il contributo e concentrare
le misure solo sulla densita di dislocazioni. Cite @uo essere sviluppato per comprendere
meglio I'effetto del germanio sulle proprieta stauéli ed elettriche del silicio, € lo studio di
ulteriori campioni contenenti germanio con concazitni dallo 0.01% all’1% in peso. Per
quanto riguarda lo studio fatto sui campioni coetgnafnio, il risultato principale é stato la
diminuzione della resistivita in entrambi i camgiddonostante I'assenza di documentazione
riguardante il coefficiente di distribuzione deffi®o nel silicio & stato possibile definire un
valore che piu approssima i risultati delle misu@ed04. Le misurazioni riguardanti la
dimensione del grano cristallino e la densita dlatiazioni sono state molto difficili a causa
dell'elevata presenza di precipitati. Lo studio paésere approfondito diminuendo la
concentrazione di afnio ed eventualmente studiamdmetodo per eliminare gli errori dovuti

alla presenza di precipitati dalle misure sullasiténdi dislocazioni.

29






Table of content

Table of content

ATTIHAVIT. .. e e e e 3
ACKNOWIEAGEMENT ... .t e e e e e e e e e e 5
ADSITACT. ...ttt e 7
EXtended abSIraCt...........uuuuiiiiiiiiiiiiii i 9
Table Of CONTENT.......coo e e 31
1 INEFOAUCTION. ... e e e e e e 33
1.1 PV FESEAICN....cciiiiiiiiiiiee ettt 33
1.2  Dislocations in Sifor solar Cells....... oo, 33
1.3 Motivation oOf the thesSIS..............ui e eeeeiiiiir e 33
2 Multi-crystalline SiliCON...........oooviiiiiiiii e 35
2.1 FEEASIOCK. ... uuuuuiiiiiiiiiiiiiiiiie et ottt e e e e e e e e e e e e e e e e e s nnans 36
2.1.1 The SIEMENS PrOCESS.....cuuuuiiiiiieeeeeeeeiiiiiiiiiaa e e e e e aeeaeas 37
2.1.2 Metallurgical refining route..........cccccceeeeiieieeeeeieeeeeeeeiis 39
2.1.3 Direct metallurgical approach........ccccceooeiiiiiiiiiiiiiiiiiiinnns 40
2.1.4 Purification Via CaStiNG.............mmmmmseeeeeeeeeeeeeereeeeeennnnnnnnn. 41
2.1.5 RECYCING. ..ottt st 43
2.2 Directional solidification Of MC-Si.......ccceviiiiiiiiiiiiiiiiiiieeeeeen 45
2.3 DEfECE IN MC-Si.uuiiiiiiiieie et e e eeeeeeeees 47
2.3.1 PoINtdefeCtS......coooiiiiiieereee e 47
2.3.2 Planar defects: grain boundaries and defoomawins....... 47
2.3.3  PreCipitates........cccvviiiiieeeeiiemcccme e 48
2.3.4 Line defects: disSlocations..........ccceeeeiiiiiiiiiii e 48
23.4.1 Nucleation of dislocations....................... 49
2.34.2 Dislocations mobility.............ccccuvviiiinnnn. 50
2.4 Activity of dislocations contaminated by metapurities............... 52
3 Multi-crystalline silicon strengthening mechanisns............ccccccccvvvnnnnnn. 53
3.1 Solid solution strengthening............ceeeeeeeeiiiieiiiinnee e 53
3.1.1 Solid solution strengthening with Ge..cee...oovvvvvveeeennn... 54
3.2 Precipitation strengthening.........ccooee oo 55
3.2.1 Precipitation strengthening with Hf . ceeeeeeeoooiiiiii, 56
4 Experimental Methods...........ouuvuiiiiiicee e 59
4.1 Sample deSCrPLION..........uuiuuueeees e e e e e e e e e e 59
4.2  Sample preparation........ccooee e 61
4.2.1 Polishing proCcedure...............oi oo eeeeeieeiiiiie e 61
4.2.2 EtChing ProCeaUIE...........ceeeees et e e e e e e e 62
4.3 Fourier Transform Infrared Spectroscopy (FTIR)..............cuuu.ee. 62
4.4  Electron Probe Micro Analyser (EPMA)....coiieeeeiiiiiiiiiiiiiiinns 63
4.5 FOUr-point Probe..........oooiiiiiiii e 64

31



Table of content

4.6  Optical scanner and Intercept method.....ccceeeevvvviiiiiiiieeneeenenn, 65
4.7 PV SCAN..... e 66
ReSUItS aNd AISCUSSION......ccevitieieeie s s e e e e e e e e e e e eeeeeaneeean e as 69
5.1 Distribution of alloying elements........ccccccoco oo, 69
5.2  Oxygen and Carbon distribution..........eeee. oo, 71
5.3 RESISHVILY....civiiiiiiiiiiiiiii e e e e et e e e e e e e e e e e e e e eeeanaenees 75
5.4 GrAIN SIZ..ceiiiiiiiiiieie et 76
TSI 1151 (o Tor=1 1 0] o e (=] 0 1S | Y/ 77
Conclusions and further WOrkS..........ccccoeeveeeiiiiiiieeecee e 81
6.1 EffeCt Of Ge.. .o 81
6.2 o =X 0 ) | 81
] (=] (= o = R 83
Y 0] 011 T [ P 87

32



Introduction

1 Introduction

1.1 PVresearch

Today, thirty years later after the birth of tetrizd photovoltaic industry, crystalline silicon
takes up the 91% of the whole power module markgt However, the current feedstock
shortage does not allow a fast cost reduction pea®d from the past and new technologies
might get the chance to develop and to decreaseryistalline silicon domination in the PV
market. Then, the solar industry is confronteddme new challenges like the presence of

new impurities and the availability of new formslashapes of feedstock.

As the raw material supply is changing, the drige Higher efficiencies and lower cost are
constantly present. The E.U.'s roadmap to 203Gsifamon and PV research declares some
targets for the production of multi-crystallinéc®n up to 2013, such as:

» feedstock consumption up to 5 giW

» wafer thickness less than 1aM;

» cost of 15-25 €/kg dependent on quality.

To achieve these targets emphasis is given to eedstock and defect research [2].

1.2 Dislocations in Silicon for solar cells

It is known that localised regions with high disdtion density are rather detrimental for solar
cell performance. The metal impurities may easilscppitate at dislocation sites and will not
be affected by standard gettering processes iadla cell production (phosphorous diffusion
and aluminium alloying), so the minority carriefetime will further decrease close to a
dislocation. On the other hand, if dislocations ao¢ clustered in large numbers over large
areas, they may have a positive effect on the dvermority carrier acting as internal

gettering sites during cooling.

1.3 Motivation of the thesis

Since the efficiency of multi-crystalline silicom¢-Si) solar cells is mainly limited by
minority carrier recombination at dislocations,dilocation nucleation or multiplication is

reduced, the efficiency will increase. It is knothat metallurgical strengthening mechanisms
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allow to inhibit the dislocation multiplication sm, this work, two types of these method were
taken into account: solid solution strengthening dgding germanium and precipitation
strengthening by adding hafnium. Investigationssefdoped ingots was supported by some
publications already present but, in case of Hfedbmgots, the documentation was very poor
and the measurements will be useful for future workhe measurements were focused on
dislocation density but also oxygen and carborritigtion, Ge and Hf distribution, resistivity
and grain size were investigated. Samples fromt emgjots with a different concentration of
Ge and samples from two ingots with different corication of Hf were investigated. Oxygen
and carbon distribution was measured with Fourfan3form Infrared Spectroscopy (FTIR).
Germanium and hafnium distribution in each sampbes wneasured with Electron Probe
Micro Analyser (EPMA). Resistivity was determinedtiwa Four-Point probe. The grain size
was determined applying a method used for ceranaiemals called Intercept Method. After
these measurements, samples were polished anddetcheder to allow the dislocation
density measurements with PV-Scan. A short sumraaimulti-crystalline silicon structural
properties, production and defects is presentdtienchapter “Multi-crystalline silicon (mc-
Si)”. The theoretical basis of mc-Si strengthenmmgchanisms are presented in the chapter 3.
All techniques concerning the samples preparatiod the measuring instruments are
described in the chapter “Experimental methods”e Thsults of the investigations are
presented, discussed and summarized at the ehd dhésis.
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Multi-crystalline silicon (mc-Si)

2 Multi-crystalline silicon (mc-Si)

Silicon has 4 valence electrons that allow theailito form bonds. Each atom can therefore
bond with 4 other atoms, forming covalent bondsnivlaonded silicon atoms join together to

form a single crystal of silicon. The crystal isoguced from a repeating pattern from the
groups of 5 silicon atoms. The arrangement of@iliatoms is repeated, forming a diamond

structure and face-centred cubic (fcc) lattice. THtice parametes, is 5.43 A [4].

Silicon Lattice

Covalent bond
between atorms

Figure 1: Schematic representation of the silicorgktice [3].

Silicon can be doped with boron or phosphoi¥en silicon is doped with phosphorus, it
has an extra electron that cannot fit in the ostesll of the atoms. Instead, the electron
becomes detached from the atom. The additionatrelfecan move through the lattice and
therefore allow a charge to flow. Since there iseatra electron, the resulting material has a
negative charge, hence it is called n-type silicbme free phosphorus electron acts as the

charge carrier.
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Figure 2: Phosphorous doping. Phosphorous has 5 eteons in its outer shell. When a P atom substitutea
Si atom in the lattice, 4 electrons are needed t@mplete the bond and a free electron is released][3

When silicon is doped with boron, it is one elentshort of completing the outer shell of the
silicon and boron. This missing electron acts dsoée”, which can move around the lattice in
the same way as in intrinsic conduction. When ives) electrons from nearby atoms can take
its place, allowing current to flow. The shortadge®oe electron causes a positive charge in the

material, therefore it is called p-type silicon.

Si 2 Si ¢ Si
SisSi B3
*e .8 ® = @ — Free ‘hole’
SieSiasSis

Figure 3: Boron doping. Boron has 3 electrons in & outer shell. When a B atom substitutes a Si atoim
the lattice, an electron is missing and a hole isaated [3].

2.1 Feedstock

Silicon is about the 28% by mass of the whole Eartust. However it occurs in its natural
form bound to oxygen as silicon dioxide (quartz)sdicates and makes up the 75% of all
rock types. Metallurgical grade (MG) silicon is guzed by carbothermic reduction of quartz

in an electric arc furnace [33]. The equation 1cdbss the reaction.

1 SiQ,(s) +C(s) ~ Si(l) + CO,(9)
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The product consists of a 98-99% silicon and alie2f% of impurities which are mainly iron,
aluminium, phosphorus, calcium, titanium, carbon @oron. The consumption of electric
energy is 11-13 kWh/kg produced MG-silicon. Theoset step in the refining of silicon
provides a purity over 99% [34].

2.1.1 The Siemens process

In the Siemens process MG-Si with more than 99.6%uaty, called silgrain, is purified up

to 99.9999%. Silgrain reacts with hydrogen chlor{¢fCl) in the presence of a copper
catalyst. The main product obtained is trichlomsd (SiHC{) which is purified by fractional
distillation. In the presence of hydrogen, thehiacosilane gas is decomposed and reduced at
high temperature (more than 1000°C) on high-puwiligon U-shaped rods, as described by
equation 2 [35].

2 SiHCL,(g) + H,(9) - Si(s) +3HCI(9g)

The resulting product is polycrystalline silicomdwn as electronic grade (EG) silicon, which
has a typical impurity level of 10 The Siemens process is highly energy consumigg-(1
160 kWh/kg produced polycrystalline silicon [3648) sketch of the Siemens reactor is given
in Figure 4.
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Figure 4: Sketch of a Siemens reactor used to prode polysilicon [37].

Then, from this polycrystalline silicon, ultra-pum@onocrystalline silicon is obtained for the

electronic industry. The top and the bottom of $ilecon crystal contain small amounts of

dislocations and are therefore cut off. These ¢fstend polycrystalline silicon which is not

pure enough goes to the solar industry. Up to abeat 2002, this was enough to cover the
material need for the solar cell industry. Aftel020the demand for feedstock surpassed the

supply and this has lead to a silicon shortageagpiice increase as shown in Figure 5 [37].
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Figure 5: Historical plot of module price correctedto 2002 US dollar [38].

2.1.2 Metallurgical refining route

The metallurgical route refers to the process fiicam refining that does not involve the
formation of chlorosilanes [39]. The end producttim route is called solar grade (SoG)
silicon which total concentration of impuritiesless than 1 ppma [40]. In spite of a higher
level of impurities in the resulting silicon, theetallurgical route is assumed to be more cost
effective and less energy consuming than the cl@maute. The energy consumption is
calculated to be 25-30 kWh/kg and the energy payliate will thus be reduced [41]. The
production of SoG silicon by this route is stilltime research but Elkem Solar AS has recently
developed a metallurgical refining route scaledaimdustrial scale. In order to produce SoG
silicon, the material has to pass through threenrsteps: slag treatment, acid leaching and
directional solidification [42]. Figure 6 shows thHelkem Solar’s metallurgical refining

process schematically.

Slag Post
Leaching Solidification ‘
treatment treatment

Figure 6: Elkem Solar’s refining process [42].

silicon

In the first step a compound containing calciuncisié is added in a small amount to MG
molten silicon. This treatment allows to extractrdo from silicon. The silicon is then

solidified at a relatively high cooling rate and@erystals precipitate. The impurities remain
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in the melt until the end of the solidification asdgregate at grain boundaries in the alloy.
The solidified silicon is crushed and purified byotleaching steps. In the first leaching step
the silicon is treated with an aqueous solutioF@€k or FeCf and HCI which causes the
disintegration of the silicon; in the second leaghstep the silicon is treated with an aqueous
solution of HF or HF and HN© This process will reduce impurities such as HeTA P and

B. Calcium is present as a potential impurity dgrihis process but the final SoG silicon is
reported to contain very little calcium [43]. Inder to refine the resulting silicon, the
directional solidification is used. The entire pees ends with a post-treatment including
cleaning and sizing of the silicon. The end prodsi&oG silicon classified as a compensated

material because of the high amount of phosphatoisqar) and boron (acceptor) [44].

2.1.3 Direct metallurgical route

An alternative approach to the purification of Miicen is to use high-purity raw materials
in the carbothermic reduction process as ultra gueetz and ultra pure carbon. The purity of
the raw materials will greatly reduce the requirataeon the purification of the silicon and
thus obtain SoG silicon more directly. A procesaled Solsilc, based on high purity quartz
and high purity carbon black has been industridlisg Fesil Sunergy. Due to the fact that
high purity raw materials come in powdered forne firocess starts with a pelletizing step.
The next two steps are respectively the produatio8iC in a rotary plasma furnace and the
production of Si from SiC in a submerged arc fumdtese two steps replace a single step in
the MG silicon production where both steps areigedl simultaneously in a submerged arc

furnace. A schematic presentation of the Solsibcess is given in Figure 7.

: |
o oS -

\_/

\" / Pelletizer Rotary plasma w
S102/C pellets furnace Si-metal
S0I+C = 5i0C Electric are purification
furnace solar grade silicon

Figure 7: Process sequence of production of SoG43} the Solsilc process [46].

The liquid silicon which is produced by carbothezméduction at high temperature (up to
2000°C) contains an high concentration of dissolatbon. Virtually all of this carbon has to

be removed to make the silicon suitable for ingodpction. The carbon removal in the
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Solsilc process begins with a controlled coolingwihich the excess carbon precipitates as
SIiC and is separated by filtration. This resultsilicon saturated with carbon at the melting
point (about 70 ppmw). The carbon is then reduoddds than 5 ppmw by an oxidative melt
treatment followed by solidification [47]. FiguresBiows the approach to carbon removal in

the Solsilc process. Typical yield of silicon obidl is about 70%.

-~

eratyr Dxidation of Eractional
decrease and SiC dissolved carbon Crystallization
precipitation by Ar and H2C
Ar, GO and
5i0 gas Crystalline S

Si from

furnace Decant Si

(R

bleed

ArRH2ZO gas
Figure 8: Carbon removal process applied after th&olsilc process [46].

2.1.4 Purification via casting

Because of the low segregation coefficient (ofessithan 18) for most impurities in silicon,
directional solidification is frequently used andsteffective purifying process. Two of the
impurities which are not removed by directionalidification are the common doping
elements boron and phosphorus with segregatioriicieet of 0.8 and 0.35 respectively [48].
Another important impurity not removed by direc@bigolidification is oxygen that will thus
largely remain in the bulk of the ingot and mustrbmoved by other means. In directional
solidification the melt reaches the solidificatimmperature only when the heat is dissipated
at one end. The driving force of this solidificatics a positive temperature gradient in the
growth direction and has the opposite directiorihef heat flow. Heat flow and segregation
need to be controlled to maintain a good qualityth@ resulting mc-Si. It is necessary to
control the heat flow also to obtain a planar sbfdid interface to prevent internal stresses
which, in turn, cause dislocations. When the maitigies from the bottom to top, since most
elements are more soluble in liquid than in solida@, impurities dissolved in the melt will
segregate and the element concentration will intngases increase upwards in the ingot

following Scheil’s equation (Equation 3).
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3 C, =k[T, [1- f )"

where
Cs  the solid composition at the solid-liquid interéa

k: equilibrium distribution coefficient;
Co:  starting composition;
fs: the fraction of solid.

The exponential distribution will create an heawlyntaminated thin layer at the top of the

resulting ingot. An example of typical distributiamshown in Figure 9.
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Figure 9: Carbon distribution in a directionally solidified multicrystalline ingot.

The Scheil's equation assumes no diffusion in & state, complete mixing in the liquid
state and equilibrium at the solid-liquid interfade convection is not sufficient, complete
mixing in the liquid phase is not provided and $elatoms are rejected by the advancing
solid at a greater rate than they can diffuse th® melt. Thus an enriched region, called
diffusion boundary layeris developed ahead of the solid. This regionesatedd. Scheil’'s
equation can still be used if an effective disttib coefficient, ke, is used instead of the

equilibrium coefficient. The effective distributiaoefficient is given by equations 4 and 5.
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4 Koy = K =
k+@1-k)&

5 A= M
D

where

V. growth velocity;

D: diffusion coefficient of the impurity element ihe liquid.

In addition to Scheil distribution, the impuritystlibution will depend on diffusion. The
diffusion is temperature dependent and the impudigtribution varies with varying

temperature profile during growth and cooling. Impes will diffuse into the solidified

silicon from the crucible walls and bottom as wesdl from the coating. Back-diffusion can
also occur as impurities diffuse from the heavibntaminated top layer back into the bulk
material after solidification or from the bounddayer during solidification. Boron is an
acceptor in silicon and mc-Si ingots made by dioeetl solidification are often pre-doped
with boron. A small amount of boron is added togethith the feedstock prior to melting and
solidification. Boron is most commonly used becaitses the doping element with the
distribution coefficient closest to 1. The distiilom profile will thus not vary so much with

height as the other doping elements [52].

2.1.5 Recycling

Approximately 30% of the silicon used to grow a timuystalline ingot ends up as solar cells.
Thus, it is extremely important to recycle the offt, failed runs, broken wafers and kerf.
After directional solidification, a carbide cutriemoved from the very top of the ingot. This
cut has an high impurity content due to segregatiide, top and bottom cuts are also
removed due to contamination from the crucible syalthe coating and the carbide cut layer.
The carbide cut is considered waste but the side together with broken wafers can be
recycled by relatively simple means. Figure 10 shtive cuts removed before the wafering of

the ingot.
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Side cuts

. Carbon cut

Used for solar
cell production

Figure 10: Sketch of the cuts removed from the ingaafter solidification. Only the middle part is used for
solar cell processing.

The kerf loss during wafering depends on wire theds, carbide particle size and wafer
thickness but, in the worst cases, can be as mach0&%. An European project called
Recycling of Silicon rejects from PV production Gy¢RE-SIi-CLE) was initiated in 1999 to
demonstrate new technologies allowing for recyclioig 75% of the silicon rejects in
exhausted wire cutting slurries after wafering [Bdme process steps investigated are:

- mechanical separation of SIC and liquid (polyetigdyeol or oil) from exhausted

slurries by a two-step centrifugation process (8if@ination and liquid elimination);

- magnetic removal of iron particles;

- chemical removal of iron and other metallic impiest

- plasma purification to remove non-metallic imp@gti
The amount of end-of-life photovoltaic (PV) modulssincreasing and recycling of used
solar cells and modules are relevant. Deutscher 3d@ain Freiberg has developed a pilot
recycling plant. The recycling process consistsamaf main steps. First the laminate is burned
off to facilitate the manual separation. In casergttalline silicon cells, the metallisation, the
antireflective coating and p-n junctions are rentbv&ubsequently by etching. After

processing PV modules by thermal treatment solés age separated manually. Glass and
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metals are supplied to their individual recycliogps. During the next step the isolated cells
are chemically treated. The clean wafers, whichtlaedinal product of the recycling process,
can be processed again in a standard solar calugtion line and integrated into a PV

module [32]. Figure 11 shows the recycling proadd3eutsche Solar AG schematically.

Complete Module
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Figure 11: Principle of the recycling process of Dgsche Solar AG [32].

The energy payback time for a PV module with reegahafers is substantially lower than the
same module based on standard wafer productionydaés as compared to 3.8 years if
irradiation of 1000 kWh/fiyear, a performance ratio of 0.75 and a modukitife of 20
years is assumed. The environmental impact of ¢bgcting process is argued to be lower
than the other end-of-life scenarios as wasteratfila sites or shredder and sorting process
[45].

2.2 Directional solidification of mc-Si

The most commonly used method for producing mcsSthie Bridgman technique. This
technique gives columnar growth and a planar daation front. In this method the solar
grade silicon (SoG-Si) feedstock is charged inliaasi nitride (SiN4) coated quartz (SKp

crucible and heated until all the silicon is melteat is then extracted from the bottom of

the crucible by moving the heat zone up comparetddocrucible and/or cooling the bottom
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of the crucible. The solidification will start dtd bottom and the solid-liquid interface moves

upwards with the melt isotherm.

Heat extraction

Figure 12: Sketch of directional solidification setip: 1) quartz crucible coated with silicon nitride; 2)
graphite support ring and plate; 3) susceptor whichis heated by induction [4].

The growth rate is proportional to the temperatynadient difference between the solid and

the liquid silicon as given in equation 6 [5]:
6 Ks [Gg — K, [G, = ps HR

where: ks = thermal conductivity of solid metal
KL = thermal conductivity of liquid metal
Gs= temperature gradient in the solid at the safditl interface
GL = temperature gradient in the liquid at the sditjgid interface
ps= density of solid metal
=  growth velocity
H = heat of fusion
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2.3 Defects in mc-Si

Perfect silicon crystals have periodic arrangen@natoms but in real crystals deviations

from the crystal symmetry occur: these are callefécts

2.3.1 Point defects

These defects are localised in the vicinity ofw &goms in the crystals. yacancyis a defect
due to the absence of a atom on a lattice sita.gificon crystal such a vacancy will results in
four unsatisfied or dangling bonds that may recomiproducing a local distortion of the
lattice. Vacancies are important for nucleatiorpgcipitates associated with an expansion in
the crystal lattice. An impurity atom that replacas atom in the host lattice is called
substitutional impurity The elements on group V (such as P, As, Sh, Bi)swbstitute the
silicon atoms in the lattice and give rise to amess of an electron (N-doping), whereas
elements from group Il (such as Al, Ga or B) gnae to a deficit of bonding electrons (P-
doping). Another substitutional element in silidsrcarbon, but it is electrical inactive. Such
atoms will sit at the interstices of the latticedaare calledinterstitial atoms The lattice
structure is relatively opened and interstitialnasolike Cu, Fe, Mn and O can easily be put
inside. Interstitial atoms are often referred tdast diffuserssince they diffuse easily in the

crystal lattice compared to substitutional atonjs [6

2.3.2 Planar defects: grain boundaries and deformation twins

Planar defects, such as grain boundaries and stpdkults, extend over an area in the
material. Two grains with different crystal orietida that grow next to each other are divided
by a grain boundary The grains may possess some common lattice aitdsthe atoms
occupying these sites constitute a new lattice ciwhs called the co-incidence site lattice
(CSL). Grain boundaries with no or randomly disitdd common atoms between the two
grains are called non-CSL boundaries or randomngbamundaries; these type of grain
boundaries are more electrically active and haghdrienergy than the CSL-boundaries. Sub-
grain boundaries in mc-Si will often exist in a rhubigher density than regular grain
boundaries. They are constituted of a web or lihdisglocations and are shown to be more
electrically active than regular grain boundariexl ahus more harmful for solar cell
performance [7]. Twinning is a deformation mode athgenerates changes in the orientation
of the crystal but does not affect the crystaltice. Twinning is when the crystal undergoes
a change in the standing order of the [111] bormois f...ABCABC... to ...ACBACB... . This
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deformation might happens if the crystal experisnoemogeneously distributed shear strain
over a given region. The boundary between suchiangd area and the matrix region is
calledtwin boundary In any given crystal, twinning deformation is ebsgd to be dominant
at low temperature under high deformation ratesimsilicon it is believed that most of the

twins are growth twins and not deformed twins.

2.3.3 Precipitates

If impurities are present in concentrations lartfem their solubility at a given temperature
they may precipitate usually as compounds of silic®recipitates may form during

solidification, during cooling after growth or dog heat treatment at subsequent cell
processing. Dislocation loops and stacking faulés/ form as a consequence of strain fields
in the crystal activated by a large difference lestwthe volume of the precipitate and the

matrix volume [8].

2.3.4 Line defects: dislocations

These defects propagate as lines in the crystalogations are responsible for the plastic
behaviour of the crystalline material but they nadso significantly influence the electrical
properties, especially in the case of semicondactdihere are two main classes of
dislocations: edge dislocations and screw dislooati The Burgers vector represents the
magnitude and direction of the lattice distortidrdslocation in a crystal lattic&he vector's
magnitude and direction is best understood if aersig first the perfect crystal structure. In
the perfect crystal structure, a rectangle whosgtles and widths are integer multiplesaof
(the lattice parameter) is drawn encompassing itieeo$ the dislocation's origin. Once the
dislocation is introduced in this rectangle, itlvhave the effect of deforming the perfect
crystal structure and the rectangle as well. Whas & rectangle is now an open geometric
figure: the breadth of the opening defines the ritaga of the Burgers vector and, when a set
of fixed coordinates is introduced, the directioh the vector may be specified. The
magnitude is usually represented by equation 7:

7 o =2/ ek

Wherea is the lattice parameterb|||is the magnitude of Burgers vector dn, | are the

components of Burgers vector, b = <h k |> [28]amedge dislocation the Burgers vector is
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normal to the line of dislocation whereas in a wcdislocation is parallel to the line of
dislocation. Most of dislocations are, however,iatare of the two.

Figure 13: Direction of Burgers vector in an edge @location (top right) and in a screw dislocation
(bottom right).

Geometrically, dangling bonds or impaired electrans aligned along the dislocation core.
Impurities are attracted to dislocations and chsstef impurities may often precipitate.
Foreign atoms may influence the dislocation mopiland precipitates may pin the

dislocations [9].

2.34.1 Nucleation of dislocations

There are many dislocation nucleation mechanisnndguhe growth and the cooling of a
crystal. It is known that dislocations can be gatest from around an inclusion with different
thermal expansion during cooling. The nucleationd@flocations results from the stress
produced around the inclusion by the different matton of the crystal and the inclusion.
When the stress reaches a critical value, alpgB0 (wherep is the shear modulus),
dislocations are nucleated. The stress producathdran inclusion is also dependent on the
inclusion size. Studies on mono-crystalline silicglhrowed that dislocations were generated
preferentially at oxide precipitates and that tteestic flow always took place at the large
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oxide precipitates for stress significantly lowéian the macroscopic yield stress. As the
precipitates grow in size more dislocations weredpced to release the increased misfit
strain associated with the precipitate. Assumingjlar effect in a directional solidified multi-
crystalline ingot, the precipitates might be oxidearbides, nitrides, silicates, metallic or
mixtures and the applied stress is obtained dugiogvth and cooling after solidification. It
seems that less stress is needed to punch outatisios from bigger inclusions than from
smaller ones of same kind [10]. Dislocations cao dle emitted from grain boundaries and
many nucleation mechanism are suggested. Duringitigrand subsequent cooling stress
fields will develop when grains with different ctglographic orientation grow next to each
other and, especially, when three or more grainetpeausing what is called intra-granular
and inter-granular hardening. Stress is generayjethérmal expansion and contraction. A
major role played by the neighbouring grains ofimdividual grain can be traced to the
number of the surrounding grains: the more surrogndrains, the higher effect. The inter-
granular effect forces the grain boundary regiomdéform more than the core of the grain
because differences in crystallographic orientatdhlead to a misfit of the slip planes in the
different grains and different slip systems willdaivated [11]. Dislocations generated within
the grains can pile up at a grain boundary, creak@rge stress concentration and activate
grain sources at relatively low stress applied.oAtsigrating grain boundaries can produce
dislocations in the lattice they pass through dreddislocation density increase is dependent
on the speed of movement. When one grain growBeaexpense of another the packing of

atoms at the grain boundary allows the nucleatfafistocations [12].

2.3.4.2 Dislocation mobility

In any semiconductor the dislocations velocity @ases under a given stress as the
temperature increases. There are two basic typéssloication movement: glide and climb.
Glide or conservative motion occurs when the defionn moves in the plane that contains its
line and the Burgers vector. Glide of many dislama results in slip, which can be visible as
steps on the crystal surface. This process invotlisglacement of one atom plane over
another on so-called slip planes. The number ahatand lattice sites are conserved and for
this is called conservative motion. A fair numbébtocks between two slip planes remains
undistorted. Climb or non-conservative motion im@ement of a dislocation out of the glide
surface and normal to Burgers vector. Climb regudiéusion of atoms or vacancies. At low

temperatures, where diffusion is difficult, the reavent of dislocations is restricted almost
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entirely to climb. At high temperatures, howevaer,ealge dislocation can move out of its slip
plane by climb. The most common climb processeslugvthe diffusion of vacancies either
towards or away from the dislocation and thus acs@urces and sinks for vacancies. It has
been reported that donor impurities such as P, A &b to enhance the mobility of
dislocations [24]. The increase in dislocationsoe#l is determined only by the donor
concentration and is not influenced by the impursfyecies. On the other hand, the
dislocations velocity is very little modified bg@eptor impurities such as B and the electrical
inactive impurity, C. In impure silicon and in anctress range, the dislocations can bow out
and pass around the impurity related obstacleshendislocation line. If the obstacle is a
single atom impurity, the energy needed for a dmfion to pass around is not enough to
affect the dislocation mobility, thus the obstadlest slow down dislocation motion in lower
stress region are thought to be clusters or comeplex impurities. Dislocations will cease to

move due to such cluster formation.
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2.4 Activity of dislocations contaminated by metal impurities

Generated minority-charge carriers in a solar @etermine the amount of the output current.
Therefore, a barrier to the formation or loss adsth carriers decrease the efficiency of the
solar cell. Metallic impurities are common in phattiaic grade crystalline silicon and
studies of directionally solidified multi-crystaik silicon revealed, for example, significant
quantities of Fe, Cr, Cu, Mo and Co. Dislocatioan act as gettering sites for impurities and
they will very often be decorated by impurities.cbeated dislocations are often reported to
be more harmful to the minority carrier lifetime ath clean dislocations. Metallic
contaminants are especially damaging when occuatnigterstitial or substitutional lattice
sites, since they may be evenly distributed througithe wafer. Precipitated metals may also
be active in terms of recombination, but at leaghis case many impurity atoms are bound in
one location. According to the Shockley-Read-Hadldel [13], if a metal impurity produces a
deep level in the band gap and has a larger captass section for electrons than for holes.
This implies that the minority carrier lifetime siid be much lower in p-type silicon than in
n-type silicon. In general, metals from group 8ess in the periodic table are donor-like and
interstitial at room temperature, while those frgnoup 9 or higher are acceptor-like and
substitutional at room temperature. As a resulbehg donor-like the interstitial metals have
large values ok (ratio of electron to hole capture cross sectiwije the interstitial are with
k<<1. This observation has implications for theicambination strength: the interstitial
metals are, generally, more detrimentapiBi, while the substitutional metals have a greater

impact inn-Si [14].
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3 Multi-crystalline silicon strengthening mechanisms

As previously described, dislocations can act adegeg sites for impurities, become
electrically active and decrease the efficiencytled solar cell. During the solidification
process an increase of dislocation density occuestd the mechanical stress that is present
throughout the ingot. After complete cooling, thslatation density remains constant if no
external stress is applied. In metallurgy, streegithg describes techniques to increase the
hardness of a material. All hardening mechanisntiduace dislocations or defects in a
crystal lattice that act as barriers to slip. Irs ttwork two mechanisms to inhibit dislocation
multiplication in mc-Si are considered: solid sauat strengthening and precipitation

strengthening [15].

3.1 Solid solution strengthening

This technique works by adding atoms of one elenfalifdying element) to the crystalline
lattice of another element (the base metal). Thayialg element diffuses into the matrix
forming a solid solution and producing local strdgsds that interact with those of
dislocations. In this way the motion of dislocasois prevented and the yield stress of the
material increases. A solid solution can be sulistihal or interstitial but, in both cases, the
overall crystal structure is essentially unchanded substitutional strengthening the solute
atom is large enough to replace solvent atomsaeir thttice positions. According to Hume-
Rothery rules, solvent and solute atoms must diff@tomic size by less than 15% in order to
form this type of solution. In this case, generawdss fields are compressive and spherically
symmetric (no shear stress component) and theesaloims do not interact with the shear
stress fields, characteristics of screw dislocatidn an interstitial strengthening the solute
atom is typically less than a half the size ofsblvent atom and it essentially crowds into the
spaces within the lattice structure, causing defantl tensile stress fields. This kind of stress
field generates a tetragonal distortion that cateract with edge, screw and mixed

dislocations.
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Figure 14: Effect of substitutional atoms on disloation motion.

Solid solution strengthening increases yield stilernd the material by increasing the stress to

move dislocation, as given by equation 8:
3
AT =G bz

whereG is the shear modulub,is the magnitude of Burger's vectelis the lattice strain due
to the solute (composed of two terms: lattice digino and local modulus change) anis the
concentration of the solute atoms. Silicon soliduson strengthening is possible with
elements that are electrically inactive and witmptete solubility in silicon [15].

3.1.1 Solid solution strengthening with Ge

As shown in the Ge-Si phase diagram (see Figure@®&has complete solubility in silicon,
thus, by adding this element to a silicon melt, tiechanism of solid solution strengthening
is made. Germanium atoms are larger than silicomatand it is possible to argue that, as a
result of temperature related stress, block orgpidislocations may occur. Thereby, blocked
dislocations may prevent further propagation or tiplitation of other dislocations.
Moreover, in heavily boron doped silicon, larger &ems offset the crystalline shrinkage
caused by boron atoms. The equilibrium distributoefficient ;) of Ge in Si is 0.33 [25].
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Figure 15: Ge-Si phase diagram.

3.2 Precipitation strengthening

This method relies on changes in solid solubilitthviemperature to produce fine particles of
an impurity phase which impede the movement obdaions in the lattice. Physically, this
strengthening effect can be attributed both to aizé modulus effects and to interfacial or
surface energy. When the precipitate particlesediifi size from the host atoms, there is a
lattice distortion. Smaller precipitate particlesa host lattice lead to a tensile stress whereas
larger precipitate particles produce a compressivess. The dislocation pinning on the
precipitates can be described by Figure 16.
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®©® @ @ @

Figure 16: Representation of a dislocation line pining precipitates.

The acting force on the dislocation is always pedoeular to the dislocation line and, if the
shear stress in the glide plane is small, it takdsilge shape. The additional stress to keep

dislocations moving is given by equation 9:

z—add=2[q3é|2

where G is the shear moduludy the Burgers vector| the average distance between
precipitates. If the shear stress reach a critigat, neighbouring bulges touch and react to
form a dislocation loop around the precipitates amdgenerated dislocation. The main factor
is the average distance between precipitategsenerally, every material can be hardened by
many precipitations but if the precipitates are t®mall the dislocation may cut the
precipitate. To strengthen silicon with this meththek alloying element has to be electrically
inactive in silicon (four valences) and has to b&edo form precipitate with the host atoms
[15].

3.2.1 Precipitation strengthening with Hf

An electrical inactive element in silicon is Hafmuand the Hf-Si phase diagram in Figure 17
suggests that this element may forms precipitdtpsesent in certain concentrations. During

solidification, a concentration of Hf from 0 up30% allows the formation of precipitates as
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the following reaction (10) explains:

10 2Si+ Hf - HfSi,

The resulting material structure will present Hffsiecipitates in a matrix of Hf-Si eutectic.
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Figure 17: Hf-Si phase diagram.
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4 Experimental methods

4.1 Sample description

To verify the influence of the germanium on theustural properties of multi-crystalline
silicon, seven boron doped samples intentionallyyatl with germanium from 0 up to 1% of
weight were studied. Each sample consist of a 2thick slice cut from the central part of an
ingot of 6 cm in diameter and 5 cm tall, cast ialascale Bridgman furnace at the Institute of
Nonferrous Metals and Super Pure Materials at TUrneiberg. The process of casting is
shown in Figure 19. The doping of the ingots hasnb@ade by adding a boron master alloy
(boron content of 9.56E+19 atomsf;n®.128 ppmw) in a concentration of 0.0156% of
weight (see Table 3, Appendix).

4

TOP

ﬁ BOTTOM

Figure 18: Sketch of the cutting of the slice witlthe ingot seen from the top (left) and from the sid (right).
The direction of cutting is parallel to the direction of solidification.
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Figure 19: Process of casting of the ingots in Brginan furnace.

Germanium mass percentage for each sample is sinolable 1:

Ge-10 Ge-8 Ge-6 Ge-4 Ge-1 Ge-2 | Ge-3
Ge % | 3.90E-04 | 1.55E-03 | 3.88E-03 | 1.55E-02 | 2.59E-02 | 0.258 | 1.028

Table 1: Ge concentration in Ge-doped samples.

To investigate the effect of precipitation strergting method, two additional samples were
studied. These two samples, obtained in the sanyeawahe samples described above, were
boron doped as well and intentionally alloyed whd@fnium. The mass percentage of Hf is

shown in Table 2:

Hf-1 Hf-2
Hf % 6.03 11.48
Table 2: Hafnium concentration in Hf-doped samples.

In addition to all the samples described, one ezfee sample with no alloying elements was

studied in the same way in order to have a compariBhis sample is calleSi-1
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4.2 Sample preparation

Before doing any measurement by the methods descriielow, the samples must be
polished and then, in case of PV Scan measurenetohsed.

4.2.1 Polishing procedure

Samples are mounted on to a planar aluminium pisitey a water-soluble wax. Samples are
heated to the flow point of the wax (at least 54 ti&n a thin layer of wax is applied and the
sample is fitted to a sample holder. To removestraple after the polishing, it is necessary to
reheat it and carefully slide it off from the samplolder. Afterwards, the sample holder is
mounted on a support in the polishing machine. Buoigport, located above the polishing
disk, apply a constant force at a given rotatioeesbwhile the polishing disk rotates at the
same speed but in opposite direction.

Figure 20: Drawing of the polishing equipment seefrom above (left) and the sample holder seen fromhe
side (right).

The rotation speed used for this work was 300 rpm.

The polishing procedure consists of the followiteps:

» two grinding steps with grinding paper with mestb00 and 1200, respectively. Three
minutes each;

» three polishing steps on polishing pad. Diamonégize of 9um, 3 um and 1um
respectively. Three minutes each;

* one step on polishing pad with slurry with silgarticle diameter of 50 — 70 nm. One
minute;

* one step on polishing pad with water. One minute.
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4.2.2 Etching procedure
Samples, which contain dislocations, are placezhienvironment capable of removing atoms
from the surface. If the rate of atom removal ighler at the dislocations than at the matrix,
pits are formed, if the rate is smaller, hillocke #ormed. The most common methods for
slow and controlled atom removal from crystal scefaare chemical and electrolytic etching.
One group of dislocations etches contains HF, B a diluting agent, such as acetic acid,
in different ratios. The basic reaction in the digson of a silicon surface is an oxidation of
the silicon followed by the removal of the oxidethg HF.
After polishing, the etching procedure consistgheffollowing steps:
* RCA cleaning, step 1. Performed with a 1:1:5 solutof NH,OH + H,O, + H,O in
order to remove organic contaminants. 10 minut@®ac;
* RCA cleaning, step 2. HF dipping in order to remaki oxide layer and ionic
contaminants. Variable time between 30 secondanuhutes at 25 °C;
» Sopori etching. 20 or 30 seconds at 25 °C;
* RCA cleaning, step 3. Performed with a 1:1:6 solutf HCI + HO, + H,O in order

to remove the remaining traces of metallic contamis. 10 minutes at 70 °C.

RCA cleaning is a standard set of wafer cleaniegstwhich needs to be performed before
high temperature processing steps (oxidation, siffu, CVD) of silicon wafers [29]. Sopori
etch consists of hydrofluoric acid (HF), aceticdaCH;COOH), and nitric acid (HN¢) in a
volume ratio of 36:20:2 [30]. If Sopori etched sdespare analysed by the use of PV-Scan,
care must be taken. If Sopori etch used is nohfradluish thin oxide layer may sometimes
form on the surface of the sample. This bluishdageght influence the reflection of the laser
beam. Another serious problem is when an acid daemgroplet sticks to the sample surface
after etching and dries there. In this case, sfyota the droplets will form on the sample
surface and, in measurements with PV-Scan, wiltdented as dislocations. To avoid this,
the samples can be washed in ethanol before blag-{t6].

4.3 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR is an analytical technique used to identifg thond concentrations of organic and
inorganic species in solids and thin films. Thishi@que measures the absorption of various
infrared wavelengths by the species of interestes& infrared absorption bands identify

specific molecular components and structures. leftraadiation is passed through a sample.
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Coupling between bonds and radiation appear agaiso peaks in the measured spectrum.
For a given sample thickness, the integrated aredten proportional to bond concentration.

Bond concentration can either be derived direattynf transmittance spectra or modelled

towards a set of spectra. The latter method leadssis error on the measurements. In its
simplest form, a Fourier transform spectrometeis@irof two mirrors located at a right angle

to each other and oriented perpendicularly. A begplitter is placed at the vertex of the right

angle and oriented at 45° angle relative to the twors. Radiation incident on the beam

splitter is divided into two parts, each of whictopagates down one of the two arms and is
reflected off one of the mirrors. The two beams then recombined and transmitted to the
detector. By scanning the movable mirror over safistance, an interference pattern is

produced that encodes the spectrum of the sourge [1

[fived mirvor
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Figure 21: Representation of FTIR equipment.

This equipment leads to an easy, non-destructivesarement that requires samples polished
on both sides. It is good for rough estimation pe@es concentrations but has high
uncertainty: the proportionality factors are amloigsi for certain types of species. The

equipment used in this work is Nexus 6700 of The3mentific.

4.4 Electron Probe Micro Analyser (EPMA)

Electron microscope based technique analyses cheoumposition by X-rays emitted when
a mechanically polished sample is bombarded wehtedns. When highly energetic electrons
are used to bombard a sample, secondary electrensnatted from the inner shells of the
atoms. Electrons from higher energy shells wilaxeto fill the empty position, releasing its
excess energy as X-rays characteristic of the itransenergy. The fraction of the energy
released as X-rays (fluorescence yield) is higbehfgher atomic number (2). Thus, EPMA

has higher sensitivity for heavy elements thadifdtt elements. An EPMA system is
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equipped with two type of detectors: the EnergypBisive Spectrometer (EDS) and the
Wavelength Dispersive Spectrometer (WDS). Thesectlats are complementary in the sense
that where EDS is fast but has poor sensitivity, SMB slower but has better sensitivity [18].
The EPMA instrument used in this work was Jeol JB&0O0F. EPMA is a non-destructive

technique that allows quantitative analysis. Howewethe case of silicon, other materials

may be damaged by the high electron current and d@tection limit compared to

contamination levels are commonly observed.

4.5 Four-point probe

The resistivity of a semiconductor is an importanaterial requirement and resistivity
determination performed during device fabricatisrwidely used in the industry. The four-
point probe method is used and the ASTM standadi>93 and F723-97 are used for
measurement and conversion between resistivitydapant density. The four-point probe is
placed on a flat surface on a specimen which caappeoximated as semi-infinite, that means
that the thickness of the sample and the distammre &ny probe point to the nearest edge are
at least four times the probe spacing. A directentris passed through the sample between
the two outer probes and the potential differesaaeasured between the inner probes.

<

Figure 22: Four-Point probe.

Semiconductors have a significant temperature ieft and the sample temperature should
be known at the time of measuring and the curreatlitshould be small to avoid resistivity

heating. In case of block measurements, the reisys, is calculated by equation 11.:
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2(nlslV
PE
11

wheres is the probe spacingis the applied current andis the measured voltage. For wafer

measurements:

_ 4532V It
12 '

wheret is the thickness of the wafer.
The actual conversion between resistivity and boconcentration is done by using the
empirical equation below, whehis the dopant density given in €nand o is the resistivity

given inQcm [19, 20]:

N o 13300° 10820107

The probe used for this work has pin spacing a83®®&m.

4.6 Optical scanner and Intercept method

The use of an optical scanner allows to get an @r@fga silicon wafer as polished or after
etching to reveal grain boundaries. A scannerdg\ace that optically scans images, printed
texts, handwritings or objects and converts thenatdigital image. Currently available

scanner typically use Charge-Coupled Device (CCDTontact Image Sensor (CIS) as the
image sensor. A connection to a computer is neddednage analysis and storage. The
image size is dependent to the standard of compreased: a TIF file for a 5x5 cm wafer at
full resolution will be 788 MB and a JPEG will béaut 80 MB. The images used in this
work has resolution of 600 dpi and were taken widdnner CANON CanoScan8800F.
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Figure 23: Example of an image of a scanned wafer.

Optical scanner is a very common, easy-to-use aedpinstrument that can reveal crystal
morphology. Moreover, the measurements are limidedause quantitative analysis is not
possible and the resolution approaches what isilgeswith light. Grain size is a very
difficult parameter to measure. In case of colungrams, the simplest method is to mark any
number of equally spaced lines perpendicular todgtan growth direction and count the
number of grain boundaries crossing each line.r€kalts consist of values for the total line
lengthL, the total number of intersectionsand the mean linear intercept lengtlgiven by
equation 14 [21]:

14 4

This definition does not consider the varying pmips of the grain boundaries. In areas of
multiple twins, the grain size will become very dinaad very difficult to measure using this
method.

4.7 PV Scan

PVScan is an apparatus that permits the measureofedislocation density based on
scattered light from an etched wafer surface. &ralfuminates the sample perpendicularly.
Light is scattered by the etch pits and the diffliglet is collected by an integrating sphere.
The signal is directly proportional to the etch pigénsity which is interpreted as the
dislocation density. Light hitting a spherical dishtion etch pit will be high angle scattered or
scattered diffused, while light scattered from ahaped groove originated from a grain

boundary will be low angle scattered. Low angletecad light is collected by another
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detector, so dislocations and grain boundariesbeadistinguished and measured separately
and simultaneously. In case of one grain boundawy dislocated area the error is negligible
but, in the case of multiple twins, serious erroray occur. It is shown that twins located
close to each other will cause an interferenceepativhich scatters light with a high angle in
certain directions, creating an arc of 180° towtader surface. This light will be detected by

integrated sphere detector and twins will thus leasared as dislocations [22].

Grain
boundary
detector
Laser Beam
SoUrce nsplitter
Integrating
sphers
sample [
Figure 24: Diffuse scattering from a spherical digication etch pit.
Grain
boundary
detector
Laser
source
Integrating

sphere

Sample [N ¥ A

Figure 25: low angle scattering from a v-shaped gmve originating from a grain boundary.

PV Scan is a fast measurement and the only availeigthod that may provide statistical
measurements on large scale samples. On the adinel; Btatistical measurements will be
affected by errors if scanned areas contain maltiplins. Sample preparation consist of
grinding, polishing and etching. Equipment use®\WsScan 6000 of GT Solar Technologies.
In this work an area of 7x7 cm was scanned wittesolution of 50um. The software

connected to PV-Scan generates a matrix of 140@x%4dllies. Each value is the defect
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density of an area of 50x3fm in the sample. These results can be plottedhistagram in

order to show the defect density distribution. Moesolution in the representation can be
obtained by reducing the width of the intervalghe histogram. Finally, in order to have a
better understanding of the results, a curve isvdraonnecting the central value for each

interval of the histogram. Resulting graphs arenshm Figure 38 and 42.

68



Results and discussion

5 Results and discussion

5.1 Distribution of alloying elements

EPMA measurements shows the distribution of theyaly elements, such as Ge and Hf,
throughout the samples. Missing values in the Yalhg graphs are due to the low detection
limit of the probe. Scheil equations describe soldistribution during solidification of an
alloy by assuming a local equilibrium of the sdichtion front at the solid-liquid interface.

The concentration of the solute in the liquid dgrgolidification is:
15 C, =C, ff, )"

While, the concentration of the solute in the sadid

16 C, =k [T, f1-f,)*"

Wherek is the partition coefficient determined from thkape diagram(, is the initial
concentration of the solutg, the fraction of liquid ands the fraction of solid. Hence, Kis
less than 1, the concentration of solute duringigmlation is higher in the liquid fraction and
there will be an accumulation of solute in the plaat solidifies last. On the other handk ik
larger than one, the solute will accumulate in plet that solidifies first. Figures 26, 27, 28
show the germanium distribution in each sample orealsby EPMA. The y-axis is represents
the germanium mass percent and the x-dxisepresents the fraction of solid of the sample:
at the bottonts is 0, at the tofls is 1. A best fitting of these results was madegigquation
16: k has been imposed equal to 0.33. In Figure 26pbssible to see that a small amount of
measured values is present for each sample: ietause the Ge concentration in these
samples is very low and the low detection limittbe EPMA does not allow a precise
measurement. That also explain because the valeasured in these samples does not fit

well the Scheil’s equation curves.
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Figure 26: Germanium distribution of Ge-doped sampés with lowest concentration (Ge-6, -8,-10)
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Figure 27: Germanium distribution of Ge-doped samps with medium concentration (Ge-1, -4).
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Figure 28: Germanium distribution of Ge-doped sampés with highest concentration (Ge-2, -3).

70



Results and discussion

As shown in Figure 27 and 28, Scheil’'s equatiorvesiffit very well the measurement for the
highest concentration of Ge (samples nhamed Ger13-24).

Results for the Hf-doped samples are shown in Eig9r
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Figure 29: Hafnium distribution of Hf-doped samples

The equilibrium distribution coefficient of Hf inlgon is not known. However, it is possible
to say that is less than 1, as the concentratidtf aicreases from bottom to top and as it can
be seen from the Hf-Si phase diagram (see Figur@dge 35). By making a fitting of these

results with equation 16, it was found that theuediork that best approximates the results is
0.004.

5.2 Oxygen and Carbon distribution

FTIR measurements were conducted by recordingliberbance spectrum every 4 mm from
the bottom to the top of the sample. The spectrathtivo peaks representative of oxygen and
carbon concentration. The oxygen peak was at 1h07 and the carbon peak at 605 tm
The absorption was converted into concentratioatims/cm by the conversion coefficient
implemented in the software used.
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Results for Ge-doped samples are shown in Figusnd8®1:
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Figure 30: Oxygen concentration in Ge-doped samples
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Figure 31: Carbon concentration in Ge-doped samples
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The same measurements were taken for the two Hédlgamples but, in the case of the
sample with the highest Hf concentration (Hf-2)e $pectrum was disturbed and the peaks
were not distinguishable. It is possible to argbhat tthis disturbance was due to the
precipitates distributed throughout all the sangsean be seen in Figure 52 (Appendix A).

Results for the Hf-1 sample are shown in Figureard? 33:
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Figure 32: Oxygen concentration in Hf-doped sample.

Carbon concentration (atoms/cm?)

6.5E+17
- //—\\*
5.5E+17
S5E+17
f ——Sj-1
A4 5E+17 / — v/o-\+ 86 % (Hf-1)

4E+17

3.5E+17
0 4 8 12 16 20 24 28 32 36 40 44

From BOTTOM to TOP (mm)

Figure 33: Carbon concentration in Hf-doped sample.
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These measurements were focused on identifyingh&hé¢the factors normally involved in a
casting process, as the concentration of oxygencanidon, could change their behaviour
within the ingots containing germanium. As showrfigure 30, the oxygen content tends to
decrease from bottom to top as expected, sincedhéion coefficient for oxygen in silicon
(considering the evaporation in the melt) is coeed equal to 1.4 [26]. Figure 31 shows the
values of carbon concentration in Ge-doped samfileeems that carbon concentration from
bottom to top is almost constant but it can be etqukthat in the upper part of the ingot the
content of carbon increases exponentially sincep#irétion coefficient of carbon in silicon is
0.07 [27].However, measurements on the top of the sampleseayedifficult because the
spectrum of FTIR measurement is disturbed. Oxygstniloution in Hf-doped sample (Figure
32) follow the same trend as described above, dsitrg from bottom to top. Measurements
of carbon concentration in Hf-doped sample (Figd8g show an increase in the central part
of the sample followed by a sudden decrease madwitige upper part. It is possible to argue
that this trend is mostly due to the large presesfcprecipitates that negatively affect the
measurement (Figure 51, Appendix A). Through th&sservation, it is possible to see that

there is no influence of Ge and Hf in the distribatof oxygen and carbon in the ingot.
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5.3 Resistivity

Resistivity measurements could vary if the probgasitioned within the grain or across a
grain boundary and thus the results plotted belosvam exponential fitting of individual

measurement made from the bottom to the top of saatmple. The equation used for the

fitting is of the formy = a[@".
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Figure 34: Resistivity trend of Ge-doped samples.
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Figure 35: Resistivity trend of Hf-doped samples.
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In both Ge- and Hf-doped samples, it is possiblesde a decrease of resistivity due to
increase of boron content on the top of the ingbis behaviour is explained by equation 13:
if the dopant density increases, the resistivitgrdases. It was observed that the mean value
of resistivity does not change, remaining const@ntabout 10Qmm. An exception was
detected in the sample with the highest concepntraif Hf: its mean value of resistivity was

about 2.50mm.

5.4 Grain size measurements

Each sample has been scanned by the optical scamthé& mm spaced lines have been drawn
on the image of the sample from the bottom to the. By counting the number of
interception of grain boundaries with these lindgan Linear Intercept Length values were
obtained. The correlation coefficient of lineatifiy of Mean Linear Intercept Lengths values
was 0.25 and thus insufficient to affirm any cateln between grain size and Ge

concentration.
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Figure 36: Mean Linear Intercept Length values forGe-doped samples with linear fitting (red).

Same measurements have been tried in Hf-doped sarbpt it was difficult to measure the
grain size with this method because of visible imitates throughout all the highest part for

more than a half of the entire surface.
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5.5 Dislocation density

To get results about dislocation density with P\&g@n area of 5x3.5 cm in each sample was
measured, while the outer edges of the samplesiewthere is an accumulation of defects,
were excluded. Figure 37 shows how the area wasechfor the measurement:

Figure 37: Sketch of the scanned area on the sample
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Figure 38: Defect density distribution on Ge-dopedamples.
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Figure 40: Average values of dislocation density ibe-doped samples.
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Figure 41: Maximum values of dislocation density inGe-doped samples.

PV Scan measurements may reveal an influence ahageum doping. InFigure 38the
counts of points with a certain value of dislocatitensity are presented. As can be seen, the
majority of the samples shows a lower value for geak of the curve: it means that,
compared to the reference sample (Si-1), there de@ease on dislocation density with
increasing Ge content. The three plotted curvesttertwo samples with the lowest Ge
concentration and 0.258 % of Ge do not have theedaemd. It is possible that these three
measurement were influenced by the large presehtwires throughout the sample (Figure
45, 49, 50 in Appendix A): PVScan detects the twassdislocations. Omitting these three
curves, it can be observed that the lowest dislocatensity is reached by the sample with Ge
concentration of 0.0155% of weight. This result @so be continued by observing the
curves related to the minimum, the average andrthemum values of dislocation density
for each sample (Figure 39, 40, 41, respectivatyach graph, the lowest value is reached
by the sample with 0.0155% of Ge. Hence, it is fmsghat the best effect on dislocation
density is shown by the sample with Ge concentmatb 0.0155 %. However, this result
should be taken with caution because previous esugive shown that germanium may have
an adverse effect on the main electrical perforraaraf silicon. Ulyashin et al. [23] studied
different mono-crystalline Si-Ge alloys with Ge centration from 2 up to 7 % and showed
that the minority carrier lifetimes drastically dease as the Ge content increases.

79



Results and discussion

Furthermore, it was demonstrated that the traditioreatments for the improvement of this

performance were not as efficient as for pure@ilicdGermanium concentrations in this work
are much lower than those relating to the studylghshin et al. and it should therefore be
investigated if the electrical performance is afelcin the same way. Measurements with PV-
Scan were also conducted on samples doped withumafbut in this case, the results

obtained, while apparently successful (Figure A#23re highly distorted by the massive

presence of precipitates which are measured ascdisbns (Figure 51, 52 in Appendix A).
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Figure 42: Defect density distribution on Hf-dopedsamples.
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6.2

Conclusions and further works

Effect of Ge

The main result obtained from this work is that ngenium in certain
concentrations reduces the dislocation density uftionystalline silicon. Results
show that, in addition to a reduction of the averdgnsity of dislocation, there is
a reduction of maximum and minimum values. The le#fgict is reached with a
germanium concentration of 0.0155% of weight.

Low concentrations of germanium (less than 1%) seepositively influence the
structural properties of multi-crystalline silicdsut the influence on the main
electrical properties is not known.

Acknowledgement of twinned areas is needed to rentbeir contribution to the
measurements and focus the results on dislocaéinsity.

To determine whether doping with germanium leadsataeal increase in
efficiency, detailed measurements on the minowtyier lifetime are needed,;

To get better understanding of the effect of geliomanon grain size and on
dislocation density, it will be necessary to invgaste more Ge-doped cast ingot

with Ge concentration between 0.01% and 1% of wieigh

Effect of Hf

It was found that the equilibrium distribution cheknt for Hf in Si is less than 1
and may have a value close to 0.004.

The main result obtained by studying Hf-doped sas# a decrease of resistivity.
Measurements on grain size and on dislocation tlease difficult if the surface
of the sample is highly covered by precipitates.

Methods to eliminate measurement errors due tgthasence of precipitates can
be studied.

To limit the presence of precipitates, samples \Wgds concentration of Hf may to
be studied, and thus determine if structural aedtetal properties can really be

influenced by doping with this element.
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8 Appendix A

Figures

Figure 43: Si-1. Figure 44: Ge-1.

Figure 45: Ge-2. Figure 46: Ge-3.
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Figure 47: Ge-4. Figure 48: Ge-6.

Figure 49: Ge-8. Figure 50: Ge-10.

Figure 51: Hf-1. Figure 52:; Hf-2.

88



Appendix A

Tables
Designation | Explanation [Bulk Si (g) Mass Doping (g) Total mass (g)
Boron| Ge Hf
Si-1 Reference 320.5 0.0506 0 0 320.5506
Ge-1 Ge-doped 320.7 0.0508 | 0.0839 0 320.8347
Ge-10 Ge-doped 320 0.0503 [ 0.0012 0 320.0515
Ge-8 Ge-doped 320.1 0.0501 | 0.0049 0 320.155
Ge-6 Ge-doped 320.9 0.0507 | 0.0127 0 320.9634
Ge-4 Ge-doped 320.4 0.0503 | 0.0497 0 320.5
Ge-2 Ge-doped 322.8 0.0507 | 0.8206 0 323.6713
Ge-3 Ge-doped 321.8 0.0502 | 3.312 0 325.1622
Hf-1 Hf-doped 315.3 0.0503 0 20.3012 335.6515
Hf-2 Hf-doped 313.4 0.0504 0 40.59 354.0404

Table 3: Composition of the samples. It is shown thBoron, Germanium and Hafnium content.

Ge concentration (%) Hf concentration (%)
Height Ge-1 Ge-2 Ge-3 Ge-4 Ge-6 Ge-8 Ge-10 Hf-1 Hf-2
5 0.032 /i I I I I /i 0.058 0.021
10 0.014 Il 0.441 /l Il 0.001 Il 0.014 0.008
15 0.03 0.105 0.526 /l Il Il /l 0.024 /l
20 0.008 0.09 0.52 Il 0.001 1l 0.002 0.009 I
25 0.016 0.126 0.55 Il I 0.01 I 0.086 0.063
30 0.012 0.166 0.607 /l Il Il 0.013 0.112 0.098
35 0.022 0.163 0.682 0.008 0.006 1l I 0.055 I
40 0.003 0.171 0.745 0.012 I 0.009 0.012 0.089 0.178
45 0.001 0.198 0.839 0.003 0.011 0.013 /l 0.074 Il
50 0.006 0.193 0.948 /l Il 0.018 0.009 0.093 0.023
55 0.047 0.237 1.109 0.01 0.004 1l I 1l 0.253
60 0.036 0.298 1.586 0.024 0.01 I I I I
65 0.046 0.42 5.423 0.156 0.007 Il /l Il /l
Table 4: EPMA measurements on Ge- and Hf-doped sangs.

Height (mm) 4 8 12 16 20 24 28 32 36 40
Si-1 4.10E+17|4.04E+17|4.07E+17{4.09E+17[4.04E+17|3.90E+17(3.69E+17[3.47E+17|3.21E+17{3.00E+17
Ge-1 4.47E+17|4.14E+17|3.83E+17(3.57E+17[3.30E+17|3.11E+17(2.93E+17[2.80E+17|2.55E+17[2.48E+17
Ge-2 4.60E+17[4.56E+17|4.58E+17|4.44E+17|4.29E+17|4.08E+17|3.92E+17|3.70E+17|3.11E+17|2.80E+17
Ge-3 3.42E+17|3.29E+17|3.08E+17|2.91E+17|2.71E+17|2.56E+17|2.38E+17|2.20E+17|2.09E+17|1.98E+17
Ge-4 3.91E+17[3.49E+17|3.34E+17|3.17E+17|3.01E+17|2.79E+17|2.64E+17|2.57E+17|2.33E+17| 1.98E+17
Ge-6 4.98E+17|4.55E+17|4.29E+17|3.86E+17|3.47E+17|3.14E+17|2.84E+17|2.77E+17|2.84E+17 Il
Ge-8 2.85E+17|2.76E+17|2.66E+17|2.54E+17|2.42E+17|2.28E+17|2.10E+17|1.98E+17|1.80E+17|1.65E+17
Ge-10 5.18E+17|5.22E+17|5.31E+17|5.32E+17|5.29E+17|5.20E+17|5.08E+17|4.98E+17 |4.77E+17| 4.56E+17

Table 5: Values of oxygen concentration from bottonto top given in atoms/cm.
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Height (mm) 4 8 12 16 20 24 28 32 36 40
Si-1 4.56E+17|4.57E+17|4.47E+17|4.47E+17|4.49E+17|4.55E+17|4.49E+17|4.59E+17|4.54E+17|4.58E+17
Ge-1 4.48E+17|4.38E+17|4.44E+17|4.34E+17|4.53E+17| 4.5E+17 |4.48E+17|4.49E+17|4.56E+17|4.43E+17
Ge-2 4.47E+17| 4.3E+17 |4.29E+17| 4.6E+17 |4.62E+17|4.73E+17|4.63E+17|4.25E+17|4.53E+17|4.07E+17
Ge-3 4.61E+17|4.42E+17|4.51E+17|4.74E+17|4.75E+17|4.58E+17|4.63E+17|4.79E+17|4.86E+17| 4.9E+17
Ge-4 4.64E+17|4.45E+17|4.53E+17|4.71E+17|4.57E+17|4.57E+17|4.59E+17|4.55E+17|4.46E+17|4.58E+17
Ge-6 4.51E+17| 44E+17 |4.69E+17|4.69E+17|4.68E+17|4.59E+17|4.65E+17| 4.6E+17 |3.93E+17 i
Ge-8 4.54E+17|4.55E+17|4.54E+17|4.51E+17|4.55E+17|4.53E+17|4.56E+17|4.56E+17|4.57E+17| 4.5E+17
Ge-10 4.4E+17 | 4.4E+17 |4.41E+17| 4.3E+17 |4.44E+17|4.42E+17(4.42E+17|4.43E+17| 4.5E+17 |4.51E+17

Table 6: Values of carbon concentration from bottonto top given in atoms/cm.

Height (mm) 4 8 12 16 20 24 28 32 36 40
Si-1 4.10E+17|4.04E+17|4.07E+17]|4.09E+17|4.04E+17|3.90E+17|3.69E+17|3.47E+17|3.21E+17|3.00E+17
Hf-1 3.23E+17|3.01E+17|2.79E+17(2.60E+17|2.45E+17|2.33E+17|2.16E+17|1.90E+17|1.73E+17 I

Table 7: Values of oxygen concentration from bottonto top given in atoms/cm.

Height (mm) 4 8 12 16 20 24 28 32 36 40
Si-1 4.56E+17|4.57E+17|4.47E+17|4.47E+17|4.49E+17|4.55E+17|4.49E+17|4.59E+17|4.54E+17|4.58E+17
Hf-1 4,23E+17|5.09E+17|5.88E+17|5.95E+17|5.59E+17|5.51E+17|5.44E+17|5.09E+17 | 4.44E+17 i

Table 8: Values of carbon concentration from bottonto top given in atoms/cm.
Height (mm)| 4 8 12 16 20 24 28 32 36 40 44

Si-1 p (Qxcm) 1.28 1.24 1.14 1.10 1.12 0.97 1.00 0.99 0.85 0.83 0.75

Ge-10 | p(Qxcm) | 091 1.23 1.18 1.13 1.09 1.04 0.98 0.92 0.89 0.80 0.71

Ge-8 | p(Qxcm) 1.21 1.11 1.15 1.07 0.98 1.04 0.85 0.90 0.87 0.78 0.69

Ge-6 | p(Qxcm) 1.11 1.08 0.86 1.24 0.77 0.51 0.89 0.96 0.80 0.86 0.78

Ge-4 | p(Qxcm) 1.35 1.15 1.16 1.26 1.09 1.04 0.94 0.91 0.90 0.80 0.85

Ge-1 | p(Qxcm) 1.39 1.32 1.16 0.83 0.89 1.09 0.57 1.27 0.94 0.63 0.74

Ge-2 | p(Qxcm) | 0.82 1.03 1.05 0.90 1.05 0.83 0.93 0.99 0.77 0.59 0.65

Ge-3 | p(Qxcm) 1.21 1.12 1.13 0.91 1.26 1.29 0.96 0.99 0.87 0.78 0.74

Table 9: Resistivity in Ge-doped samples.
Height (mm) 4 8 12 16 20 24 28 32 36 40 44

Hf-1 p (Qxcm) 1.25 1.04 1.00 1.11 0.81 0.53 0.86 0.92 0.78 0.70 0.54

Hf-2 p (Qxcm) 0.34 0.49 0.26 0.19 0.26 0.23 0.25 0.13 0.11 0.09 0.09

Table 10: Resistivity in Hf-doped samples.
Si-1 |Ge-10| Ge-8 | Ge-6 | Ge-4 | Ge-1 | Ge-2 | Ge-3

Mean Linear Intercept Length (mm) | 4.324 | 4.211 | 4.133 | 4.000| 4.170 | 4.000 | 4.100 | 3.934

Table 11: Mean Linear Intercept Length values for G-doped samples.
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