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Abstract 

This w o r k presents the resul ts of an mvest igat ion of c a d m i u m 

su lph ide w i t h var ious character isat ion techniques such as T E M -

Cathodoluminescence, SEM, XRD, PL a n d opt ica l txansmit tance. 

A model based on a convolut ion me thod is proposed to predict CL 

signal emission. I t was assumed tha t the CL can or iginate f r om electron a n d 

X- ray sources. Measurement of CL signal and noise over a wide range of 

magni f icat ions showed tha t signal-to-noise is too low when STEM is 

operat ing at h igher magni f icat ions t h a n 3000 t imes. Th is may lead to some 

extent to some CL imag ing l im i ta t ions . The or ig in of th is phenomenon is 

discussed. 

A s tudy of the su i tab i l i ty of a combined t ransmiss ion electron 

microscope (ТЕМ) / cathodoluminescence (CL) imag ing a n d spectroscopy 

apparatus for invest igat ions of CdS is presented. Photoluminescence (PL) 

was used to evaluate the effect of the Ar+ a n d ի i on beam t h i n n i n g used i n 
ТЕМ specimen preparat ion of CdS: a m ino r increase i n yel low emission (594 

nm) resul ted. However, exci tat ion of luminescence spectra i n the ТЕМ h a d a 

quench ing effect on red luminescence (734 n m ) , t h i s be ing considered due to 

the h igh exc i ta t ion densi ty compared to tha t i n PL. Signif icant electron 

beam damage to the CdS single crysta l cou ld be avoided by us ing scann ing 

t ransmiss ion electron microscope (STEM) Ш и т і п а й о п i n preference to the 

convent ional ТЕМ mode. Dis locat ion images were correlated w i t h cont rast 

i n the STEM-CL imag ing mode. The potent ia l o f the apparatus to make 

fu r the r direct correlat ions of CL images w i t h d i f f racuon contrast ТЕМ 

imag ing was assessed us ing the Rose v is ib i l i ty c r i te r ion. 

Final ly , opt ica l a n d s t ruc tu ra l propert ies of t h i n films CdS grown by 

chemica l b a t h deposi t ion a n d meta l organic chemica l deposi t ion were 

invest igated. For bo th g rowth methods, Т Е М d i f f rac t ion pa t te rn conf i rm t ha t 

the c iysta l lographic s t ruc tu re of CdS was hexagonal , w i t h a s t rong selected 

(002) or ienta t ion. I t was found tha t ei ther a i r annea l ing or CdCb t rea tment 

on CBD CdS increased modest ly the gra in size of 6 n m . Whi le for MOCVD 

CdS, the g rowth temperature a n d tìie I I / V I p lay a n impo r tan t role i n 

ob ta in ing large gra in . Hence, sample grown at 330°c w i t h a I I / V I of 0.78 

revealed a better crystalUne qua l i ty due to the presence of the excitonic 

b o u n d centred a round 2.55 eV and exhib i ted the largest gra ins of about 97 

n m . 
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Chapter 1 

Introduction 

1·1 Introduction 
C a d m i u m sulphide (CdS), is an impor tan t I I / V I compound 

semiconductor mater ia l . I t is used extensively i n photosensors, 

t ransducers , opt ical detectors, and other devices. I n the last five decades, 

CdS has been one of the most invest igated t h i n fìlm semiconductors for 

photovoltaics. CdS first got a t tent ion as a hetero- junc t ion par tner i n the 

1950*ร demonst ra t ing 6% efficiency for the first al l t h i n film CuxS/CdS 

j u n c t i o n [1]. Today CdS is considered as the best-sui ted w indow mater ia l 

for bo th CdTe and CuIn(Ga)Se2 solar cells [1-3]. The most impor tan t 

parameter for t ransparent t h i n films used for opt ical w indow appl icat ions is 

the bandgap energy. CdS polycrystal l ine films possess a direct band gap of 

2 .42-2.45 eV at room temperature. Since hetero junct ions based on CdS 

t h i n layers are very p romis ing s t ruc ture for solar cells, a comprehensive 

opt ical and s t ruc tu ra l character isat ion is requi red of CdS grown i n 

technological ly impor tan t condi t ions. For solar energy appl icat ions, CdS 

films are requi red to have, h igh opt ical t ransparency and low electr ical 

resist iv i ty. 
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The purpose of th is w o r k was to investigate the opt ical and s t ruc tu ra l 

propert ies of single c rys ta l a n d polycrystal l ine t h i n films CdS: Propert ies of 

the polycrystal l ine t h i n film can differ f rom those of single crystals. 

Single crysta l CdS was ma in l y used for a s tudy of the CdS w i t h the 

u n u s u a l technique of combined t ransmiss ion electron microscopy a n d 

cathodoluminescence (TEM-CL). Т Е М is a wel l k n o w n technique for the 

s tudy of s t ruc tu re a n d defects i n semiconductors whereas CL is a 

character isat ion tool based on the emission of Ught as a resul t of e lectron 

bombardment . I n semiconductors t h i s emiss ion is a resu l t of radiat ive 

recombinat ion of electrons a n d holes generated by inc ident electrons. The 

energy of an emi t ted pho ton yields in fo rmat ion about the energy states 

par t i c ipa t ing i n the recombinat ion . Hence a CL spect rum conta ins 

in fo rmat ion concern ing the f u n d a m e n t band-gap, donor and acceptor 

levels, a n d exci tonic s t ruc tu re . The advantage of a TEM-CL system is the 

abiiity to correlate the spectroscopic CL in fo rmat ion w i t h s t r uc tu ra l 

i n fo rmat ion f r om Т Е М at very h igh spat ia l reso lu t ion. 

T h i n f i lm CdS used as a w indow layer i n CdTe-based solar cells, may­

be grown by m a n y di f ferent techniques. I n th i s work , the films invest igated 

were grown by: i) chemica l b a t h deposi t ion (CBD), a n d іі) meta l organic 

chemica l vapour deposi t ion (MOCVD). Clearly the development of CdS-

based solar cell devices has been extremely successful . A t present, h igh 

efficiencies of 16.5% and 16.0 % have been measured for CBD and MOCVD-

grown CdS respectively [4， 5] . Despite th i s a n u m b e r of mater ia ls issues 

rema in [6]. The d i f f icu l ty i n ob ta in ing large gra in size, h igh-qua l i ty f i lms 

w i t h good optoelectronic propert ies for device appUcations is a ma jo r 

concern i n most of the low-cost t h i n - f i lm deposi t ion techniques. I t is 

essential t o increase the gra in size of CdS because the qua l i ty of 

sequent ial ly deposited CdTe cr i t ica l ly depends on the qua l i ty of CdS 

substrate. The enhancement of CdS propert ies has been i n progress for 

some t ime now a n d the efforts to deposit large-grain CdS films on low cost 

substrates are s t i l l ongoing. 

2 
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I n the first sect ion of t h i s w o r k the p r inc ipa l propert ies of t h i n film 

c a d m i u m sulphide are descr ibed i n Chapter 2. A descr ip t ion of 

exper imenta l techniques is given i n Chapter 3， fol lowed by the exper imenta l 

resul ts w h i c h are div ided in to three chapters as f olio พร : 

• Chapter 4 is div ided i n two par ts . The first describes a s imple model 

of the spat ia l reso lut ion of STEM-CL image. I n the second pa r t some 

l im i ta t ions of CL acquis i t ion are discussed. 

• I n Chapter 5, the features observed i n TEM-CL and PL spectra of 

single crysta l of CdS are ident i f ied a n d the effects of electron beam 

degradat ion are invest igated. STEM-CL image of d is locat ion is 

correlated w i t h ТЕМ imag ing to investigate the effect of d is locat ion on 

CL emission. 

• Fol lowing th i s , i n Chapter 6, some opt ica l a n d s t ruc tu ra l propert ies 

of t h i n film CdS grown by CBD a n d MOCVD techniques are 

descr ibed. I n par t i cu la r the gra in size d is t r ibu t ions , crysta l l ine 

phase and opt ical t ransmiss ion of the layers were invest igated i n 

detañ. The act ion of anneal ing and CdCb t rea tment for CBD grown 

films a n d the inf luence of the growth condi t ions for MOCVD were 

s tud ied. 

Overal l d iscuss ion and conclus ions are given i n Chapter 7. Computer 

code is given i n Appendices A. 

3 
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Chapter 

General Properties of 
Cadmium Sulphide 

2.1 structural Properties 
The propert ies of CdS f i lms can be qui te di f ferent f rom b u l k mater ia l , 

ref lect ing the i r p repara t ion h is tory. The most common phase of CdS b u l k 

c rys ta l is the hexagonal (พนrteite) s t ruc tu re , whereas the cubic (zincblende) 

phase of CdS is metastable, appear ing i n low-d imens iona l s t ruc tures such 

as t h i n films or nanoc iys ta l l ine systems [1]. Despite a large n u m b e r of 

studies tha t have been devoted to CdS t h m fikns, quest ions remain abou t 

the in te rna l s t ruc tu re of the f i lms. For ins tance, the a t t r i bu t ion of the X- ray 

or electron d i f f ract ion pat terns to the hexagonal or the cubic fo rm of CdS is 

controversia l , w i t h hexagonal , cubic , or m ixed s t ruc tu res , being repor ted as 

a func t i on of the preparat ion condi t ions [2， 3 ] . CdS is k n o w n to present 

po lymorph ism, bu t , as compared w i t h vapour phase deposi t ion, i t seems 

tha t t h i s phenomenon is favoured by growth i n so lut ions. Polytypic 

mater ia l can be described as a sort of in termediate between face-centred 

cubic a n d hexagonsd s t ruc tures . To be more specific, the s tack ing sequence 

of close packed planes i n a hexagonal s t ruc tu re is ab-ab-ab-. . , whi le t ha t of 

fee mater ia ls is abc-abc-abc-.. . I n polytypic mater ia l nei ther s tack ing 

sequence dominates, a n d ei ther a r a n d o m sequence or more compl icated 

repeti t ive sequence is f ound [4]. 
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Presently the processes for obta in ing the cubic phase for CdS as wel l 

as the evolut ion f rom one phase to the other are no t fu l ly contro l led. The 

fo rmat ion of the cubic or hexagonal phase depends on m a n y factors 

i nc lud ing the deposit ion technique. In CBD, the s t ruc tu re of the f i lm is 

in f luenced by the composi t ion of the b a t h , temperature and p H of the 

so lu t ion. For example, Ol iva et al . [5， 6] have reported the cubic zincblende 

phase when the CdS fílm was prepared f rom a ba th conta in ing c a d m i u m 

chlor ide, po tass ium hydrox ide, a m m o n i u m n i t ra te and th iourea at a 

temperature of 75°c On the other h a n d Rakhshan i et a l . [7] have reported 

tha t hexagonal (พนrtzite) phase films were prepared f r om a chemical ba th 
conta in ing c a d m i u m n i t ra te , sod ium ci t rate, aqueous ammon ia a n d 
th iourea, the temperature of the ba th was 60°c. There are reports of bo th 
cubic and hexagonal phases for the CdS films prepared by CBD [8-10]. As 
regards t r an s format ion, the cubic-hexagonal t rans i t i on is favoured by 
the rma l anneal ing [11]. For instance, i n CdS films tha t are CBD deposited 
onto s i l icon substrates, the cubic-hexagonal phase t rans i t i on was promoted 

by a 400°c anneal for 0.5 hou r i n air [11]. In other work , the CdS cubic-
hexagonal phase t rans i t ion is reported to occur at anneal ing temperatures 
of 300-400^C [12， 13]. 

2.2 Optical Properties 

The band gap energy of t h i n films is one of the most impor tan t 

parameters of solar cell w indow layerร. CdS polycrystal l ine films possess a 

d i rect b a n d gap of 2 .42-2 .45 eV at room temperature . H igh opt ical 

t ransparency is one of the first requi rements for solar cell appl icat ions. I t 

depends on the b a n d gap energy value and the th ickness measured on the 

films, and shows a s t rong dependence on the film preparat ion procedure. 

The opt ica l propert ies related to the deposi t ion techniques are discussed by 

several au thors [5， 14， 15]. In spite of th is , the opt ical propert ies of bo th 

s t ruc tures (cubic and hexagonal) are broadly s imi lar [13， 16]. 

6 
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F o r i n s t a n c e i n C B D - g r o w n C d S , i t h a s b e e n s h o w n t h a t t h e h i g h e r 

t h e t e m p e r a t u r e a t w h i c h t h e s a m p l e s w e r e p r e p a r e d , t h e l o w e r t h e i r 

b a n d g a p e n e r g y [ 1 7 ] . A l s o , s a m p l e s s u b j e c t e d t o a n n e a l i n g t r e a t m e n t s 

p r e s e n t l o w e r b a n d g a p e n e r g y t h a n t h o s e i n t h e s a m e a s - g r o w n c o n d i t i o n s 

[ 1 7 ] . T h i s t r e n d s h o u l d b e c o r r e l a t e d t o t h e s t r u c t u r a l p r o p e r t i e s o f t h e 

s a m p l e s t o find t h e o r i g i n o f t h e b a n d g a p s h i f t i n g . I t c a n be d u e t o film 

t h i c k n e s s [ 1 4 ] , g r a i n s ize [ 1 8 , 19] o r e v e n t h e p r e s e n c e o f d i f f e r e n t p h a s e s 

[12， 2 0 ] . A l t h o u g h t h e d i f f e r e n c e o f b a n d g a p i n t h e t w o p h a s e s i s o n l y 3 0 

m e V (2 .48 eV fo r h e x a g o n a l a n d 2 . 4 5 eV) [ 2 1 ] , t h e p h a s e c h a n g e s t h e r e f o r e 

a r e u n l i k e l y t o a c c o u n t f o r a l l o f t h e b a n d g a p c h a n g e s o b s e r v e d , o t h e r 

p a r a m e t e r s a f f e c t i n g t h e b a n d g a p a re s t r a i n , n o n - s t o c h i o m e t r i c f U m s , a n d 

de fec t s . 

2.3 CdS Growth 

A l a r g e v a r i e t y o f d e p o s i t i o n t e c h n i q u e s h a v e b e e n u t i l i s e d t o o b t a i n 

s o l a r ce l l q u a l i t y l a y e r s o f C d S . T h e s e p r e p a r a t i o n t e c h n i q u e s i n c l u d e : 

s p u t t e r i n g [ 2 2 ] , v a c u u m e v a p o r a t i o n [ 2 3 ] , s p r a y p y r o l y s i s [ 2 4 ] , 

e l e c t r o d e p o s i t i o n [25] a n d c h e m i c a l b a t h d e p o s i t i o n (CBD) [3， 9， 12 , 14， 2 6 , 

2 7 ] . A m o n g t h e s e v a r i o u s t e c h n i q u e s , C B D , h a s p r o v e n t o b e t h e m o s t 

s u i t a b l e m e t h o d t o p r o d u c e C d S films f o r p h o t o v o l t a i c a p p l i c a t i o n s , b e c a u s e 

t h i s t e c h n i q u e o f f e r s t h e a d v a n t a g e s o f a c o n f o r m a i coverage o n r o u g h 

s u r f a c e s a t m i n i m a l t h i c k n e s s e s , b o t h e a s i l y a n d a t a l o w c o s t [ 2 8 - 3 0 ] . T h i s 

m e t h o d a l so e n s u r e s n o p i n h o l e s , w h i c h i s v e r y i m p o r t a n t f o r s o l a r ce l l 

d e ฬ c e s . S i n c e C B D i s i n m o s t w i d e s p r e a d u s e , t h e t e c h n i q u e i s b r i e f l y 

d i s c u s s e d : 

C B D i s a w e t c h e m i c a l m e t h o d b a s e d o n t h e s l o w , c o n t r o l l e d 

d e c o m p o s i t i o n o f t h i o u r e a i n a l k a l i n e s o l u t i o n a n d t h e p r e s e n c e o f Cd 2 + 

i o n s . K a u r ' ร o r i g i n a l w o r k u s e d c a d m i u m ace ta te a n d t h e r e a c t i o n p r o c e e d s 

i n a q u e o u s s o l u t i o n as f o l l o w s [ 3 1 ] : 

Cd(CH3COO)2+(NH2)2C=S+20H-֊>CdS(ร)+H2CN2+2H20+2CH3COO-. 
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T h e r e a c t i o n p r o c e e d s h e t e r o g e n e o u s l y o n a n i m m e r s e d s u b s t r a t e a t 
9 0 で T h e r e a re m a n y v a r i a t i o n s o f t h e b a t h c h e m i s t r y a n d t r e a t m e n t 
c o n c e n t r a t i o n s w h i c h i n f l u e n c e t h e p u r i t y a n d p h y s i c a l f o r m o f t h e d e p o s i t . 
T h i s d e p o s i t i o n t e c h n i q u e i s e x p l a i n e d i n s e c t i o n 3 . 3 . 2 . 

2.4 CdClz Treatment of CdS 

E v e n t h o u g h r e s i s t i v i t y a n d o p t i c a l t r a n s m i t t a n c e d e p e n d s t r o n g i y o n 

t h e p r e p a r a t i o n c o n d i t i o n s , p u r e ( u n d o p e d ) a s - g r o w n C d S films gene raHy 

s h o w h i g h r e s i s t i v i t y . T h u s i t i s d i f f i c u l t t o p r o d u c e u n d o p e d f U m s w i t h t h e 

r e q u i r e d e l e c t r o - o p t i c a l p r o p e r t i e s j u s t b y c o n t r o l l i n g t h e p r e p a r a t i o n 

c o n d i t i o n s . A n e f fec t i ve w a y t o o b t a i n C d S films w i t h t h e d e s i r e d 

p a r a m e t e r s i s t o i n t r o d u c e d o p a n t s , a n d t h e r e h a v e b e e n m a n y r e p o r t s o n 

t h i s [ 3 2 - 3 5 ] , u s i n g C u a n d B i for e x a m p l e . I o n i m p l a n t a t i o n i s p o t e n t i a l l y 

a t t r a c t i v e as a n a l t e r n a t i v e d o p i n g t e c h n i q u e b u t t oo c o s t i y f o r s o l a r ce l l 

dev i ces . R e p o r t s a re a v a i l a b l e o n i o n i m p l a n t a t i o n s t u d i e s o n C d S f U m s 

p r e p a r e d b y d i f f e r e n t m e t h o d s [ 3 6 , 3 7 ] . S i n c e de fec t f o r m a t i o n i s a s s o c i a t e d 

w i t h i o n i m p l a n t a t i o n , l a t t i c e d i s o r d e r w i l l b e p r o d u c e d a n d c o n s e q u e n t l y 

t h e o p t i c a l a n d e l e c t r i c a l p r o p e r t i e s w i l l b e c h a n g e d . P a r i k h e t a l . [38 ] h a v e 

s t u d i e d t h e e f fec ts o f l a t t i c e d i s o r d e r o n C d S films p r o d u c e d i n s i ng le 

c r y s t a l s o n i m p l a n t a t i o n w i t h d i f f e r e n t t y p e s o f i o n s u s i n g R a m a n 

b a c k s c a t t e r i n g / c h a n n e l l i n g a n d t r a n s m i s s i o n e l e c t r o n m i c r o s c o p y . D u r i n g 

i o n i m p l a n t a t i o n i n s e m i c o n d u c t o r s , i t i s p o s s i b l e t o e x p e c t t h r e e t y p e s o f 

c h a n g e s : (i) t h e e l e c t r i c a l p r o p e r t i e s o f t h e m a t e r i a l - d u e t o t h e i n t r o d u c t i o n 

o f i m p l a n t e d spec ies , (іі) l a t t i c e d i s o r d e r ( s t r u c t u r a l r e - a r r a n g e m e n t ) , a n d 

(іі і) b a n d g a p a n d o p t i c a l t r a n s p a r e n c y (e lec t ron i c s t r u c t u r e ) . 

T h e r e i s a g r o w i n g l i t e r a t u r e o n t h e i n t e r m e d i a t e u s e o f C d C b o n C d S 

t o r e c r y s t a l l i s e i t a n d e n h a n c e t h e ท - c o n d u c t i v i t y . W i t h i n t h e C d S films, 

C d C b l e a d s t o g r a i n size e n h a n c e m e n t a n d a s i m u l t a n e o u s dec rease i n t h e 

n u m b e r o f h i g h - r e s i s t a n c e p a t h s i n t h e C d S fihns. R o m e o e t a l . [ 3 9 ] 

r e p o r t e d o n C d S t r e a t e d d i r e c t i y w i t h e v a p o r a t e d C d C b a n d o b s e r v e d a 

g r a i n s ize i n c r e a s e . T h e p r o p o s e d r e a s o n f o r t h i s c h a n g e i s t h e CdC la -
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a s s i s t e d c o a l e s c i n g o f s m a l l e r g r a i n s i n t h e C d S films. S u c h t r e a ü n e n t s 
p r o b a b l y h a v e t h e i r o r i g i n i n t h e p r o c e s s i n g o f C d S p h o t o c o n d u c t o r s a n d 
w e r e a l so u s e d e x t e n s i v e l y i n t h e s i n t e r i n g o f s c r e e n p r i n t e d C d S f o r s o l a r 
ce l l s . F o r e x a m p l e Lee et a l . [40] r e p o r t e d t h a t s i n t e r i n g o f C d S w i t h 9 % 

C d C b e f fec ted s i n t e r i n g a t 700°c b u t C d C b seg rega ted a t t h e g r a i n 
b o u n d a r i e s . 

2.5 Use of CdS ๒ Solar Cell Devices 
C a d m i u m s u l p h i d e , C d S , i s k n o w n t o b e a n e x c e l l e n t h e t e r o j u n c t i o n 

p a r t n e r o f p - t y p e c a d m i u m t e l l u r i d e , " C d T e " , o r p - t y p e c o p p e r i n d i u m 

d i s e l e n i d e , " Օ ս Խ Տ շ շ " . V e r y t h i n C d S films a r e c o m m o n l y u s e d as w i n d o w 

l a y e r s i n h i g h - e f f i c i e n c y t h i n film s o l a r ce l l s b a s e d o n CdTe o r CuInSe2 [ 2 9 , 

3 0 ] . T h e m i n i m u m t h i c k n e s s s h o u l d a l l o w a C d S c o n f o r m a i coverage o f t h e 

s u b s t r a t e w i t h o u t t h e f o r m a t i o n o f de fec t s (e.g. p i n h o l e s ) t h a t c o u l d s h u n t 

t h e ce l l . 

2.5.1 CdTe/CdS Thin Film Technologies 

T h e c a d m i u m t e l l u r i d e {CdTe) b a s e d t h i n film s o l a r ce l l i s o n e o f t h e 

m o s t p r o m i s i n g c a n d i d a t e s f o r t e r r e s t r i a l a p p l i c a t i o n . C d T e i s t y p i c a U y u s e d 

i n c o n j u n c t i o n w i t h c a d m i u m s u l p h i d e (CdS) f o r t h e f o r m a t i o n o f p - ท 

h e t e r o j u n c t i o n s . I t s b a n d g a p o f 1.5 eV i s w e l l s u i t e d t o t e r r e s t r i a l 

a p p l i c a t i o n , i t s d i r e c t g a p r e s u l t s i n a h i g h a b s o r p t i o n over t h e w h o l e so la r 

s p e c t r a . T h e i n i t i a l C d T e / C d S t h i n film dev ice i s a t t r i b u t e d to B o n n e t e t a l . 

[41】, w h o f a b r i c a t e d 5 % ce l l s b y e v a p o r a t i n g C d S o n a CdTe film. Y a m u c h i 

e t a l . [42] r e p o r t e d t h e p r o d u c t i o n o f C d T e - b a s e d ce l l s w i t h e f f i c i enc ies over 

10 %， w h i c h m a d e p o s s i b l e t h e c o m m e r c i a l i s a t i o n o f t h e s e w i t h m o d u l e s 

a r o u n d 6 % e f f i c i ency . T h e t e c h n o l o g i c a l a d v a n c e s o f t h e c l ose -space 

v a p o u r t r a n s p o r t d e p o s i t i o n t e c h n i q u e l e a d t o t h e f a b r i c a t i o n o f a 15 .8 % 

ce l l o n t o a b o r o ร ณ c a t e g lass s u b s t r a t e , w h i c h w a s r e p o r t e d b y F e r e k i d e s e t 

a l . [ 4 3 ] . A 16 .5 % e f f i c i e n t C d T e / C d S p l o y c r y s t a l l i n e t h i n - f i l m so la r ce l l h a s 
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b e e n p r o d u c e d b y พ น e t a l . [ 44 ] . R e c e n t i y , C u n n u n g h a m e t a l . [ 4 5 ] , e t a l . 

r e p o r t e d a C d T e / C d S s o l a r ce l i w i t h a n a r e a o f 0 . 5 5 m2， a n d 10 .5 % 

e f f i c i ency . T h e s t a t u s a n d p r o s p e c t s f o r C d T e - b a s e d p h o t o v o l t a i c s a r e a l s o 

r e v i e w e d b y seve ra l a u t h o r s [43， 4 6 - 4 8 ] . 

2.5.2 CdS in CIGS Thin Film Technologies 

I n t h e e a r l y o f t h e t h i n f i l m Cu(In,Ga )Se2 s o l a r c e l l , e v a p o r a t e d C d S 

t h i n f i l m s w e r e u s e d t o c rea te a h e t e r o j u n c t i o n w i t h C I G S [49 ] . D u e t o a 

l o w c o n d u c t i v i t y a n d r e l a t i v e l y s m a l l b a n d g a p (2 .45 eV) o f t h e C d S films, t h e 

c e l l h a d a l o w fill f a c t o r F F a n d l o w q u a n t u m r e s p o n s e i n t h e b l u e l i g h t 

r e g i o n o f t h e s o l a r s p e c t r u m . I n o r d e r t o i m p r o v e t h e s e q u a n t i t i e s , f r o m t h e 

m i d t o l a t e 1 9 8 0 ร , t h e t h i c k n e s s o f t h e e v a p o r a t e d C d S w a s r e d u c e d a n d a 

Z n O w i n d o w l a y e r w i t h a b e t t e r c o n d u c t i v i t y a n d a w i d e r b a n d g a p (3 .3 eV) 

w a s d e p o s i t e d o n t o i t [ 50 ] . A f u r t h e r o p t i m i s a t i o n c o n s i s t e d i n r e p l a c i n g t h e 

e v a p o r a t e d C d S b y a film d e p o s i t e d f r o m c h e m i c a l b a t h s o l u t i o n s [ 5 1 ] . 

T o d a y t h e b e s t C I G S s o l a r ce l l p e r f o r m a n c e s [ 5 2 , 53 ] a re o b t a i n e d b y u s i n g 

a 5 0 n m t h i c k d e p o s i t e d (CBD) C d S i n c o n j u n c t i o n w i t h t h e Z n O . T h e 

r e c i p e a n d t h e d e p o s i t i o n m e t h o d o f t h e C B D - C d S b u f f e r h a v e b e e n 

d e v e l o p e d s i n c e t h e w o r k o f Kess le r e t a l . [ 5 4 ] . T h e k e y a s p e c t s o f C I S -

b a s e d p h o t o v o l t a i c s a re a l so r e v i e w e d b y s e v e r a l a u t h o r s [ 4 6 , 5 5 ] . 
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Chapter 

Experimental 
Techniques 

3.1 Introduction 

I n t h i s c h a p t e r t h e g r o w t h a n d c h a r a c t e r i s a t i o n t e c h n i q u e s u s e d i n 

t h i s w o r k a re d e s c r i b e d . T h e s t a n d a r d c h a r a c t e r i s a t i o n t e c h n i q u e s o f S E M 

a n d Т Е М u s e d i n t h i s s t u d y a re b r i e f l y o u t l i n e d , w h i l s t t h e e x p e r i m e n t a l 

t e c h n i q u e s spec i f i c t o T E M - C L a re d i s c u s s e d i n g r e a t e r d e t a i l . H o w e v e r , t o 

b e g i n w i t h , t h e d e t a i l s o f t h e g r o w t h t e c h n i q u e s a r e o u t l i n e d b e l o w . 

3.2 Material Growth 

I n t h i s w o r k , s i ng le c r y s t a l a n d p o l y c r y s t a l l i n e t h i n films o f C d S w e r e 

i n v e s t i g a t e d . T h e P i p e r - P ö l i c h t e c h n i q u e [1] w a s u s e d t o g r o w s i ng le c r y s t a l 

o f C d S , w h i l s t c h e m i c a l b a t h d e p o s i t i o n (CBD) a n d m e t a l - o r g a n i c c h e m i c a l 

v a p o u r d e p o s i t i o n ( M O C V D ) w e r e u s e d t o g r o w t h e C d S t h i n f U m s . 

15 



Chapter З - Experimental Techniques 

3.2.1 The Piper-Polich Method 

3.2.1.1 Principle 

Most of the vapour techniques are i n some sense a derivative of the 

Piper-Polich method. A l though th is was developed or ig inal ly for the growth 

of CdS [1], the technique can be appl ied to the vapour growth of any 

compound wh i ch subl imes readi ly below the me l t ing po in t temperature. 

The crysta l is grown i n a closed crucib le tha t is moved th rough a steep 

temperature gradient such tha t the source mater ia l is always hot ter t h a n 

the growing surface and mass t ranspor t occurs f rom source to crysta l , as 

shown i n Figure 3 . 1 . A feature of the or ig inal design was tha t growth cou ld 

take place w i t h a crucible ei ther evacuated or w i t h a slow flow of iner t gas, 

such as argon [2]. The Piper-Polich method is used for growing doped 

single crystals of I I -V I compounds a few сщз i n size. 

AUJNOUM CHARGE CRYSTAL 
MUFFLE / / ηιβε. 

GROWING. 
CRUOBLE. 

unt7 

f 
Pt/IO%Rh พ(HÖINGS— 

น 1200Ւ— 

F igure 3. 

1000' 
25 зо 35 40 45 50 55 

DISTANCE (cm) 

Furnace cross s e c t i o n and t e m p e r a t u r e р г о Ш е used fo r g r o w i n g 

CdS. The cross s e c t i o n is d r a w n t o t h e same scale as t h e p ro f í l e 

( rep roduced f r o m [1]). 
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Chapter З - Experimental Techniques 

3.2.1.2 Growth Conditions of CdS Single Crystal 

A C d S c h a r g e w a s s i n t e r e d b y p a c k i n g C d S p o w d e r i n t o a q u a r t z t u b e 

o p e n a t t w o e n d s as s h o w n i n F i g u r e 3 . 1 . T h e c h a r g e w a s b a k e d a t 500^^ 

700°c f o r a p p r o x i m a t e l y 1 h o u r , t h e n fired i n a s t r e a m o f a r g o n a t 1 a t m t o 

p u r i f y t h e c h a r g e . T h e f u r n a c e t e m p e r a t u r e w a s i n c r e a s e d to t h e o p e r a t i n g 

t e m p e r a t u r e a n d t h e a r g o n flow m a i n t a i n e d t h r o u g h o u t t h e r u n . T h e i n i t i a l 

p o s i t i o n o f t h e c r u c i b l e w a s s u c h t h a t t h e t i p w a s n e a r t h e p o i n t o f 

m a x i m u m t e m p e r a t u r e . T h e c r u c i b l e w a s m e c h a n i c a l l y p u s h e d so t h a t t h e 

tip m o v e d i n t o a coo le r r e g i o n a t a c o n s t a n t v e l o c i t y . 

S o m e v a p o u r escapes p a s t t h e i n n e r q u a r t z t u b e a n d c o n d e n s e s a n d 

sea ls o f f t h e c r u c i b l e t h u s c o n f i n i n g t h e r e s t o f t h e c h a r g e . A n e q u i l i b r i u m 

v a p o u r p r e s s u r e o f t h e c o m p o u n d b e i n g g r o w n i s t h e n e s t a b l i s h e d . A s t h e 

t u b e m o v e s , t h e s u p e r s a t u r a t i o n a t t h e t i p i n c r e a s e s u n t i l ท น c l e a t i o n 

o c c u r ร . T h e g r o w i n g s u r f a c e t e m p e r a t u r e w a s a p p r o x i m a t e l y 30°c b e l o w 

t h e t e m p e r a t u r e o f t h e c h a r g e . T h e d i a m e t e r o f t h e c r y s t a l w a s 15 m m . T h e 

C d S c r y s t a l s g r o w n h a d a y e l l o w - g r e e n t i n t c h a r a c t e r i s t i c o f t h e i r b e i n g 

g r o w n u n d e r C d - r i c h c o n d i t i o n s . 

3.2.2 Chemical Bath Deposition (CBD) 

3.2.2.1 CBD Principle 

T h e u n d e r l y i n g p r i n c i p l e s o f C B D f o r m t h e b a s i s o f seve ra l r e v i e w s 

[ 3 - 6 ] . T y p i c a l C B D p rocesses f o r m e t a l c h ฬ c o g e n i d e s i n v o l v e c o n t r o l l e d 

p r e d p i t a t i o n o f m a t e r i a l o n a s u b s t r a t e , w h i c h i s i m m e r s e d i n t o h e a t e d 

a q u e o u s s o l u t i o n s . T h e s e s o l u t i o n s c o n t a i n a m e t a l sa l t , c h a l c o g e n i d e 

s o u r c e a n d c o m p l e x i n g a g e n t f o r t h e m e t a l . A d i v e r s i t y o f m e t a l s a l t s c a n b e 

u s e d s u c h a s c h l o r i d e s , n i t r a t e s , s u l f a t e s a n d ace ta tes . T h e o r g a n i c 

chsdcogen ide c o m p o u n d d e c o m p o s e s i n t o i o n s i n t h e s o l u t i o n . S o u r c e s o f 

ร2- i o n s i n c l u d e t h i o a c e t a m i d e (CH3CSNH2), t h i o s u Մ a t e (Տ2Օ32՜) o r t h i o u r e a 

(SC(NH2)2) w h i l e t h o s e f o r Se 2 - i o n s a r e s e l e n o s u l f a t e (8е20з2 ) o r s e l e n o u r e a 

(SeC(NH2)2). A s a r e s u l t o f t h e a q u e o u s r e a c t i o n m e d i a , o x i d e a n d h y d r o x i d e 

m a t e r i a l s m a y a l so be f o r m e d . T h e m e t a l c o m p l e x i n g a g e n t c o n t r o l s t h e 
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h y d r o l y s i s o f t h e m e t a l i o n . B a s i c a m i n e h g a n d s s u c h as a m m o n i a (NH3), 

t r i e t h a n o l a m i n e (К(СН2СН20Н)з) o r e t h y l e n e d i a m i n e (H2N(CH2)2NH2), 

a l t h o u g h c i t r a t e ([HOC(COO)(CH2COO)2]3-) a n d c y a n i d e ( C N ) a r e a l s o 

e m p l o y e d as c o m p l e x i n g a g e n t s [7 ] . 

I n a C B D r e a c t i o n , s o l i d m a t e r i a l i s f o r m e d f r o m b a t h s t h a t a re 

s u p e r s a t u r a t e d w i t h r e s p e c t t o t h e p a r t i c u l a r s o l i d p h a s e . T h e t w o t y p e s o f 

r e a c t i o n s t h a t l e a d t o f o r m a t i o n o f a s o l i d p h a s e a re a) h o m o g e n o u s 

p r e c i p i t a t i o n , w i t h i n t h e b u l k o f t h e s o l u t i o n a n d b) h e t e r o g e n e o u s 

p r e c i p i t a t i o n , w h i c h o c c u r s a t a n e x i s t i n g s u r f a c e s u c h as t h e s u b s t r a t e . 

T h e s e c o n d p r o c e s s l eads d i r e c t l y t o film f o r m a t i o n . 

I n g e n e r a l t h e C B D p r o c e s s e s c a n be d i v i d e d i n t o seve ra l s t e p s , i) 

T h e e q u i l i b r i u m b e t w e e n t h e c o m p l e x i n g a g e n t a n d w a t e r i s o b t a i n e d , і і ) 

T h e i o n i c m e t a l - l i g a n d c o m p l e x e s a re e i t h e r f o r m e d o r d i s s o c i a t e d , i i i ) 

C h a l c o g e n i d e s o u r c e t h e r m a l l y d e c o m p o s e s , t h e n iv) a s o l i d p h a s e i s 

f o r m e d . C o n t r o l over film g r o w t h p r o c e s s r e s i d e s i n t h e l a s t t h r e e s t e p s . I f 

t h e f o u r k e y s t e p s o f C B D p r o c e s s a r e c o n s i d e r e d , C d S d e s p o s i t i o n u s i n g a 

c a d m i u m sa l t , a q u e o u s a m m o n i a a n d t h i o u r e a c a n be w r i t t e n a s f o l l o w s [7】: 

1 / NH3-H2O e q u i l i b r i u m : 

2NH3+2H2O о 2NH4+ 2 0 H - E q . 3 . 1 

2 / D i s s o c i a t i o n o f t h e c o m p l e x : 

Cd(NH3)42^ Cd 2 + + 4NH3 (aq) E q . 3 .2 

3 / H y d r o l y s i s o f t h i o u r e a : 

S=C(NH2)2 + 2 0 H - -)> ร2- (aq) + H2NC=N + շՈշՕ E q . 3 . 3 

4 / F o r m a t i o n o f C d S : 

Cd 2 + (aq) + ร2- (aq) C d S (ร) E q . 3 . 4 

5 / N e t r e a c t i o n : 

Cd (NH3)4 + S=C(NH2)2 ֊> C d S (ร) + HaNCsN + շ NH4+ + շ Шз (aq) E q . 3 .5 
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Chapter З - Experimental Techniques 

3.2.2.2 Growth Conditions for CdS grown by CBD 

S a m p l e s w e r e g r o w n a t t h e D e p a r t m e n t o f P h y s i c s , U n i v e r s i t y o f 

D u r h a m u s i n g a m o d i f i e d c h e m i c a l b a t h d e p o s i t i o n d e v e l o p e d b y M a r t i n 

A r c h b o l d [8 ] . T h e s u b s t r a t e w a s a s o d a - l i m e g lass s u b s t r a t e c o a t e d w i t h a 

l O O n m l a y e r o f i n d i u m t i n ox i de ( ITO 2 0 Ω / Π shee t r e s i s t a n c e ) . T h e 

m o d i f i e d C B D t e c h n i q u e d i f f e r s from t h e c o m m o n l y u s e d m e t h o d i n t w o 

w a y s : firstly, e t h y l e n e d i a r a i n e (EN) i s u s e d r a t h e r t h a n a m m o n i a a s a 

c o m p l e x i n g a g e n t , a n d s e c o n d l y t h e s u b s t r a t e r a t h e r t h a n t h e r e a c t i o n b a t h 

i s h e a t e d . T h e a d v a n t a g e s o f E N a re e n v i r o n m e n t a l a n d ease o f 

e m p l o y m e n t . F i g u r e 3 .2 s h o w s t h e a c t u a l CBD֊kit . A t e m p e r a t u r e 

c o n t r o l l e d c i r c u l a t i n g s y s t e m w a s u s e d t o p u m p h e a t e d w a t e r t h r o u g h a 

c a v i t y i n a flat q u a r t z g lass p l a t e ; t h e s u b s t r a t e w a s h e l d firmly t o t h i s p l a t e 

t o e n s u r e a c o n s t a n t t e m p e r a t u r e ove r t h e s u r f a c e . T h e c h e m i c a l b a t h w a s 

a m a g n e t i c a l l y s t i r r e d a q u e o u s s o l u t i o n o f c a d m i u m c h l o r i d e ( C d C b , 0 . 0 0 1 

mol .dm-3) , E N (NH2CH2CH2NH2, 0 . 0 1 2 m o l . d m - ๆ , s o d i u m h y d r o x i d e ( N a O H , 

0 . 0 1 mol.dm-3) a n d t h i o u r e a (CS(NH2)2, 0 . 0 1 mol .dm-3). S o l u t i o n p H o f 12 

w a s e m p l o y e d a n d t h e s u b s t r a t e t e m p e r a t u r e w a s h e l d a t a c o n s t a n t 65°c 

f o r d e p o s i t i o n t i m e s o f 9 0 m i n u t e s . 

T h r e e k i n d s o f s a m p l e s w e r e p r o d u c e d : (A) as g r o w n C d S , (B) f U m ร 

a n n e a l e d i n a i r a t 400°c f o r 1 h o u r a n d (C) films w i t h 1 5 0 n m l a y e r o f 

e v a p o r a t e d CdCla t h e n a n n e a l e d i n a i r a t 400°c f o r 1 h o u r . A f t e r a n n e a l i n g , 

С- Ї3фе films w e r e w a s h e d i n m e t h a n o l t o r e m o v e a n y C d C b r e s i d u e l e f t o n 

t h i s s u r f a c e . 
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water in water out 

і է water in J그 water out 

quartz plate-

substrate-

reactants 

ま ะ ^ 

F igu re 3 .2 : F r o n t a n d s ide v i e w o f t h e h e a t e d CBD h o l d e r appa ra tus 

เ.2.3 Metal-Organic Chemical Vapour Deposition (MOCVD) 

3.2.3.1 MOCVD Principle 
C h e m i c a l v a p o u r d e p o s i t i o n o f e l e m e n t s i s a w e l l - e s t a b l i s h e d 

t e c h n i q u e f o r t h e g r o w t h o f e p i t a x i a l o r p o l y c r y s t a l l i n e m a t e r i a l s . M e t a l -

o r g a n i c v a p o u r p h a s e epitaxy (MOVPE) i s d e f i n e d as t h e g r o w t h o n t h e 

s u r f a c e o f a c r y s t a l so t h a t t h e l a y e r g r o w n h a s t h e s a m e s t r u c t u r e as t h e 

u n d e r l y i n g s u b s t r a t e . C V D u s i n g m e t a l - o r g a n i c s o u r c e s ( M O C V D ) i s a c o s t 

e f f i c i e n t m e t h o d f o r p r o d u c i n g p o l y c r y s t a l l i n e t h i n films. I t s m a i n 

a d v a n t a g e s a re t h e f o l l o w i n g : 

- I t c a n p r o d u c e a w i d e r a n g e o f t h i c k n e s s , 

- D o p i n g c o n c e n t r a t i o n a n d d i s t r i b u t i o n i n t h e films c a n b e c o n t r o l l e d , 

- M u l t i l a y e r s c a n be o b t a i n e d i n a s ing le d e p o s i t i o n , 

C V D i s a t e c h n i q u e o p e r a t i n g a t l o w t e m p e r a t u r e t y p i c a H y b e t w e e n 

2 0 0 ° a n d 1600°c, f r o m o r g a n i c p r e c u r s o r s i n h y d r o g e n c a r r i e r gas . T h e 

s u b s t r a t e s u p p o r t e d o n a g r a p h i t e s u c c e p t o r a re h e a t e d r a d i a t i v e l y o r b y 

c o u p U n g a R F g e n e r a t o r . A t y p i c a l g r o w t h r a t e f o r C d S i s ~5 n m / m i n . T h e 

2 0 
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CVD involves a series of gas phases and surfaces react ions [9]. The choice 

of organometal l ics has been a major issue i n the development of CVD, to 

fu l f i l i n lower decomposi t ion temperature and higher pur i t y . Low growth 

temperatures are desirable since they reduce sol id-state in ter -d i f fus ion 

process, sharpening the interface, and decreasing the possib i l i ty of 

unwan ted doping. D ime thy l cadmium (DMCd) w h i c h decomposes at 150°c 

and d i te r t ia rybuty lsu lph ide w h i c h decomposes at 2 9 0 ^ ^ were chosen to 

produce c a d m i u m and su lphu r respectively. The choice of g rowth 

condi t ions is an impor tan t par t of the overal l design. Independent 

parameters such as substrate temperature, п/VI rat io and to ta l flow rate 

m u s t be careful ly chosen to give the desired mater ia l propert ies. 

3.2.3.2 Growth Conditions for CdS grown by MOCVD 

The CdS layers were grown by MOCVD at the Univers i ty of Wales, 

Bangor. CdS t h i n films were grown onto ITO/g lass substrate. The 

substrate was suppl ied by Merck Display Technology (MDT) and const i tu ted 

of 0 .7mm soda l ime glass coated w i t h a bi layer of SİO2 (~20nm) and ITO 

(- lOOnm). The SİO2 stops the d i f fus ion of impur i t i es f rom the glass, whi le 

the i n d i u m doped t i n oxide provides the h igh Conduct iฬty requi red to 

provide a low sheet resistance. For the growth of MOCVD-CdS, the 

precursor vapours used were d ime thy l cadmium (DMCd) and 

d i te r t ia rybuty lsu lph ide (DTBS), w h i c h were provided by Ep ichem L td . The 

layers were deposited at a tmospher ic pressure i n a Thomas Swan reactor 

witJi a graphi te substrate holder. The holder was heated by a graphi te 

resistance element, for w h i c h the m a x i m u m temperature achievable was 

600°c. A gas concentrat ion analyser Epison (Thomas Swan Ltd) was used 

to cal ibrate the concentrat ion of organometal l ic by measur ing sonic velocity 

i n b inary m ix tu re . F i lm th ickness was measured by laser ref lectometry tha t 

measures the t h i n film interference between the growing film and the 

interface [10]. Detaüs of the exper imenta l procedure for the MOCVD growth 

of CdS have been also given elsewhere [11]. Figure 3.3 shows the ac tua l 

design of the hor izonta l reactor used for MOCVD. 
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I n t h i s s t u d y , 150 ա ո t h i c k C d S l a y e r s w e r e d e p o s i t e d a t 290*^0, 

300°c a n d ՅՅՕ՚՚Օ a t a g r o w t h r a t e o f ֊5 n m / m i n , f o r t w o d i f f e r e n t p r e c u r s o r 
r a t i o s ( I I / V I ) o f 0 . 7 8 a n d 1.0. T h e g r o w t h r a t e o f C d S v a r i e s a l o t over t h i s 
t e m p e r a t u r e r a n g e . 

H2 push flow 

Laser Reflectance Monitoring 
H2 flow for 
Cd bubbler 

H2 push flow 

H2 flow for 
Те bubbler 

Vent flow 

Detector 
Cd bubbler 
(eg: DMCd) 

Substrate 

Vent flow 

Substrate heater 

Pneumatic valve 

Reactor 

exhaust 

Tc bubbler 

(eg: DIPTe)! H2 dilution flow 

F igu re 3.3ะ H o r i z o n t a l r e a c t o r w i t h gas s u p p l y f o r MOCVD g r o w t h . T h e 
a c t u a l s y s t e m c o n t a i n s s i x bubb le rs fo r Те , Cd , s, As , C l a n d Z n 

o rganome taU ics . 

3.3 Specimen preparation for ТЕМ foils 

I n t h i s w o r k , t w o t e c h n i q u e s w e r e u s e d t o p r e p a r e Т Е М f o i l s , b o t h o f 

w h i c h i n v o l v e d s o m e m e c h a n i c a l p o U s h i n g . I n t h e f i r s t t e c h n i q u e a p p U e d to 

b u l k C d S m e c h a n i c a l p o l i s h i n g w a s f o l l o w e d b y i o n b e a m m i l l i n g t o 

p e r f o r a t i o n , i n t h e s e c o n d m e t h o d a p p l i e d t o t h i n f i l m C d S g r o w n b y 

M O C V D a n d C B D , h y d r o f l u o r i c a c i d (HF) w a s u s e d t o d i s s o l v e t h e g lass 

s u b s t r a t e . S p e c i m e n p r e p a r a t i o n fo r Т Е М fo i l s i s r e v i e w e d b y a n u m b e r o f 

a u t h o r s [ 1 2 - 1 5 ] . T h e t e c h n i q u e s u s e d h e r e a re o u t l i n e d i n d e t a i l b e l o w . 
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1.3.1 

Sl ices o f s i ng le c r y s t a l C d S w e r e m e c h a n i c a l l y p o l i s h e d f r o m b o t h 

s ides u s i n g a L o g i t e c h P M 2 w i t h 1 7 μ ι η S i c p o w d e r t o a t h i c k n e s s o f ~ l m m . 

3 . 0 5 m m d i s c s f r o m t h e 1 m m t h i c k s l i ces w e r e c u t w i t h a T e s t b o u m e M o d e l 

3 6 0 m i c r o - d r i l l w i t h S i c a n d w a t e r t o a s s i s t t h e d r i l l i n g . T h e d i s c s w e r e 

t h e n m o u n t e d o n t o t h e s a m p l e s t u b o f t h e G a t a n d i sc g r i n d e r . T h e 

e m e r g e n t face w a s t h e n p o l i s h e d w i t h B u e h l e r M e t a d i S u p r e m e d i a m o n d 

s u s p e n s i o n o f d e c r e a s i n g r o u g h n e s s (15 , 6 a n d 1 μ ιη) a n d a p p r o p r i a t e 

S t r u e r s p o l i s h i n g c l o t h s . F i g u r e 3 .4 s h o w s t h e a c t u a l a r r a n g e m e n t . T h e 

m a i n a d v a n t a g e o f G a t a n d i s c g r i n d e r i s t h a t t h e p r e s s u r e a p p l i e d o n t h e 

s a m p l e i s c o n s t a n t . B y c h a n g i n g t h e s c r e w t h r e a d p o s i t i o n t h e a m o u n t o f 

m a t e r i a l t o be p o l i s h e d c a n be v a r i e d . W h i l e t h e G a t a n g r i n d e r m a y be u s e d 

b y h a n d o n a p o l i s h i n g c l o t h , i t w a s c o n v e n i e n t t o u s e i t w i t h a l a p p i n g 

m a c h i n e . To m a k e t h i s p r a c t i c a l , t h e p o l i s h e r w a s t e t h e r e d t o a p o s t . 

D u r i n g ac t i ve p o l i s h i n g edge f r i c t i o n p u l l s t h e g r i n d e r t o a p e r i m e t e r o f 

r o t a t i n g p a d . T h e p o i n t a t w h i c h t h e p r o t r u d i n g p a r t o f t h e s a m p l e i s 

p o U s h e d o f f i s i n d i c a t e d b y t h e g r i n d e r m o ฬ n g to t h e c e n t r e o f t h e p a d . T h e 

G a t a n d i sc m o v e s i n w a r d s t o w a r d s t h e c e n t r e o f t h e p a d , w h e n t h e s a m p l e 

leve l c o r r e s p o n d s t o t h e b o t t o m s u r f a c e o f t h e G a t a n d i s c s . I t w a s e n s u r e d 

t h a t a l l c o m p o u n d s w e r e c o m p l e t e l y c l e a n e d w h e n c h a n g e s o f d i a m o n d 

s u s p e n s i o n g rade o c c u r r e d . 

Gatan disc grinder 

sample 

polishing pad 
rotating base plate-

disc grinder tether 

F igu re 3 .4 : A r r a n g e m e n t f o r t h e m o u n t i n g o f a G a t a n d isc g r i n d e r o n a 
L o g i t e c h PM2 m e c h a n i c a l po l i she r . 
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O n c e t h e p o l i s h i n g t o 1 μ ι η w a s finished o n t h e e x p o s e d s i de , t h e 

s a m p l e w a s c l e a n e d w i t h i s o p r o p y l a l c o h o l . A g o l d s u p p o r t ring w a s g l u e d 

t o t h e d i sc u s i n g r o o m t e m p e r a t u r e s e t t i n g epoxy . T h e s a m p l e w a s 

r e m o u n t e d o n t h e G a t a n g r i n d e r s t u b w i t h t h e s u p p o r t r i n g f a c i n g t h e m e t a l 

s t u b . I t w a s t h e n p o l i s h e d u n t i l i t s t h i c k n e s s w a s < 5 0 μ ι η , b y r e d u c i n g t h e 

d i a m o n d s u s p e n s i o n r o u g h n e s s f r o m 15 μ ι η t o 1 μ ι η . T h e s a m p l e w a s t h e n 

r e m o v e d a n d c l e a n e d w i t h t r i c h l o r o e t h a n e . 

F i n a l l y , t h e s a m p l e w a s t h i n n e d f r o m b o t h s ides s i m u l t a n e o u s l y 

u s i n g a n I o n T e c h 8 0 0 Ser ies Ar"^ m i l l e r a t 4 k V . I t w a s c o o l e d w i t h a flow o f 

l i q u i d n i t r o g e n a n d r o t a t e d d u r i n g t h i n n i n g t o p r e v e n t c o n t a m i n a t i o n a n d 

s u r f a c e d a m a g e . T h e r o t a t i o n w a s p e r f o r m e d b y a PC c o n t r o l l e d RS 4 - P h a s e 

U n i p o l a r S t e p p e r D r i v e b o a r d 3 3 2 - 0 9 8 . I n i t i a l t h i n n i n g w a s s t a r t e d a t 2 0 -

3 0 ° a n d r e d u c e d t o 5° as p e r f o r a t i o n a p p r o a c h e d . F i g u r e 3 .5 s h o w s t h e 

s c h e m a t i c d i a g r a m o f a n i o n - b e a m t h i n n i n g . 

Window 

Anode 

Argon 

- ֊ 6000V 

Cathode 

Plasma 

Ion gun 

Specimen disk 

Argon 

Vacuum 

F igu re 3 .5 : D i a g r a m d e s c r i p t i o n o f t h e A r g o n I o n t h i n n e r [14 ] . 

T h e u s e o f c o n v e n t i o n a l a r g o n i o n m i l l i n g fo r p r e p a r a t i o n o f t h i n Т Е М 

s a m p l e s c a n r e s u l t i n t h e g e n e r a t i o n o f s e r i o u s a r t e f a c t u a l s p e c i m e n 

s t r u c t u r e s , s u c h as s m a l l c r y s t a l l o g r a p h i c de fec ts o r d i s l o c a t i o n l o o p s [12 ] . 

I t i s k n o w n t h a t t h i n n i n g o f C d S w i t h 1+ i o n s y i e l d s p e c i m e n s w i t h f ewe r 

l o o p s t h a t t h o s e p r e p a r e d u s i n g Ar+. H e n c e , final i o d i n e t h i n n i n g w a s 

p e r f o r m e d i n a n I o n T e c h 8 0 0 Ser ies 1+ n u l l e r a t 4 k V f o r 2 m i n . H o w e v e r , 

24 



Chapter З - Experimental Techniques 

t h e i o d i n e m i l l i n g a p p a r a t u s w a s n o t e q u i p p e d w i t h a c o o l i n g s y s t e m a n d 

a l s o h a s o n l y o n e o p e r a t i n g g u n . 

3.3.2 Thin Film CdS 

3 . 0 5 m m d i s c w e r e d r i l l e d f r o m a 1 m m t h i c k s a m p l e w i t h t h e t h i n 

film f a c i n g d o w n w a r d s . A g o l d s u p p o r t ring w a s t h e n g l u e d t o t h e l a y e r o f 

i n t e r e s t . E a c h s a m p l e w a s t h e n m o u n t e d o n t h e G a t a n g r i n d e r s t u b w i t h 

t h e g lass s u b s t r a t e e m e r g e n t . T h e s a m p l e w a s p o l i s h e d т е с һ а ш с а Д у t o a 

t h i c k n e s s o f < 5 0 μ ι η , u s i n g t h e t e c h n i q u e d e s c r i b e d p r e v i o u s l y . A f t e r 

r e m o v i n g a n d c l e a n i n g w i t± i t r i c h l o r o e t h a n e , i t w a s g l u e d o n t o a 1 c m 2 

m i c r o s c o p e sUde, w i t h g l y c o l p h t h a l a t e . T h e g l y c o l p h t h a l a t e w a s m a d e o f 

1 4 8 g o f p h t h a l i c a n h y d r i d e a n d 6 2 g e t h y l e n e g l y c o l , w h i c h w a s h e a t e d a t 

2 0 0 ° c f o r 2 4 h o u r s . T h e g lass s u b s t r a t e w a s t h e n t u r n e d to face u p w a r d s 

so t h a t t h e t h i n film w a s t h e n d i r e c t i y i n c o n t a c t w i t h t h e g l u e . T h e edges o f 

t h e s a m p l e w e r e t h e n p r o t e c t e d w i t h p a r a f f i n w a x . 

T h e s a m p l e s w e r e t h e n d i p p e d i n t o 2 0 % h y d r o f l u o r i c a c i d f o r g l ass 

r e m o v a l . T h e g lass e t c h i n g r a t e d e p e n d s o n t h e t h i c k n e s s o f t h e s a m p l e 

a n d t h e H F c o n c e n t r a t i o n . S ince t h e r e i s n o t e c h n i q u e t o c o n t r o l t h e 

r e m a i n i n g l a y e r w h i c h h a s b e e n a t t a c k e d b y t h e H F , eve ry 15 m i n u t e s t h e 

H F t r e a t m e n t w a s i n t e r r u p t e d t o c h e c k t h e r e m a i n d e r o f t h e l aye r . T h e 

s a m p l e s w e r e r i n s e d w i t h d i s t i l l e d w a t e r , t h e n r e s i d u e s w e r e r e m o v e d i n a n 

u l t r a s o n i c b a t h . T h e y w e r e t h e n d i p p e d i n a c e t o n e t o r e m o v e t h e g l y c o l 

p h t h a l a t e g l u e , a n d c l e a n e d w i t h t r i c h l o r o e t h a n e . T h e r e f o r e , t h e H F 

t r e a t m e n t w a s o n l y p e r f o r m e d u n t i l t h e g lass s u b s t r a t e w a s p e r f o r a t e d t o 

a v o i d a c c i d e n t a l e t c h i n g o f t h e C d S l a y e r . F i g u r e 3 .6 s h o w s a s c h e m a t i c 

d e s c r i p t i o n o f t h e s a m p l e p r e p a r a t i o n . 
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C3old ring 

1 5 0 ^ 

paraffin wax 

glycol phthalate 

< ֊ 
с 

microscope slice 

F igu re 3 .6 : S c h e m a t i c d e s c r i p t i o n o f samp le s p e c i m e n p r e p a r a t i o n : a) 

m e c h a n i c a l t h i n n i n g o n A u r i n g , b) m o u n t e d fo r glass r e m o v a l , 

and c) f i n a l samp le ( w i t h a c c i d e n t a l p e r f o r a t i o n ) . 

S a m p l e s p r e p a r e d i n t h i s w a y w e r e e l e c t r o n t r a n s p a r e n t a n d n o 

f u r t h e r i o n t h i n n i n g w a s e s s e n t i a l . O c c a s i o n a l l y t h e r e w a s a c c i d e n t a l 

p e r f o r a t i o n a s s h o w n i n F i g u r e 3 . 6 c . 

2 6 



Chapter З - Experimental Techniques 

3.4 Characterisation Methods 

3.4.1 Optical Transmittance 

L i g h t m o v i n g t h r o u g h a m e d i u m w i l l s p l i t u p i n t o t h r e e p a r t s : s o m e 

w i l l b e t r a n s m i t t e d , s o m e re f l ec ted a n d s o m e w i l l b e a b s o r b e d . A b s o r p t i o n 

o c c u r s w h e n i n c i d e n t p h o t o n s h a v e energ ies g r e a t e r t h a n t h e e n e r g y 

b a n d g a p o f t h e m a t e r i a l , t h e l oss o f t h e i n t e n s i t y o f r a d i a t i o n t r a n s m i t t e d as 

i t p a s s e s t h r o u g h a m e d i u m c a n be g i v e n as : 

T = { l - i ? ) e x p ( - ad) E q . 3 .6 

w h e r e т i s t h e t r a n s m i t t a n c e , R i s t h e r e f l e c t a n c e α i s t h e a b s o r p t i o n 

c o e f f i c i e n t a n d d i s t h e t h i c k n e s s o f t h e m e d i u m . I n a s i m p l i f i e d m o d e l w e 

c a n a s s u m e t h a t t h e r e f l e c t a n c e i s negUg ib le t h e r e f o r e t h e a b s o r p t i o n c a n 

r e a r r a n g e d to g ive : 

« - - 1 ๒ ^ ^ E q . 3 .7 

C a l c u l a t i n g v a l u e s o f α i t i s p o s s i b l e t o p l o t g r a p h s o f (ahvp vs hv, 

w h i c h c a n be e x t r a p o l a t e d b a c k t o g ive t h e e n e r g y b a n d g a p o f t h e m a t e r i a l 

(whe re h i s t h e P l a n c k ' s c o n s t a n t a n d V i s t h e f r e q u e n c y . W i t h t r a n s m i s s i o n 

s p e c t r a i t i s c o m m o n t o obse rve i n t e r f e r e n c e f r i n g e s a n d i t i s p o s s i b l e f r o m 

t h e d a t a t o e s t i m a t e t h e m a t e r i a l s r e f r a c t i v e i n d e x ท i f t h e t h i c k n e s s d i s 

k n o w , t h e e q u a t i o n i s g i v e n b y : 

_ 1 
« = —֊ 

2d E q . 3 .8 

w h e r e λ i s t h e w a v e l e n g t h , t h e i n d e x e s a re r e f e r r e d t o m a x i m a a n d m i n i m a . 

O p t i c a l t x a n s m i t t a n c e m e a s u r e m e n t s w e r e p e r f o r m e d i n a P e r k i n 

E l m e r L a m b d a 19 U V - V I S s p e c t r o p h o t o m e t e r . 
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.4.2 Photoluminescence 

3.4.2.1 Introduction 

P h o t o l u m i n e s c e n c e (PL) s p e c t r o s c o p y i s a n o n - d e s t r u c t i v e t e c h n i q u e 

w h i c h i s m a i n l y u s e d as a d i a g n o s t i c t o o l f o r s e m i c o n d u c t o r s , w i t h i t s 

p o w e r f u l a n d sens i t i ve a b i l i t y t o find i m p u r i t i e s a n d de fec ts i n 

s e m i c o n d u c t o r s [ 1 6 ] , w h i c h a f fec t m a t e r i a l s q u a l i t y a n d dev ice p e r f o r m a n c e . 

A g i v e n i m p u r i t y p r o d u c e s a se t o f c h a r a c t e r i s t i c s p e c t r a l f e a t u r e s . T h i s 

f i n g e r p r i n t i d e n t i f i e s t h e i m p u r i t y t y p e , a n d o f t e n seve ra l d i f f e r e n t 

i m p u r i t i e s c a n b e seen i n a s i ng le P L s p e c t r u m . I n a n o t h e r u s e , t h e 

l i n e w i d t h s o f t h e PL p e a k s a re a n i n d i c a t i o n o f s a m p l e q u a l i t y a n d 

c r y s t a l l i n i t y , a l t h o u g h s u c h a n a l y s i s h a s n o t y e t b e c o m e q u a n t i t a t i v e [ 1 7 ] . 

F i n a l l y , P L i s v e r y s e n s i t i v e t o s t r e s s , a n d c a n m e a s u r e i t s m a g n i t u d e a n d 

d i r e c t i o n [ 18 ] . 

3.4.2.2 Principle 

F i g u r e 3 .7 g ives a n o v e r v i e w o f t h e m a i n p rocesses t h a t o c c u r w h e n 

l i g h t i s e m i t t e d f r o m a s o l i d . T h e p h o t o n i s e m i t t e d w h e n a n e l e c t r o n , i n a n 

e x c i t e d s t a t e d r o p s , d o w n i n t o a n e m p t y s t a t e i n a l o w e r s t a t e b a n d . F o r 

t h i s t o b e p o s s i b l e , e l e c t r o n s m u s t be first i n j e c t e d , t h e n r e l a x t o t h e s t a t e 

f r o m w h e r e t h e e m i s s i o n o c c u r s . T h i s c o u l d be t h e b o t t o m o f t h e 

c o n d u c t i o n b a n d , b u t i t m i g h t a l so be a d i s c r e t e l eve l . T h e p h o t o n c a n n o t 

b e e m i t t e d u n l e s s t h e l o w e r leve l f o r t h e t r a n s i t i o n i s e m p t y , b e c a u s e t h e 

P a u l i p r i n c i p l e does n o t p e r m i t u s t o p u t t w o e l e c t r o n s a t t h e s a m e l eve l . 

T h e e m p t y l o w e r leve l i s p r o d u c e d b y i n j e c t i n g h o l e s i n t o t h e g r o u n d b a n d 

i n a n e n t i r e l y anedogous w a y t o t h e i n j e c t i o n o f t h e e l e c t r o n s i n t o t h e e x c i t e d 

s ta te . T h e r a d i a t i v e r e c o m b i n a t i o n i s d e t e r m i n e d b y t h e r a d i a t i v e 

r e c o m b i n a t i o n l i f e t i m e てR, R a d i a t i v e e m i s s i o n h a s t o c o m p e t e w i t h n o n -

r a d i a t i v e r e c o m b i n a t i o n , w h i c h h a s l i f e t i m e TNR. 

R a d i a t i v e r e c o m b i n a t i o n i n a s e m i c o n d u c t o r c a n b e d i v i d e d t w o 

c lasses , (i) intrinsic a n d (іі) extrinsic. 
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I n t h e p r e s e n c e o f de fec t s t a t e s i n t h e b a n d gap Eg, i n t r i n s i c 

r e c o m b i n a t i o n i s d o m i n a t e d b y f o r m i n g f ree e x c i t o n s v i a C o u l o m b 

a t t r a c t i o n . T h e s u b s e q u e n t r a d i a t i v e e m i s s i o n c a n be e x p r e s s e d as hv=Eg-Bx 

w h e r e hv a n d Ex a re t h e e n e r g y a n d t h e e x c i t o n i o n i s a t i o n e n e r g y 

r e s p e c t i v e l y [ 19 ] . 

inject electrons 

relaxation 

EXCITED 

STATE 

GROUND 

STATE 

inject holes 

F igu re 3 .7 : Genera l s c h e m a t i c o f l u m i n e s c e n c e I n a s o l i d [20 ] . 

E x t r i n s i c r e c o m b i n a t i o n m e c h a n i s m is a r e s u l t o f s t a t e s a s s o c i a t e d 

w i t h d o n o r s , a c c e p t o r s , a n d n a t i v e de fec t s . E x t r i n s i c s ta tes a re c l a s s i f i e d as 

ร һ а Д о พ o r d e e p , w h e r e t h e s h a l l o w i m p u r i t i e s p r o d u c e r e l a t i v e l y s m a l l 

p e r t u r b a t i o n s t h a t l e a d t o t h e f o r m a t i o n o f b o u n d s t a t e s i n t h e f o r b i d d e n 

g a p v e r y c lose t o t h e b o u n d a r i e s o f t h e c o n d u c t i o n a n d v a l e n c e s b a n d s . 

W h i l e d e e p i m p u r i t i e s s ta tes u s u a H y p r o d u c e s t r o n g e r p e r t u r b a t i o n s , l i e 

deeper i n t h e g a p a n d a re m o r e l o c a l i s e d . T h e i n f o r m a t i o n a b o u t t h e s e deep 

c e n t r e s i s c r u c i a l i n t h e a n a l y s i s o f l u m i n e s c e n t m a t e r i a l s , s i n c e t h e y 

u s u a l l y a c t as e f f i c i e n t r e c o m b i n a t i o n c e n t r e s o r t r a p s a n d c o n t r o l t h e 

c a r r i e r l i f e t i m e . 

I n t h e p r e s e n c e o f i m p u r i t i e s , b o u n d e x c i t o n s c a n be f o r m e d w i t J i 

r e c o m b i n a t i o n c h a r a c t e r i s e d b y n a r r o w e m i s s i o n l i n e s o f e n e r g y hv=Eg-Ex-Eb 
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w h e r e Еь i s t h e b i n d i n g e n e r g y o f t h e e x c i t o n t o t h e i m p u r i t y a t o m . I n 

a d d i t i o n , a n e x c i t o n c a n b e b o u n d t o c r y s t a l l a t t i c e v i a e l e c t r o n - p h o n o n 

i n t e r a c t i o n . S p e c t r a l p e a k s c a n be o b s e r v e d w i t h e n e r g y hv=Eg-Ex֊Eb-TnEph 
w h e r e Eph i s t h e e n e r g y o f e m i t t e d p h o n o n s a n d m i s t h e n u m b e r o f p h o n o n s 
e m i t t e d [ 19 ] . A s c h e m a t i c d i a g r a m o f t h e e m i s s i o n m e c h a n i s m i s s h o w n i n 
F i g u r e 3 .8 . A t l o w t e m p e r a t u r e free e x c i t o n r e c o m b i n a t i o n i s m u c h m o r e 
l i k e l y t h a n b a n d to b a n d . 

Ec 7 ζ 

ED- ED 

-9 

， 
EA EA - EA 

լ 

Εν 
a b с d e 

F i g u r e 3 .8 : F i ve m a j o r poss ib le r a d i a t i v e r e c o m b i n a t i o n processes: a) d i r e c t 

c o n d u c t i o n band -va lence , b) c o n d u c t i o n - a c c e p t o r , c) d o n o r 

va lence b a n d , d) d o n o r - a c c e p t o r t r a n s i t i o n , e) b o u n d e x c i t o n 

r e c o m b i n a t i o n [21 ] . 

3.4.2.J Experimental Aspects 

P h o t o l u m i n e s c e n c e s p e c t r a w e r e r e c o r d e d w i t h t h e e x p e r i m e n t a l 

a r r a n g e m e n t s h o w n s c h e m a t i c a H y i n F i g u r e 3 . 9 . T h e s a m p l e w a s m o u n t e d 

i n a t e m p e r a t u r e c r y o s t a t a n d i s Ш и т і п а ї е с і w i t h a n a r g o n i o n l ase r , f r o m 

w h i c h t h e 4 5 8 ա ո l i n e w a s se lec ted u s i n g a b a n d - p a s s i n t e r f e r e n c e filter. 

T h e s a m p l e w a s m o u n t e d i n a n o p t i c a l c l osed -cyc l e h e U u m c r y o s t a t , 

r e s u l t i n g i n a n o m i n a l t e m p e r a t u r e o f 4 K . T h e l u m i n e s c e n c e i s e m i t t e d a t 

l o w e r f r e q u e n c i e s a n d i n a l l d i r e c t i o n s . A p o r t i o n i s c o l l e c t e d w i t h a l e n s 

a n d f o c u s s e d o n t o a s l i t o f a s p e c t r o m e t e r a n d m e a s u r e d a t e a c h 

w a v e l e n g t h w i t h a p h o t o d i o d e a r r a y i n t e r f a c e d to a c o m p u t e r . R e f l e c t e d 

l a s e r l i g h t w a s b l o c k e d f r o m t h e d e t e c t i o n s y s t e m b y t h e u s e o f a c o l o u r 

g lass edge filter. T h e c r y o s t a t w a s m o u n t e d o n a m a n u a l X Y Z s tage to а Д о พ 

m o v i n g t h e s a m p l e w i t h r e s p e c t t o t h e l a s e r s p o t . 
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A 

В 

С 

D 

G 
H 
I 
J 

к 

Argon ion laser 

Band-pass filter 

Spatial filter 

Lens 

Optical cryostat 

Pipes to compressor 

Sample 

XYZ stage 

Edge filter 

Mon^^ 

Photodiode array 

Computer 

F igu re 3.9ะ E x p e r i m e n t a l a r r a n g e m e n t used fo r t h e o b s e r v a t i o n o f 
p h o t o l u m i n e s c e n c e spec t ra [22 ] . 

3.4.3 Scanning Electron Microscopy 
S c a n n i n g e l e c t r o n m i c r o s c o p y ( S E M ) i s n o n - d e s t r u c t i v e t e c h n i q u e f o r 

i n v e s t i g a t i n g t h e s u r f a c e m o r p h o l o g y o f m a t e r i a l s . S E M c o n s i s t s o f a 

f o c u s e d e l e c t r o n b e a m ( w i t h a n a c c e l e r a t i n g v o l t a g e b e t w e e n l - 4 0 k V ) w h i c h 

i s s c a n n e d a c r o s s a n a r e a o f t h e s a m p l e . S E M i m a g e s c a n b e b u i l t u p f r o m 

d i f f e r e n t o p e r a t i o n m o d e s : b a c k s c a t t e r e d o r s e c o n d a r y e l e c t r o n s . I n t h i s 

s t u d y , S E M w a s p e r f o r m e d o n a J E O L J S M - I C 8 4 8 o p e r a t i n g i n s e c o n d a r y 

e l e c t r o n m o d e w i t h a 2 0 k V a c c e l e r a t i n g v o l t a g e . D e t a i l s o f t h e c o n s t r u c t i o n 

a n d m o d e o f o p e r a t i o n a r e r e p o r t e d [13， 14， 2 3 - 2 8 ] . H o w e v e r , a b r i e f 

d e s c r i p t i o n o f b a c k s c a t t e r e d a n d s e c o n d a r y e l e c t r o n m o d e i s d e s c r i b e d 

b e l o w . 
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B a c k s c a t t e r e d e l e c t r o n m o d e B a c k s c a t t e r e d e l e c t r o n s a re p r i m a r y 

e l e c t r o n s w h i c h h a v e b e e n e l a s t i c a l l y s c a t t e r e d b y C o u l o m b i c i n t e r a c t i o n s 

w i t h a t o m i c n u c l e i w i t h i n t h e s a m p l e . A f t e r s i n g l e o r m u l t i p l e e l as t i c 

с о Ш з і о п з , t h e y m a y b e s c a t t e r e d t h r o u g h a l a r g e a n g l e so t h a t t h e y r e -

e m e r g e f o r m t h e i n c i d e n t s u r f a c e as b a c k s c a t t e r e d e l e c t r o n s . 

T h e p r o b a b i l i t y t h a t a n e l e c t r o n w i l l be s c a t t e r e d b y t h e n u c l e u s i s 

a f f e c t e d b y t h e b e a m e n e r g y , t h e a n g l e o f s c a t t e r i n g a n d t h e a t o m i c n u m b e r . 

B a c k s c a t t e r e d e l e c t r o n s c a n p r o v i d e s o m e c o m p o s i t i o n a l i n f o r m a t i o n . 

S e c o n d a r y e l e c t r o n m o d e T h e m o s t c o m m o n i m a g i n g m o d e 

m o n i t o r s l o w e n e r g y (<50 eV) s e c o n d a r y e l e c t r o n s . D u e t o t h e i r l o w e n e r g y , 

t h e s e e l e c t r o n s m u s t o r i g i n a t e w i t h i n a f e w t e n t h s o f a n a n o m e t e r f r o m t h e 

s u r f a c e . T h e y a re g e n e r a t e d t h r o u g h t h e i n t e r a c t i o n o f t h e p r i m a r y b e a m 

w i t h l o o s e l y b o u n d c o n d u c t i o n e l e c t r o n s . T h e s e c o n d a r y e l e c t r o n m o d e i s 

c o m m o n l y u s e d f o r s u r f a c e t o p o g r a p h y a n a l y s i s . 

3.4.4 Glancing Incident X-Ray Diffraction 

X - R a y d i f f r a c t i o n (XRD) i s a n o n - d e s t r u c t i v e m e t h o d f o r i n v e s t i g a t i n g 

t h e s t r u c t u r a l p r o p e r t i e s o f a m a t e r i a l 一 p r o p e r t i e s s u c h as t h e c r y s t a l l i n e 

p h a s e i n t h i n films a n d t h i n fihn s t r u c t u r e . X R D m e t h o d s a re b a s e d o n t h e 

s c a t t e r i n g o f X - r a y s b y t h e a t o m s i n a l a t t i c e . 

X - r a y s h a v e a w a v e l e n g t h c o m p a r a b l e t o t h e i n t e r a t o m i c d i s t a n c e s i n 

c r y s t a l s . T h u s , w h e n a t o m s s c a t t e r X - r a y s , c o n s t r u c t i v e i n t e r f e r e n c e s t a k e 

p l a c e a t g i v e n a n g l e s o f i n c i d e n c e b e a m f o r g i v e n X - r a y w a v e l e n g t h Л, 

C o n s t r u c t i v e i n t e r f e r e n c e o c c u r s w h e n t h e p a t h l e n g t h f o r r a y s s c a t t e r e d 

f r o m t h e n e i g h b o u r i n g p l a n e s o f a t o m s i s a n i n t e g r a l n u m b e r o f w a v e l e n g t h , 

пЯ, w h e r e ո i s a n i n t ege r . U n d e r t h i s B r a g g c o n d i t i o n (Eq . 3.9) t h e 

d i f f r a c t e d i n t e n s i t y i s s t r o n g . T h e e q u a t i o n d e s c r i b i n g t h i s c o n d i t i o n i s : 

nÅ = 2 d f ^ s i n Ø Q E q . 3 . 9 
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w h e r e λ i s t h e w a v e l e n g t h o f t h e X - r a y s , n i s a n i n t e g e r , dm i s t h e s p a c i n g o f 

a d j a c e n t p a r a l l e l p l a n e ร <hfcř> o f a t o m s , a n d Өв i s t h e B r a g g a n g l e f o r 

d i f f r a c t i o n , 'n' t h e r e f o r e r e p r e s e n t s t h e o r d e r n u m b e r o f t h e d i f f r a c t i o n f r o m 

p l a n e s o f a t o m s o f s e p a r a t i o n dm. 

a) X-rays, 
wavelength λ 

b) 

Lattice planes, 
spacing d 

F igu re 3 . 1 0 : B r a g ^ d i f f r a c t i o n f r o m p lanes o f a t o m s i n a c r y s t a l s ; (b) shows 

p a r t o f (a) i n d e t a i l . AU ang les m a r k e d w i t h a rcs are e q u i v a l e n t 

t o t h e Bragg ang le Өв. 

T w o c o n f i g u r a t i o n s a re c o m m o n l y a p p U e d f o r t h i n - f i l m X R D a n a l y s i s : 

symmetric B r a g g - B r e n t a n o [29 ] g e o m e t r y a n d a s y m m e t r i c g e o m e t r y (F igu re 

3 . 1 1 ) . I n b o t h c o n f i g u r a t i o n s t h e x - r a y s o u r c e i n t e n s i t y a n d a n g u l a r 

d i s p e r s i o n a re fixed b y t h e t£ ike-o f f a n g l e f r o m t h e x - r a y s o u r c e t o t h e 

e n t r a n c e s l i t o f t h e de tec to r . T h e a n g u l a r d i s t r i b u t i o n , h(2ûd) o b t a i n e d o n 

t h e d e t e c t o r a r c r e p r e s e n t s t h e c o n v o l u t i o n o f t h e o p t i c a l t r a n s f o r m a t i o n , 

д(2Ө), w i t h t h e s p e c i m e n l a t t i c e d i s t o r t i o n f u n c t i o n f(20) [ 30 ] . 

һ{2Ө)= jg(20)f{20-s)dő 
-00 

E q . 3 . 1 0 

a) 

detector 

specimen specimen 

F igu re 3 . 1 1 : S y m m e t r i c (a) a n d a s y m m e t r i c (b) t h i n - ฒ m x - ray d i f f r a c t i o n 
m e a s u r e m e n t c o n f l g u r a t i o n s [31 ] . 
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T h e s y m m e t r i c c o n d i t i o n , θι=θά ， c o n s t r a i n s t h e m e a s u r e m e n t t o t h e 

l a t t i c e p l a n e s p a r a l l e l t o t h e s p e c i m e n p l a n e . T h e a s y m m e t r i c c o n d i t i o n , 

w i t h ť^í^d a n d u s i n g a fixed i n c i d e n t b e a m ang le , c o n s t r a i n s t h e 
m e a s u r e m e n t t o p o p u l a t i o n s o f l a t t i c e p l a n e s t h a t a re t i l t e d w i t h r e s p e c t t o 
t h e s p e c i m e n p l a n e (F igu re З Л 2 ) . T h e a n g l e o f t h e d i f f r a c t i n g p l a n e t o t h e 

s u b s t r a t e s u r f a c e i s (θά-θΰ) l i m i t s t h e r e f o r e t h e d e t e c t i o n o f t h e (hk l ) p l a n e s . 
T h i s m a k e s i t m o r e d i f f i c u l t t o ge t p r e f e r r e d o r i e n t a t i o n f r o m G I X R D t h a n 
f r o m Ö-2ÖXRD. 

detector 

specimen planes 

F igu re 3 . 1 2 : G e o m e t r i c a l r e l a t i o n s h i p fo r a s y m m e t r i c G I X R D m e a s u r e m e n t s , 
s h o w i n g flxed-incident x - r ay b e a m a n d l a t t i c e p lanes sa t i s f l ed 
d i f f r a c t i o n c o n d i t i o n . 

A s y m m e t r i c m e a s u r e m e n t s m a d e w i t h l o w b e a m a n g l e s a r e r e f e r r e d 

t o as g l a n c i n g i n c i d e n c e X - r a y d i f f r a c t i o n ( G I X R D ) . A s t h e i n c i d e n t x - r a y s 

a r e a t g r a z i n g a n g l e , t h i s t e c h n i q u e i s i n h e r e n t l y d e p t h sens i t i ve . T h e 

d e t e c t o r a n d t h e s a m p l e a re s c a n n e d i n t h e p l a n e o f t h e film w i t h t h e 

d i f f r a c t i o n p l a n e s p e r p e n d i c u l a r t o t h e s a m p l e p l a n e , m e a s u r e m e n t s a re 

t h e r e f o r e sens i t i ve t o i n - p l a n e c r y s t a l l i n e s t r u c t u r e a n d l a y e r q u a l i t y t o 

depth of the order of 30 "50A f rom the surface layer. 

H e n c e , g l a n c i n g uac idence X - r a y d i f f r a c t i o n m e a s u r e m e n t s w e r e 

p e r f o r m e d w i t h a B e d e D 1 S y s t e m d i f f r a c t o m e t e r . 
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3.4.4.1 Grain size and deformation strain 

I n f o r m a t i o n o n g r a i n s ize a n d s t r a i n i s o b t a i n e d f r o m t h e s h a p e a n d 

p o s i t i o n o f t h e d i f f r a c t i o n p e a k s r e s p e c t i v e l y . T h e s t r a i n w i t h i n a c r y s t a l 

a f fec ts t h e d s p a c i n g a n d t h e r e f o r e t h e p o s i t i o n o f t h e d i f f r a c t i o n p e a k s a n d 

t h e g r a i n s ize h a s a n e f fec t o f b r o a d e n i n g t h e p e a k s . 

T h e e f fec t o f g r a i n s ize o n t h e w i d t l i o f t h e d i f f r a c t i o n p e a k i s g i v e n b y 

t h e S c h e r r e r ' ร e q u a t i o n : 

Հ . / 2 0 ; = ֊ ^ E q . 3 . 1 1 
D cos θ 

w h e r e Asize(2e) i s t h e w i d t h o f t h e p e a k i n r a d i a n s , λ t h e w a v e l e n g t h , D t h e 

g r a i n s ize, θ t h e B r a g g a n g l e a n d к a c o n s t a n t a p p r o x i m a t e l y e q u a l t o u n i t y 

d e p e n d i n g b o t h o n t h e l i n e s h a p e p r o f i l e o f t h e p e a k s a n d t h e с і у з Ї а Ш Ї е 

s h a p e . 

T h e p e a k c a n a l so be b r o a d e n e d b y m i c r o - s t r a i n s , ε, w i t h i n t h e c r y s t a l 

o r p o w d e r . T h e s e s t r a i n s c a u s e v a r i a t i o n s i n t h e d s p a c i n g , Δά a n d 

c o n s e q u e n t l y c a u s e a b r o a d e n i n g o f t h e d i f f r a c t i o n p e a k . D i f f e r e n t i a t i n g 

B r a g g ' ร l a w y i e l d s : 

A,,,J2e)=2e\me E q . 3 . 1 2 

w h e r e Astrain(20) i s t h e w i d t h o f t h e p e a k i n r a d i a n s . 

I f b o t h s t r a i n a n d size e f fec ts o c c u r w i t h i n t h e s a m p l e , t h e w i d t h o f t h e 

d i f f r a c t i o n p e a k i s t h e s u m o f E q u a t i o n s 3 . 1 1 a n d 3 . 1 2 a n d b y r e a r r a n g i n g 

t h e e q u a t i o n : 

(2Θ) cose = — +2ε รm θ Eq. 3.13 

A p l o t o f t h e w i d t h m u l t i p l i e d b y c o s i n e o f t h e B r a g g ang le a g a i n s t t h e 

s i ne o f t h e B r a g g a n g l e a l l o w s t h e t w o b r o a d e n i n g t e r m s t o b e s e p a r a t e d 

a n d m e a s u r e d a n d i s r e f e r r e d t o as t h e W i l l i a m s o n - H a l l p l o t [ 3 2 ] . 
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เ.4.4.2 Crystallographic orientation 
D a t a h a v e b e e n a n a l y s e d f o r p r e f e r e n t i a l o r i e n t a t i o n u s i n g [ 3 3 ] 

Chน = 1 なᅮ E q . 3 . 1 4 -hkl 1 J 

r Ml 

w h e r e с ш i s t h e t e x t u r e c o e f f i c i e n t , Ihkl i s t h e i n t e n s i t y o f t h e h k l r e f l e c t i o n 

a n d Ir, hkl t h e i n t e n s i t y o f t h e h k l r e f l e c t i o n f o r a r a n d o m s a m p l e a n d ท i s t h e 

n u m b e r o f r e f l e c t i o n s . T h e t e x t u r e c o e f f i c i e n t g i v e s a m e a s u r e o f t h e 

o r i e n t a t i o n o f e a c h r e f l e c t i o n c o m p a r e d t o a c o m p l e t e l y r a n d o m l y o r i e n t e d 

s a m p l e . A v a l u e o f 1 r e p r e s e n t s r a n d o m o r i e n t a t i o n , w h i l e a v a l u e o f a b o v e 

1 m e a n s p r e f e r e n t i a l o r i e n t a t i o n i n t h a t d i r e c t i o n . I n t h i s s t u d y , r e f l e c t i o n s 

f r o m t h e h e x a g o n a l s t r u c t u r e o f C d S w e r e c o n s i d e r e d . 

T o a n a l y s e t h e p r e f e r e n t i a l o r i e n t a t i o n o f e a c h s a m p l e a s a w h o l e , t h e 

s t a n d a r d d e v i a t i o n σ o f a l l с ш v a l u e s a s c o m p a r e d t o r a n d o m l y o r i e n t e d 

s a m p l e w a s u s e d . 

σ - ν — E q . 3 . 1 5 

V a l u e s o f σ c a n b e u s e d t o c o m p a r e t h e d e g r e e o f o r i e n t a t i o n b e t w e e n 

s a m p l e . A v a l u e o f 0 i n d i c a t e s a c o m p l e t e l y r a n d o m s a m p l e [ 3 4 ] . 

3.4.5 Transmission Electron Microscopy 

T r a n s m i s s i o n E l e c t r o n M i c r o s c o p y i s a w e l l - e s t a b l i s h e d t e c h n i q u e f o r 

t h e s t u d y o f d e f e c t s i n s e m i c o n d u c t o r m a t e r i a l s . T h e r e a d e r i s r e f e r r e d t o 

r e l e v a n t t e x t b o o k s a n d r e v i e w a r t i c l e s [ 1 3 , 14， 3 5 ] . I n t h i s s t u d y , Т Е М w a s 

p e r f o r m e d o n a J E O L 2 0 0 C X ( w i t h a s c a n n i n g u n i t ) o p e r a t i n g a t 8 0 t o 

2 0 0 k V . Т Е М w a s u s e d i n f o u r b a s i c m o d e s o f o p e r a t i o n : b r i g h t a n d d a r k 

field m i c r o s c o p y , s e l e c t e d a r e a d i f f r a c t i o n a n d s c a n n i n g t r a n s m i s s i o n 

e l e c t r o n m i c r o s c o p y ( S T E M ) . T h e s e a r e d e s c r i b e d b r i e f l y b e l o w . 
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Selected Area Diffraction (SAD) 

T h e g rea t a d v a n t a g e o f t h i s t e c h n i q u e i s t o se lec t a spec i f i c a r e a o f 

t h e s p e c i m e n t o c o n t r i b u t e t o a d i f f r a c t i o n p a t t e r n a n d t o r e d u c e t h e 

i n t e n s i t y o f t h e p a t t e r n f a l l i n g o n t h e s c r e e n , b y i n s e r t i n g a n a p e r t u r e i n t o 

i n t o t h e i m a g e p l a n e o f t h e ob jec t i ve l e n s . 

Bright Field (BF) Microscopy 

A b r i g h t field i m a g e i s f o r m e d i f t h e d i r e c t ( u n d e v i a t e d ) b e a m i s u s e d 

b y i n s e r t i n g t h e ob jec t i ve a p e r t u r e i n t o t h e b a c k f o c a l p l a n e o f t h e ob jec t i ve 

l e n s . 

Dark Field (DF) Microscopy 

D a r k field i m a g e i s f o r m e d b y s e l e c t i n g s o m e s c a t t e r e d e l e c t r o n s o f 

a n y f o r m w i t h t h e ob jec t i ve a p e r t u r e . T h i s m a y be a c h i e v e d e i t h e r b y 

d i s p l a c i n g t h e ob jec t i ve a p e r t u r e o f f - a x i s o r b y a d j u s t i n g t h e i n c i d e n t b e a m 

t i l t a n d c e n t e r i n g t h e ob jec t i ve a p e r t u r e : t h i s o p e r a t i o n i s so t h e caHed 

c e n t e r e d d a r k - f i e l d (CDF) i m a g i n g . 

Scanning Transmission Electron Microscopy (STEM) 

T h e e l e c t r o n b e a m i s f o c u s e d t o a s m a l l p r o b e ( l O n m ) w h e n o p e r a t i n g 

i n t h e S T E M a n d t h i s p r o b e i s s c a n n e d a c r o s s t h e s p e c i m e n . W i t h a t h i n 

s p e c i m e n , t r a n s m i t t e d e l e c t r o n b e a m c a n b e c o l l e c t e d b y a t r a n s m i s s i o n 

d e t e c t o r a n d t h e i n t e n s i t y o f t h e s e e l e c t r o n s u s e d t o m o d u l a t e t h e i n t e n s i t y 

o f a S3mchronously s c a n n e d C R T to f o r m a n i m a g e . 

D i f f r a c t i o n c o n t r a s t i n S T E M i m a g e s a l w a y s s h o w l o w e r c o n t r a s t 

t h a n i m a g e s i n Т Е М a n d n o i s i e r i m a g e s . T h i s o b s e r v a t i o n c a n be 

d e m o n s t r a t e d b y t h e r e c i p r o c i t y p r i n c i p l e . T h i s c o n d i t i o n i s s h o w n i n 

F i g u r e 3.13， w h e r e ат i s t h e Т Е М c o n v e r g e n c e s e m i - a n g l e , βτ i s t h e s e m i -

a n g l e o f t h e ob jec t i ve a p e r t u r e c o l l e c t i o n . T h e e q u i v a l e n t a n g l e s i n S T E M 

m o d e a re as a n d ßs d e f i n e d a s t h e c o n v e r g e n t b e a m a n d d e t e c t i o n c o l l e c t i o n 
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a n g l e s r espec t i ve l y . T h e r e f o r e S T E M a n d Т Е М w i l l b e o p e r a t i n g i d e n t i c a H y i f 

o n l y : 

oCs = ßr E q . 3 . 1 6 

ат= ßs E q . 3 . 1 7 

incident 
parallel 
beam 

Collection 
angle 2ßj 

Convergence 
angle 2ατ 

incident 
yconvergent/ 

beam I Convergence 

angle 2ao 

Specimen 

Ojective 
aperture 

Collection 
angle 2рз 

STEM BF 

F igu re 3 .13 : C o m p a r i s o n o f t h e i m p o r t a n t beam-conve rgence a n d d i ve rgence 

angles (a) I n Т Б М a n d (b) i n S T E M [24] . 

T h e first c o n d i t i o n i s t h e n eas i l y s a t i s f i e d s i nce t h e ob jec t i ve a p e r t u r e 

i s a b o u t e q u i v a l e n t t o t h e c o n v e r g e n c e a n g l e i n S T E M . H o w e v e r , t o s a t i s f y 

t h e s e c o n d c o n d i t i o n , S T E M c o l l e c t i o n s e m i - a n g l e ßs s h o u l d be r e d u c e d , 

w h i c h c a n ' t be d o n e b y s i m p l y i n c r e a s i n g ctT, b e c a u s e s t r o n g c o n t r a s t i s 

b e t t e r w h e n ат i s s m a l l e r . 

Calibration 

A s t a n d a r d Agar g o l d s a m p l e w a s u s e d t o c a l i b r a t e t h e m a g n i f i c a t i o n 

a n d t h e c a m e r a l e n g t h i n Т Е М a n d S T E M , w h e r e a s i m a g e r o t a t i o n w a s 

c a l i b r a t e d u s i n g a [ 0 0 1 ] d i r e c t i o n o f m o l y b d e n u m o x i d e c r y s t a l s . 
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3.5 TEM-CL Principle 

A Jeol 200CX ТЕМ was adapted to al low the s imu l taneous col lect ion of 

CL a n d t ransmi t ted electrons us ing Oxford Ins t rumen ts (Oxford, UK) 

MonoCL2 for Т Е М . The systems consists of a CL col lect ion m i r ro r , 0.3 m 

spectrometer, a Peltier cooled Bur le C31034 ph tomu l t i p l i e r tube , РАЗ 

photoampl i f ìer supp ly and stepper dr iver and ISIS 300 cont ro l system. A 

descr ipt ion of TEM-CL apparatus a n d techniques used for record ing CL 

spectra and fo rm ing panchromat ic and monochromat ic images is given 

below. The reader is referred to relevant textbooks and review art icles 

descr ib ing i n detaü the TEM-CL. 

(a) (b) 

collection 

mirror 

to spectrometer [ 1 - 4 ^ Լ1տքշ stage 

\ 
Figure 3.14: (a) Photograph of JEOL 200CX w i t h ТБМ-CL at tachment , (b) 

diagram showing TEM-CL mi r ro r In the col lect ion above the 
specimen holder 

1.5.1.1 CL Collection Mirror 

CL f rom the Т Е М foi l is col lect ing us ing Oxford CL302 col lect ion 

system w h i c h is composed of a retractable parabol lo ida l a l u m i n i u m m i r ro r 

col lect ing and gu id ing the CL either to the sl i ts of the monochromator or 

di rect ly to the pho tomulp l ie r tube for panchromat ic imaging. The m i r ro r 

has a hole d i rect ly above the focal po in t of the m i r ro r for the electron beam. 

When the specimen is at the focal po in t , CL generated by the specimen is 

collected i n very eff icient manner a n d col l imated along one axis of the 

mi r ro r , at right angles to the inc ident electron beam. To ob ta in o p t i m u m 
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CL col lect ion emission f r om unexposed t h i n film sect ion of the specimen 

was used to pos i t ion the m i r ro r above the sample holder 0.5-1.0 m m , as the 

focus of the m i r ro r is 1.0 m m . Opt imizat ion of the CL emission was 

achieved by vary ing the three pos i t ion ing screws for X， Y and z d i rect ions. 

Care was taken no t to cóüide the m i r ro r w i t h the sample holder. 

3.5.1.2 TEM-CL LNz Specimen Holder 

Due to the restr ic ted space i n the microscope pole piece and the 

requ i red separat ion distance of 1 m m between the m i r ro r a n d the specimen, 

an Oxford Ins t rumen ts CT3500TR Ti l t -Rotate Cryo-Transfer holder was 

used. The sample was ma in ta ined i n a cradle us ing a screwed ring to 

per fo rm a good therma l contact . The cradle is cooled by a shor t b ra id a n d 

conduc t ion rod from a n i t rogen de war. Rotat ion of sample is contro l led by 

Oxford I ns t rumen ts Dig i ta l T i l t Indicator . After inser t ion of the m i r ro r , the 

sample t i l t i ng is no t possible due to the p rox im i t y of the m i r ro r . 

Once the specimen holder was inser ted ins ide the Т Е М , the dewar 

can be filled w i t h l i qu id n i t rogen approx imate ly 15 m inu tes after the 

con tamina t ion t rap on the Т Е М was cooled. The temperature is contxoHed 

a n d mon i to red by an Oxford Ins t rumen ts ITC502 Temperature control ler . 

The lowest temperature achievable is 90K. After s tabi l isat ion no need to 

ref i l l the dewar is requi red, a n d specimen t i l t d r i f t is ins igni f icant . 

3.5.1.3 Monochromatic and Panchromatic Modes 

I n panchromat ic mode, аД the l igh t is directed at the detector. Th is 

al lows the combined in tens i ty of аД CL wavelengths w i t h i n the response of 

the detector to be imaged. 

I n monochromat ic mode, a l l the l ight is coupled in to a 0.3 m 

monochromator . The spectrometer was fitted w i t h two 150 l i n e s / m m 

grat ings blazed for a m a x i m u m t ransmiss ion at 300 a n d 500 n m . The 

spectral d ispers ion was 21.6 n m / m m . The monochromator entrance a n d 
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e x i t w e r e set b e t w e e n 0 .5 a n d 1.0 w h i c h y i e l d s a d i s p e r s i o n o f 10 .8 t o 2 1 . 6 

n m . 

3.5.1.4 Spectral acquisition 

S p e c t r a w e r e r e c o r d e d f r o m t h e L I N K IS IS 3 0 0 c o n t r o l s y s t e m u s i n g 

t h e РАЗ p h o t o a m p l i f i e r s u p p l y a n d s t e p p e r d r i v e r w i t h i n t e g r a t i o n times 

v a r y i n g f r o m 1 m s t o 10 ร. 

3.5.1.5 CL Imaging and Line-Scans 
U s i n g L I N K IS IS 3 0 0 c o n t r o l s y s t e m , p a n c h r o m a t i c a n d m o n o c h r o m a t i c 

C L i m a g i n g w a s p e r f o r m e d . I m a g e s c a n be r e c o r d e d w i t h d i f f e r e n t 

r e s o l u t i o n o f 1 2 8 x 1 0 0 , 2 5 6 x 2 0 0 , 5 1 2 x 4 0 0 a n d 1 0 2 4 x 8 0 0 p i x e l s . D w e l l 

t i m e s b e t w e e n 100 a n d 1 2 8 0 0 μ ร r e s u l t e d a r a n g e o f 1.5 ร t o ~3 h o u r s fo r 

i m a g e a c q u i s i t i o n . L i n e - s c a n s w e r e a lso r e c o r d a b l e w i t h a n i n t e g r a t i o n t i m e 

v a r y i n g f r o m 1 m s t o 10 ร w i t i i 1 t o 1 0 0 0 0 d a t a p o i n t s . 
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Chapter 4 
The TEM-CL signal 

4.1 Introduction 

I n the first par t of th i s chapter the pr inc ip les of cathodoluminescence 

(CL) and X- ray generat ion are out l ined. I n the second par t , a convolut ion 

me thod is described for es t imat ing the spat ia l reso lut ion of CL microscopy 

images. FinaHy, an exper imenta l s tudy of the TEM-CL signal qual i ty , w h i c h 

can be expressed by the signal-to-noise rat io ร/N, is reported. 

4.2 Formation of CL radiation 

The three fundamenta l processes tha t resu l t i n CL emission are the 

generat ion, mo t ion and recombina t ion of excess electrons and holes. These 

processes w i l l be considered indiv iduaUy. 

4.2.1 Generation of noneqบilibrium charge carriers 

Pr imary (fast) electrons s t r i k ing the object undergo energy losses due 

to in terac t ion w i t h the sol id, and t hen stop. I n order to evaluate the 
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Chapter 4 - The ТЕМ-CL signal 

electron range the Bethe expression [1] for the mean rate of energy loss per 

segment of d istance ร t ravel led i n the soUd is given as 

dE _ - _ 4 л . pz. (\Л66Е] 
— = -2neN^—lท ——-֊ 
ds EA \ J 

Eq. 4.： 

where e is the electronic charge, NA is Avogadro's number , p is the densi ty, 

A is the atomic weight, z is atomic number , E is the mean electron energy 

and J is the mean ion isat ion potent ia l . The electron range is f ound by 

in tegrat ion. 

The secondary processes caused by electron bombardment proceed 

i n the energy d iss ipat ion area, the so cal led generat ion vo lume. I ts 

d imensions are close to the value of penet ra t ion depth Re w h i c h , according 

to Kanaya a n d Okayama 【2], is 

յլ = 
0.0276A が. 6 7 

pZ 
0.889 -^0 

(μιη) Eq. 4.2 

where л is i n g.mol-1, ρ is i n g.cm-3, and Eo is the electron probe energy i n 

keV. 

I t is also impor tan t to emphasise the difference i n exci tat ion vo lumes 

of the t h i n target a n d the b u l k samples (see Figure 4.1). 

e ； 

ļ Thin foil 

excitation volume 
in bulk sample 

Figure 4.1ะ Exc i ta t ion volume i n a t h i n specimen and a bu lk sample. 

The generat ion factor G (i.e., the number of electron-hole pa i rs 

generated per inc ident beam electron) is given by 
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G = M z á E q . 4 . 3 

w h e r e Eb i s t h e e l e c t r o n b e a m e n e r g y , Ei i s t h e i o n i s a t i o n e n e r g y ( i .e. t h e 

e n e r g y r e q u i r e d f o r t h e f o r m a t i o n o f e l e c t r o n - h o l e p a i r s ) , a n d γ r e p r e s e n t s 

t h e f r a c t i o n a l e l e c t r o n b e a m ene rgy l oss d u e to b a c k s c a t t e r e d e l e c t r o n s . 

4.2.2 NonequìMbrìum carrier motion and recombination 

N o n e q u i l i b r i u m c h a r g e c a r r i e r s g e n e r a t e d i n a s e m i c o n d u c t o r m a t e r i a l 

a c q u i r e d i r e c t i o n a l m o t i o n b y d i f f u s i o n (due t o c o n c e n t r a t i o n g r a d i e n t ) a n d 

d r i f t (due t o e lec t r i c field) p rocesses , p r i o r t o r e c o m b i n a t i o n . D e p e n d i n g o n 

t h e m e c h a n i s m , t h r e e m o d e s o f r e c o m b i n a t i o n c a n be r e c o g n i s e d : i n t e r b a n d 

r e c o m b i n a t i o n , r e c o m b i n a t i o n v i a l o c a l i s e d s t a t e s i n t h e gap a n d s u r f a c e 

r e c o m b i n a t i o n . R e c o m b i n a t i o n m a y b e r a d i a t i v e w i t h p h o t o n e m i s s i o n as 

w e l l as n o n r a d i a t i v e w i t h p h o n o n e m i s s i o n , o r t o a n o ü i e r e l e c t r o n w h i c h 

c h a n g e s t o a h i g h e r - e n e r g y s ta te i n t h e c o n d u c t i o n b a n d (Auger ef fect ) . 

F o r c o n t i n u o u s i r r a d i a t i o n a n d t h e e l e c t r o n b e a m a t a fixed p o s i t i o n 

o n t h e o b j e c t , t h e a c t i o n o f a l l t h e s e p rocesses r e s u l t s i n t h e f o r m a t i o n o f 

s t a t i o n a r y e x c e s s - m i n o r i t y c a r r i e r d i s t r i b u t i o n w h i c h i s g o v e r n e d b y t h e 

t h r e e - d i m e n s i o n a l d i f f e r e n t i a l e q u a t i o n o f c o n t i n u i t y . I n t h e s i m p l e s t case 

f o r e l e c t r o n s i n a p - t y p e s e m i c o n d u c t o r i t c a n b e w r i t t e n as 

DV'àn{r)-^^G{r)=0 E q . 4 . 4 

リ A ^ ^ L o E q . 4 . 5 

w i t h a b o u n d a r y c o n d i t i o n a t t h e o b j e c t s u r f a c e 

w h e r e Лп(г) i s t h e e x c e s s - c a r r i e r d e n s i t y p e r u n i t v o l u m e , D i s t h e d i f f u s i o n 

coe f f i c i en t , τ i s t h e m i n o r i t y c a r r i e r l i f e t i m e , Us i s t h e s u r f a c e r e c o m b i n a t i o n 

v e l o c i t y , G(r) i s t h e g e n e r a t i o n f u n c t i o n o f e l e c t r o n - h o l e p a i r s d e f i n e d b y t h e 

e l e c t r o n b e a m p a r a m e t e r s a n d t h e e n e r g y l oss d e n s i t y d i s t r i b u t i o n i n t h e 

o b j e c t , a n d finally t h e ζ i s t h e c o o r d i n a t e f r o m t h e s u r f a c e i n t o t h e o b j e c t 

[3 ] . 
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C h a p t e r 4 · T h e TEM֊CL signal 

The in tens i ty IcL of the CL emiss ion w h i c h is usua l l y accepted as 

being propor t iona l to An(r), can be w r i t t en as [4] 

Կւ = \ΑΒη{Γ^^η{Γ)άν Eq. 4.6 

V 

where A a n d в are constants and def ined as the correct ion factors for CL 

absorpt ion losses ins ide the object, wh i le the l igh t is passing t h r o u g h the 

object mater ia l , a n d the CL ref lect ion losses at the ob jec t -vacuum 

boundary , respectively, and ηΐή is the in te rna l q u a n t u m eff iciency def ined 

as the rat io of the radiat ive recombinat ion rate to the to ta l recombinat ion 

rate. The in te rna l q u a n t u m eff iciency is usua l l y expressed i n te rms of 

carr ier l i fet imes 一 radiat ive Trr, a n d nonradiat ive Тпт as 

ŕ . 、-1 

77 = Eq. 4.7 

Besides in tens i ty , the CL rad ia t ion is also character ised by i ts 

spec t rum. The pho ton energies a n d , therefore, CL rad ia t ion spec t rum 

con ta in i n fo rma t ion about character is t ic energy levels. Radiat ive 

t rans i t ions can be div ided i n two classes: (i) i n t r ins ic and (ii) extr ins ic. 

Detai ls of radiat ive t rans i t ions are also presented i n sect ion 3.4.2. 

4.3 Spatial resolution of CL Scanning Microscopy 

By def in i t ion , the spat ia l reso lu t ion is the m i n i m u m distance between 

two object detai ls w h i c h is possible to d is t ingu ish us ing the Cb֊şignal. The 

spat ia l reso lu t ion d o f the CL mode of SEM is affected by the probe size dp, 

the size of the generat ion vo lume dg, w h i c h i t is re lated to the beam 

penetra t ion i n the mater ia l , a n d the m ino r i t y carr ier d i f fus ion length Ld. 

The re la t ion between these parameters is given by [5] as 

d = ^ ( d į + d į + L l ) Eq. 4.8 

4 7 



Chapter 4 - The ТЕМ-CL signal 

I n a b u l k semiconductor , the carr ier d i f fus ion length Ld is common ly 

def ined as [4]: 

Ld = 4DT Eq. 4.9 

where, D i s a d i f fus ion coeff icient, a n d τ is the carr ier l i fet ime. 

However, i n a t h i n fo i l the inf luence of surface recombinat ion 

increases a n d no recombina t ion occurs i n the b u l k [4], i.e. the m i n o r i t y 

l i fet ime is only def ined by the presence of surfaces and the corresponding 

d i f fus ion length พ Ш take the fo rm 

Ld=֊ Eq. 4.10 

where, է is the t h i n fo i l th ickness. 

The divergence b of the p r ima ry beam, for a smal l object th ickness Í, 

ร т а Д beam size, a n d only elastic in teract ions w i t h the object [4], is given by 

E A) 
r Eq. 4 .11 

Add i t iona l factors such as a low signal-to-noise ra t io , ฬb ra t i ons , and 

electromagnetic interference may degrade the resolut ion i n pract ice. 

4.4 Monte Carlo Simulation 
Monte Carlo (MC) s imu la t ion of electron trajectories for m u l t i - layered 

samples geometries are used for s tudyk ig the depth and la tera l reso lut ion 

unde r var ious exper imenta l condi t ions, usuaHy found i n microscopy [1， 6] . 

I n a s imu la t ion a t ra jectory is calculated for each electron as i t undergoes 

elastic a n d inelast ic scat ter ing. 

Monte Carlo s imula t ions were per formed us ing the commerc ia l ly 

avañable MC-SEľT software [7] a n d are shown i n Figure 4 .2 . I n Figure 4.2{a-

d) are the s imula t ions of electron trajector ies for var ious accelerat ing 

voltages vary ing f r o m 80 keV to 200 keV o n CdS layers of th ickness 200 

n m . The beam size was 10 n m . The beam broadening seen i n these 
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s imu la t ions is i n l ine w i t h tha t given by Eq. 5 . 1 1 . F rom the figure i t can be 

seen tha t f rom these condi t ions alone, reso lu t ion of a 100 n m th i ck CdS 

layer shou ld be possible i n cross-sect ion i n STEM-CL. However, since the 

beam in terac t ion causes bo th X- ray and CL emiss ion, the signal recorded 

may have wider spat ial or ig ins t h a n Figure 4.2 w o u l d suggest: X- ray 

luminescence may be excited f rom other par ts of the sample remote the 

beam itsetf. Th is is explored i n the fo l lowing sections. 

4.5 X-ray Generation and Absorption 

When a beam of electron str ikes a target or specimen, mos t electron 

in teract ions w i t h atoms resu l t i n energy losses as heat generated i n the 

mater ia l . The two ways i n w h i c h the electron may lose energy to X- ray 

generat ion are presented below: 

i) A smal l f ract ion, 1 par t i n l O 3 or less, of the electron in teract ions, 

ionise the atoms a n d may resu l t i n the emiss ion of character ist ic 

X- ray photons. 

ii) Some of the inc ident electrons (the order of 1 pa r t i n 103) undergo 

in teract ions i n w h i c h they lose hundreds of thousands of electron 

vol ts of energy by decelerat ing b u t do no t ionise the atoms. The 

photons emi t ted i n these instances f o rm a spectral c o n t i n u u m ; 

th is is often cal led Bremss t rah lung and appears as an in ter fer ing 

background. 

4.5.1 Terms related to X-ray measurements 

Character ist ic X-rays f rom the di f ferent elements are d is t ingu ished 

ei ther by the i r wavelength, Я, or by the i r energy, E depending on the type of 

measur ing equ ipment employed. Two impor tan t parameters cont ro l the 

character is t ic X- ray in tens i ty emi t ted i n a specimen: the pho ton emiss ion 

y ie ld (fluorescence yield) and the l inear a t tenuat ion coefficient. 

4 9 
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a 

(b) 

(d) 

Figure 4.2: Monte Carlo s imulat ions for a) SOkeV, b) 120keV, c) 160keV, d) 
200keV, electron inc ident on a cross-section of CdTe/CdS/ITO 
layered structure Each layer is 100 n m while the ТЕМ fo l l і ร ิ 
200 nm th ick . 
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4.5.1.1 Linear attenuation coefficient, μ 

W h e n a p a r a l l e l ո a r r o w b e a m o f s t r i c t l y m o n o c h r o m a t i c X - r a y s , w i t h 

a n i n c i d e n t i n t e n s i t y Jo, passes t h r o u g h a p l a n e - p a r a l l e l l a y e r o f 

h o m o g e n e o u s , i s o t r o p i c m a t e r i a l o f t h i c k n e s s X, w i t h s u r f a c e s n o r m a l t o t h e 

b e a m d i r e c t i o n , t h e e m e r g e n t i n t e n s i t y l i s g i v e n b y 

l { x ) = /。 X e x p [ - μχ] E q . 4 . 1 2 

w h e r e μ i s t h e l i n e a r a t t e n u a t i o n coe f f i c i en t . 

4.5.1.2 Mass Attenuation Coefficient, μ/ρ 

W h e n t r e a t i n g t h e x֊ray t r a n s m i s s i o n i n m u l t i p l e c o m p o n e n t 

s a m p l e s , i t i s c u s t o m a r y t o t h e u s e m a s s a t t e n u a t i o n coe f f i c i en t , ― r a t h e r 

Ρ 

t h a n t h e l i n e a r a t t e n u a t i o n c o e f f i c i e n t μ w h e r e ρ i s t h e d e n s i t y . T h e v a l u e 

o f t h e m a s s a t t e n u a t i o n coe f f i c i en t o f m i x t u r e s a n d c o m p o u n d i s o b t a i n e d 

u s i n g t h e e q u a t i o n 

էլ E q . 4 . 1 3 

w h e r e , Wi i s t h e f r a c t i o n b y w e i g h t o f a t o m i c c o n s t i t u e n t , 

m e a s u r e d v a l u e o f m a s s a t t e n u a t i o n coe f f i c i en t o f s i ng le e l e m e n t s 

P) 
, i s t h e 

F o r e a c h l a y e r w h i c h c o n s t i t u t e s a C d S / C d T e s o l a r ce l l dev ice , t h e 

m a s s a t t e n u a t i o n coe f f i c i en t w a s c a l c u l a t e d f r o m E q . 4 . 1 3 u s i n g t h e X - r a y 

i n t e r a c t i o n c o e f f i c i e n t s d e t e r m i n e d u s i n g [8】， as s h o w n i n F i g u r e 4 . 3 . H e n c e 

fo r t h e g lass , i t w a s a s s u m e d t h a t i t i s m a i n l y c o m p o s e d o f s i l i c a (i.e. 6 0 一 

8 0 % Տ ւ Օ շ ) . 
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ІЄ+6 

9֊ ІЄ+2 Н 

ІЄ+1 1β+2 ІЄ+3 

Photon energy (eV) 

І Є + 4 le+5 

Figure 4.3: Mass absorpt ion coeff ic ient vs. energy for ITO, SİO3, CdTe and 
CdS. Data calculated using [8]. 

The absorpt ion edges are due to the var ia t ion of the t rue absorpt ion 

coeff icient г w i t h wavelength of the absorbed rad ia t ion , showing the K, L, M 

absorpt ion edges [9]. 

4.6 Simulation of Image Width 

4.6 .1 Boyall's Image Width 

Boyal l [10] has invest igated inhomogenet ies i n GaN epilayerร and i n 

I i i xGai -xN q u a n t u m wel ls, comb in ing Т Е М a n d CL. A single InxGai -xN 

q u a n t u m wel l on a GaN buf fer on a (0001) sapphire substrate was imaged 

w i t h STEM-CL. 

The 10 n m diameter electron beam was focused on the 2.5 n m t h i c k 

q u a n t u m wel l . Two s t r i k ing features of the image have been observed: 

(a) The q u a n t u m wel l image was 150 n m broad , 
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(b) The q u a n t u m wel l image h a d d iscont inu i t ies on the scale < 1 μ ιη , w i t h 

visible features as smal l as 0.1 μ ιη . 

I t was assumed t ha t th is b readth (a) m igh t be due to carr ier d i f fus ion or 

secondary luminescence caused by X-rays. 

When imaging and mapp ing w i t h X- rays , the spat ia l reso lu t ion is 

st rongly in f luenced by the voltage of the electron beam. Th is is due to the 

generat ion vo lume w i t h i n w h i c h the photons are produced. The spat ia l 

reso lut ion of X- ray m a p is determined by two factors, the size of the 

inc ident beam and the spreading the of the electron beam. In th i s s tudy, as 

m igh t be expected, we m u s t determine how m u c h l igh t and X-rays are 

generated ei ther by an electron beam a n d X- ray emiss ion tha t resul ts f r om 

i t . 

4.6.2 Rechid's Model 

Rechid et a l . 【11] reported a numer i ca l me thod for the deconvolut ion 

of j u n c t i o n electron beam induced cu r ren t (JEBIC) data f r om a cross sect ion 

of a ITO/ In2Se2/CIS /Au solar cell. To reveal the d i f íus ion length L a n d the 

w i d t h of the space region, JEB IC da ta have to be deconvoluted w i t h the 

lateral shape of the electron beam exci tat ion. 

As long as the electron bu lb stays w i t h i n one mater ia l the JEBIC 

signal is s imp ly def ined as the convolut ion of the local col lect ion probabi l i ty 

D(x) a n d the lateral shape of exci tat ion g(x). 

JEBIC(x) = JD{X՝)X g{x - ；c') dx՝ Eq. 4.14 
-00 

w i t h 

where Ев i s the beam energy, ІВ is the beam cur ren t , Eg is the energy 

bandgap a n d e the e lementary charge. 
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However, when the electron beam is close to the j u n c t i o n , the e-bulb 

d i s t r i bu t ion becomes asymmetr ic over two di f ferent mater ia ls w i t h di f ferent 

densi ty pi and energy bandgap Egi. 

Basical ly , to reveal D(x): 

• The data are t rans formed to px-space, by changing the densi ty of 

da ta by norma l i s ing w i t h the relat ive densi ty Pi/թշ. 

• The data can be deconvoluted w i t h ցշխ) where ε is new coordinate i n 

the /ЯХ-space. 

• Correct the deconvoluted da ta amp l i tude according to the relat ive 

area. F inal ly , t rans fo rm the da ta back to real space, by app ly ing 

թշ/թւ to the densi ty of data po in ts . 

The reader is referred to the convo lu t ion me thod developed by Rechid et 

a l . [11] for more detai ls. Th is convo lu t ion method insp i red the s imple 

model l ing presented i n the fo l lowing sect ion. 

4.6.3 Convolution Method 

4.6.3.1 Principles of the Model 

Since there is n o un i f i ed theory of quant i ta t ive CL analys is at 

present, a model needs to be developed to predic t the expected CL in tens i ty 

a n d X - ray emiss ion f rom semiconductor layers generated by either electron 

or X- ray beam sources. The a im of t h i s model l ing is to quant i f y the CL 

rad ia t ion when the electron beam is moved along a cross-section of a 

CdS/CdTe solar cel l . As ment ioned i n sect ion 4.2 and 4 .5 , CL rad ia t ion can 

or ig inate f rom electron and X- ray sources a n d CL quant i f i ca t ion is very 

complex. Therefore, s imple assumpt ions have been made a n d arb i t ra ry 

values have been used. Hence, a p re l im inary s tudy of CL quant i f i ca t ion is 
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p r e s e n t e d a n d a s i m p l e c o n v o l u t i o n i s d e s c r i b e d t h a t а Д о พ ร t h e C L i m a g e 
w i d t h r e s u l t i n g f r o m t h e e l e c t r o n b e a m a n d i t s e x c i t e d X - r a y s t h a t go o n t o 
i n d u c e X - r a y l u m i n e s c e n c e . 

A s l o n g a s t h e e x c i t a t i o n b u l b s t a y s w i t h i n o n e m a t e r i a l t h e s i g n a l i s 

s i m p l y t h e f o l l o w i n g c o n v o l u t i o n : 

D ๏ g{x) = ] d ( x ' ) х g{x՝-x)dx' E q . 4 . 1 6 
-00 

w h e r e D(x) i s t h e r a d i a t i v e e m i s s i o n p r o b a b i l i t y o f e l e c t r o n - h o l e p a i r 

r e c o m b i n a t i o n a n d g(x) i s g e n e r a t i o n o f e l e c t r o n - h o l e p e r u n i t v o l u m e . T h e 

f u n c t i o n g(x) c a n de r i ve f r o m e l e c t r o n (i) a n d X - r a y (іі) s o u r c e s . 

F o r e l e c t r o n b e a m e x c i t a t i o n , i t w a s a s s u m e d t h a t : 

2σ' 
(і) E q . 4 . 1 7 

w h e r e (Tis t h e s t a n d a r d d e v i a t i o n e q u a l t o σ = ֊ , a n d น t h e m e a n . 
2V21n2 

F o r X - r a y e x c i t a t i o n o f C L ( r e s u l t i n g from t h e e l e c t r o n b e a m ) 

g{x) = g 。 X e x p [ - μ„ χ ρκ] (Ü) E q . 4 . 1 8 

w h e r e թէո i s t h e m a s s a t t e n u a t i o n coe f f i c i en t , go i s t h e i n c i d e n t i n t e n s i t y 

( g e n e r a t e d b y t h e e l e c t r o n b e a m ) a n d ρ t h e d e n s i t y o f t h e t a r g e t m a t e r i a l . 

T h e case o f e l e c t r o n e x c i t a t i o n i n a t h i c k s a m p l e i s i n s t r u c t i v e : i n t h e 

v i c i n i t y o f t h e j u n c t i o n t h e e l e c t r o n b u l b w i l l be a s y m m e t r i c a l l y d i s t r i b u t e d 

over t w o d i f f e r e n t m a t e r i a l s w i t h d i f f e r e n t r a d i a t i v e e m i s s i o n p r o b a b i l i t i e s 

Di(x), p r o d u c t o f m a s s a t t e n u a t i o n c o e f f i c i e n t (МтР)і a n d e l e c t r o n - h o l e p a i r 

g e n e r a t i o n r a t e gi(x). (The i n d e x і s t a n d f o r i'h l a y e r ) . F i g u r e 4 . 4 s h o w s t h e 

e x c i t a t i o n b u l b o f t w o d i f f e r e n t m a t e r i a l s . 
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e - b e a m 

exitaUon 

bulb 

F igu re 4.4ะ E x c i t a t i o n bu lb a t t h e i n t e r f a c e o f m a t e r i a l s o f t w o d i f f e r e n t 
dens i t i es Pi a n d bandgap energ ies Egi ( i = l， 2 ) . 

I n s t e a d o f s t r i c t a p p l i c a t i o n o f R e c h i d ' s m e t h o d , a d i r e c t c o n v o l u t i o n 

f o r a m u l t i - l a y e r e d s y s t e m w a s d e v e l o p e d u s i n g F O R T R A N . A s i m p l e 

p r o g r a m w a s w r i t t e n to c a l c u l a t e t h e s t a n d a r d p r o d u c t o f c o n v o l u t i o n o f t w o 

f u n c t i o n s Di(x) a n d gi(x) (see a p p e n d i c e s p a r t A) . 

4 . 6 . 3 . ： Convolution results 

A) The generation of electron-hole pair by X-rays. 

I t w a s a s s u m e d t h a t t h e p r o d u c t o f t h e m a s s a t t e n u a t i o n coe f f i c i en t 

b y t h e d e n s i t y w e r e i d e n t i c a l f o r t h e t h r e e l a y e r s ( i .e. (Мт^р)і = c o n s t a n t ) a n d 

t h a t t h e X - r a y l u m i n e s c e n c e r a d i a t i v e e m i s s i o n p r o b a b i l i t y w a s o f u n i t y i n 

l aye r 2 a n d zero i n t h e o t h e r s , as s h o w n i n F i g u r e 4 .5 (a -b ) . T h e X - r a y s a re 

c o n s i d e r e d to be g e n e r a t e d w i t h i n t h e s a m p l e , a n d to p r o p a g a t e 

p e r p e n d i c u l a r l y t o t h e i n t e r f a c e s a c c o r d i n g to t h e s i m p l e e x p o n e n t i a l l a w i n 

E q . 4 . 1 2 . F i g u r e 4.5(c) s h o w s t h e c o n v o l u t i o n o f D(x)0g(x), A l l t h e 

l u m i n e s c e n c e i s c o m i n g f r o m t h e laye r 2 - t h i s r e s u l t w a s e x p e c t e d s ince t h e 

r a d i a t i v e e m i s s i o n p r o b a b i l i t y o f l a y e r s 1 a n d 3 w e r e a s s u m e d to be zero . I t 

w a s seen t h a t t h e b r o a d e n i n g o f t h e c o n v o l v e d p e a k d e p e n d s h i g h l y o n 
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(Итхрһ . O t h e r s i m u l a t i o n s n o t p r e s e n t e d h e r e , s h o w t h a t t h e c o n v o l u t i o n 
p e a k b e c o m e ร n a r r o w e r as t h e (Мтхр)і v a l u e s i n c r e a s e d . 

T h e F O R T R A N p r o g r a m d e v e l o p e d i n t h i s w o r k a l l o w e d s i m u l a t i o n o f 

a n y gi(x) f u n c t i o n f o r a n y i n c i d e n t e m i s s i o n p o s i t i o n . A s w e c a n see o n t h e 

p l o t , t h e f u n c t i o n gi(x) i s c o n t i n u o u s a l o n g t h e X d i r e c t i o n a n d i s a f u n c t i o n 

o f (ЦтР)і o f e a c h l aye r . T h e r e f o r e a " d i r e c t " c o n v o l u t i o n c a n be 

s t r a i g h t f o r w a r d l y a p p l i e d f o r c a t h o d o l u m i n e s c e n c e g e n e r a t e d b y X - r a y s , 

H o w e v e r , a b e t t e r k n o w l e d g e o f t h e i n c i d e n t i n t e n s i t y go, t h e p r o d u c t (Мт^р)і 

a n d t h e r a d i a t i v e e m i s s i o n p r o b a b i U t y o f e l e c t r o n - h o l e p a i r s Di(x) v a l u e s a re 

r e q u i r e d t o i m p l e m e n t t h i s c o n v o l u t i o n f o r a r e a l c o n f i g u r a t i o n . F o r 

e x a m p l e t h e r e a l m a s s a b s o r p t i o n c o n t r a s t s fo r t h e c o m p o u n d s o f i n t e r e s t 

w o u l d h a v e t o b e u s e d (F igu re 4 .3) i n c o n j u n c t i o n w i t h t h e s p e c t r u m o f X -

r a y s g e n e r a t e d f r o m e a c h l a y e r b y e l e c t r o n b e a m . T h i s w a s n o t a t t e m p t e d 

i n t h e p r e s e n t w o r k . 
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Ծ) 

û 

๐ ) 

Q 

x {a .น . ) 

F igu re 4.5ะ C o n v o l u t i o n o f D(x)๏g(x) , w h e n a n X - r a y source m o v e d over a 
t h r e e l aye r s a m p l e . P e n e t r a t i o n o f t h e X - rays p e r p e n d i c u l a r t o 
t h e i n t e r f a c e is c o n s i d e r e d . Laye r 2 Is c o n s i d e r e d t o e m i t 
l u m i n e s c e n c e o f a w a v e l e n g t h t o w h i c h t h e d e t e c t o r i s s e n s i t i v e . 

B) The generation of electron-hole pairs by an electron beam 
T h e s i m p l e c o n v o l u t i o n c a n n o t be d i r e c t l y a p p l i e d t o t h e g e n e r a t i o n 

e l e c t r o n - h o l e p a i r s b y t h e e l e c t r o n s o u r c e s i n c e t h e g e n e r a t i o n v o l u m e 

d e p e n d s o n t h e n a t u r e o f t h e m a t e r i a l (see s e c t i o n 4 .2 .1 ) a n d v a r i e s a l o n g 

t h e X a x i s . H e n c e , t o ease t h e c a l c u l a t i o n s , i t w a s a s s u m e d t h a t t h e 

g e n e r a t i o n Խ ո օ ս օ ո w a s a G a u s s i a n , d e f i n e d b y i t s a m p l i t u d e a n d F W H M , 
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a t a l l X v a l u e s . F i g u r e 4 .6 s h o w s t h e c o n v o l u t i o n o f D(x)<8)g(x) w h e n t h e 

e l e c t r o n b e a m i s m o v e d ove r t h e l a y e r 2 . I t i s c l ea r t h a t a l l t h e 

l u m i n e s c e n c e i s c o m i n g f r o m t h i s l a y e r . I t c a n be m e n t i o n e d t h a t t h e 

b r o a d e n i n g o f t h e c o n v o l u t i o n p e a k h i g h l y d e p e n d s o n t h e s t a n d a r d 

d e v i a t i o n a n d i n c r e a s e s w i t h t h e F W H M o f дь(х). 

л 

'x՝ 
๐ ) 

пі 
'x 
๐ 

(จ 
'x 

х 

Û 

х (a u.) 

F igu re 4.6ะ C o n v o l u t i o n o f D(x)<Si g(x), w h e n t h e I n c i d e n t b e a m Is i n j e c t e d 
i n t o t h e c e n t r e o f l aye r 2 . 

H o w e v e r , as i t w a s e x p l a i n e d i n s e c t i o n 4.2， t h e s i m p l e c o n v o l u t i o n 

c a n b e o n l y a p p l i e d i f t h e g e n e r a t i o n f u n c t i o n i s k n o w n f o r a l l p o s i t i o n s o f 

t h e e l e c t r o n b e a m a c r o s s t h e m u l t i - l a y e r e d s y s t e m . H e n c e i n t h i s w o r k i t 
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w a s a s s u m e d t h a t t h e f u n c t i o n g(x) i s a G a u s s i a n f u n c t i o n w h i c h i s t h e 

s a m e i n a l l l a y e r s . T h i s i s u n r e a l i s t i c . T h e r e f o r e , f u r t h e r w o r k b a s e d o n t h e 

m e t h o d s d e v e l o p e d b y R e c h i d e t a l . [11 ] a re n e c e s s a r y t o q u a n t i f y t h e 

w i d t h s o f C L s i g n a l s i n l a y e r e d s y s t e m s . 

4.6.4 Conclusions of image width simulations 

I n t h i s s e c t i o n , t h e u s e o f c o n v o l u t i o n m e t h o d s i n d e s c r i b i n g t h e 

c o n t r i b u t i o n t o t h e w i d t h o f S T E M - C L i m a g e s f r o m a) t h e e l e c t r o n b e a m 

w i d t h a n d b) s e c o n d a r y l u m i n e s c e n c e c a u s e d b y X - r a y s w h i c h a re 

t h e m s e l v e s g e n e r a t e d b y t h e e l e c t r o n b e a m , h a v e b e e n d e s c r i b e d . 

B o y a l l e t a l . [10 ] h a v e a l so r e p o r t e d C L i m a g e w i d t h o f a 2 .5 n m 

q u a n t u m w e l l a n d f o u n d b r o a d e r i m a g e w i t h d i s c o n t i n u i t i e s w i t h 0 . 1 μτη 

v i s i b l e f e a t u r e s . 

I n t h e n e x t s e c t i o n , i t w i l l be s h o w n t h a t n o i s e w a s a s e r i o u s c o n c e r n 

a n d t h a t f u l l c a l c u l a t i o n s o f i m a g e w i d t h b e c a m e less o f p r i o r i t y o n c e t h i s 

w a s r e c o g n i s e d . 

4.7 Image contrast 

4.7.1 Experiment 

A s p a r t o f t h e s y s t e m c a l i b r a t i o n p r o c e s s i t w a s n e c e s s a r y t o m e a s u r e 

t h e i m a g e q u a l i t y o f t h e c a t h o d o l u m i n e s c e n c e i m a g e s . H e n c e , t o i n v e s t i g a t e 

t h e s i g n a l q u a l i t y , w h i c h c a n b e e x p r e s s e d b y t h e s i g n a l - t o - n o i s e r a t i o ร/N, 

a s i m p l e e x p e r i m e n t w a s p e r f o r m e d i n w h i c h t h e C L i n t e n s i t y f r o m a 

s p e c i m e n ( i .e. t h e s igna l ) a n d t h e h o l e c o u n t ( i .e. t h e no ise) w e r e m e a s u r e d 

a s s h o w n F i g u r e 4 . 7 . C L s i g n a l s w e r e r e c o r d e d f o r m a g n i f i c a t i o n s v a r y i n g 

from 3 0 0 t o 3 0 0 , 0 0 0 w i t h d i f f e r e n t t e s t s p e c i m e n s m c l u d i n g a C d S s a m p l e 

g r o w n b y M O C V D a n d a g o l d r i n g . C L s i g n a l r e c o r d s a re s h o w n i n F i g u r e s 

4 . 8 a n d 4 . 9 . O n e a c h r e c o r d , t h e m a x i m a c o r r e s p o n d t o t h e s i g n a l 
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o r i g i n a t i n g f r o m t h e s p e c i m e n o r t h e A u ring, w h e r e a s t h e m i n i m a 

c o r r e s p o n d to t h e h o l e c o u n t . 

a) Є " CL mirror 

To spectrometer 

Specimen^Ring Hole 

F igure 4.7ะ a) CdS S p e c i m e n or A u r i n g su r face d i r e c t l y be low t h e e l e c t r o n 
b e a m , (b) b e a m passes t h r o u g h a s m a l l ho le i n t h e s p e c i m e n . 

3.5Є+5 

З.Ое+5 

2.5Є+5 Ą 

ҫ 2.0Є+5 

I 
¿ ՝ 1.5Є+5 
(Л 

1.0Є+5 

О 
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0 .0 

о 
寸 со เท со 

p ļ со ՚ ю ļ го 

ч-̂  I o i d i o 

Ss 

๒ 
Իւ 

к Beam on 
CdS 

Hole 
Count 

1 0 0 0 2 0 0 0 

Time (seconds) 

3000 

F igure 4.8ะ CL i n t e n s i t y vs t i m e t a k e n a t r o o m t e m p e r a t u r e a t 120keV . T h e 
uppe r a n d lower b ranches c o r r e s p o n d t o t h e b e a m b e i n g 
p o s i t i o n e d o n t h e s p e c i m e n and ho le r e s p e c t i v e l y . The labe ls 
i n d i c a t e t h e m a g n i f î c a t i o n a t w h i c h t h e CL da ta was t a k e n . 
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F i g u r e 4 . 9 : C L i n t e n s i t y vs . t i m e t a k e n a t r o o m t e m p e r a t u r e a t 120keV . 

T h e u p p e r a n d l o w e r b ranches c o r r e s p o n d t o t h e b e a m b e i n g o n 

t h e g o l d r i n g a n d ho le r e s p e c t i v e l y . T h e labels i n d i c a t e t h e 

m a g n i f l c a t i o n a t w h i c h t h e CL da ta was t a k e n . 

4.7.2 Discussion 

I n g e n e r a l , a s t h e m a g n i f i c a t i o n dec reases t h e C L s i g n a l f r o m t h e 

s p e c i m e n i n c r e a s e s w h e r e a s t h e no i se dec reases . I t i s t h e r e f o r e c lea r t h a t 

t h e s i g n a l - t o - n o i s e r a t i o ร/N i n c r e a s e s w i t h a dec rease i n m a g n i f i c a t i o n as 

s h o w n i n F i g u r e 4 . 1 0 . I t i s a l s o n o t i c e a b l e t h a t t h e ร/N d e p e n d s s t r o n g l y 

u p o n t h e n a t u r e o f t h e s p e c i m e n , e s p e c i a l l y a t l o w m a g n i f i c a t i o n . A s 

e x p e c t e d t h e C L s i g n a l g e n e r a t e d b y t h e C d S film i s m o r e l u m i n e s c e n t t h a n 

t h a t f r o m t h e g o l d r i n g . H o w e v e r , f o r m a g n i f i c a t i o n s o f h i g h e r t h a n 3 0 0 0 

t h e ร / N r e m a i n e d l o w e r t h a n 5 a n d t e n d e d to a v a l u e o f 1.0 a t h i g h e r 

m a g n i f i c a t i o n s . 
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๐ MOCVD-CdS 

2 60 

พิ 40 

1 2 3 4 5 

STEM magnification ( ฯ 0^) 

F igu re 4.10ะ S i g n a l / n o i s e r a t i o vs . S T E M m a g n i f i c a t i o n f o r t w o d i f f e r e n t 
m a t e r i a l s . 

F r o m F i g u r e 4 . 8 , i t w a s o b s e r v e d t h a t t h e C L o r i g i n a t i n g f r o m t h e 

C d S dec reases w i t h i n c r e a s i n g m a g n i f i c a t i o n . T h i s c a n b e e x p l a i n e d d u e t o 

t h e f a c t t h a t t h e C L i n t e n s i t y i s p r o p o r t i o n a l t o t h e a r e a o f s c a n . A t l a r g e r 

m a g n i f i c a t i o n s , t h e a r e a s c a n n e d i s s m a U e r a n d so t h e r e i s less s i g n a l ( i .e. 

T h e ร m a U e x c i t a t i o n a r e a i n T E M - C L r e s u l t s i n a s m a U C L s i g n a l ) . 

S i m i l a r i t i e s w e r e f o u n d w h e n t h e b e a m w a s o n t h e g o l d as s h o w n i n 

F i g u r e 4 . 9 . H o w e v e r , t h e o r i g i n o f t h i s l u m i n e s c e n c e c o u l d b e d u e t o t h e 

h i g h r e f l e c t i o n i n d e x o f t h e g o l d (s ince g o l d h a s n o i n t r i n s i c C L e m i s s i o n ) 

a n d / o r t o t h e X - r a y s from t h e go ld e x c i t i n g l u m i n e s c e n c e f r o m t h e w i n d o w 

i n t h e C L o p t i c s . 

F o r b o t h s p e c t r a , t h e h o l e c o u n t i n c r e a s e d w i t h i n c r e a s i n g 

m a g n i f i c a t i o n . T h i s c o u l d b e a s c r i b e d t o t h e p r o x i m i t y o f e l e c t r o n b e a m a n d 

C d S s p e c i m e n / g o l d r i n g edge w h e n s c a n n i n g t h e h o l e a t h i g h m a g n i f i c a t i o n 

as s h o w n i n F i g u r e 4 . 1 1 a . A t h i g h m a g n i f i c a t i o n t h e e l e c t r o n s m a y s t r i k e 

t h e s p e c i m e n o r r i n g edge, t h e n u n d e r g o e n e r g y l osses d u e t o i n t e r a c t i o n 

w i t h t h e s o l i d a n d g e n e r a t e l u m i n e s c e n c e . W h i l e a t l o w m a g n i f i c a t i o n , t h e 
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a r e a o f t h e h o l e i s m u c h l a rge r t J i an a t h i g h m a g n i f i c a t i o n a n d a l l o w t h e 

e l e c t r o n b e a m t o p a s s w h i l s t l e a v i n g n o re f lec t i ve s u r f a c e a r e a d i r e c t l y b e l o w 

t h e h o l e i n t h e C L c o l l e c t i o n m i r r o r , as s h o w n i n t h e F i g u r e 4 . 1 1 b . A s i m p l e 

e x p e r i m e n t c o u l d be d o n e t o c h e c k t h i s a s s u m p t i o n , b y m e a s u r i n g t h e h o l e 

c o u n t w h e n t h e e l e c t r o n b e a m i s p o s i t i o n e d a t t h e c e n t r e o f t h e h o l e (i .e. t h e 

f u r t h e s t f r o m t h e s p e c i m e n / r i n g edge). T h i s w a s n o t a t t e m p t e d i n t h e 

p r e s e n t w o r k . T h i s i n c r e a s e o f n o i s e w i t h m a g n i f i c a t i o n c o u l d be a lso d u e 

t o t h e i n s t r u m e n t ' s e l e c t r o - o p t i c a l p e r f o r m a n c e a n d t h e c o n t r a s t p r o d u c e d 

b y t h e s p e c i m e n / d e t e c t o r s y s t e m . 

a) High magnification 

e " 

b) Low Magnification 

๙ 

Hole scanned 

area 

Specimen/Ring 

Specimen/Ring y기 

F igure 4 . 1 1 : Re la t i ve p o s i t i o n o f t h e e l e c t r o n b e a m t o t h e CdS S p e c i m e n o r 

A u r i n g su r face w h e n ร Т Б М - C L opera tes a t h i g h (a) a n d a t l o w (b) 

m a g n i f î c a t i o n . 

T h e p r a c t i c a l i m p l i c a t i o n o f t h i s i n s t r u m e n t a l l i m i t a t i o n is t h a t i t 

c o u l d l i m i t t h e i n v e s t i g a t i o n o f C L o f m i c r o s t r u c t u r a l de fec t s s u c h as 

d i s l o c a t i o n s fo r e x a m p l e . These r e q u i r e b o t h w o r k i n g a t h i g h m a g n i f i c a t i o n 

a n d t o o b e y t h e Rose ฬ ร i b ü i t y c r i t e r i o n [ 1 2 , 13]. F o r t h e average o b s e r v e r t o 

d i s c e r n t h e d i f f e r e n c e b e t w e e n t w o p o i n t s , t h e c h a n g e i n t h e s i g n a l d u e t o 

t h e c o n t r a s t , ՃՏ， h a d to exceed t h e n o i s e N， b y a f a c t o r o f 5: 
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AS>5N (Rose c r i t e r i o n ) E q . 4 . 1 9 

H e r e t h e Rose c r i t e r i o n f o r i m a g e c o n t r a s t v i s i b i l i t y i n a s c a n n i n g 

m i c r o s c o p e w a s u s e d : i t s t a t e s t h a t f o r a n i m a g e f e a t u r e t o b e ฬ ร i b l e , t h e 

s i g n a l d i f f e r e n c e b e t w e e n a b r i g h t a n d a d a r k f e a t u r e ( S n a x 一 ร) s h o u l d 

exceed five t i m e s t h e n o i s e . T h e n o i s e itsGÌf i s t h e r o o t o f t h e n u m b e r o f 

c o u n t s i .e. ( ร t o a x ) ^ / ^ . B o t h s i g n a l a n d n o i s e a re t h e r e f o r e d e p e n d e n t u p o n 

t h e b e a m c u r r e n t (J), t h e p i x e l d w e l l t i m e (ή， a n d q, t h e e f f i c i ency o f t h e 

e m i s s i o n p r o c e s s ( p h o t o n s p e r i n c i d e n t e l ec t ron ) c o m b i n e d w i t h t h a t o f t h e 

s p e c t r o m e t r y / d e t e c t i o n a p p a r a t u s . T h e m i n i m u m (i .e. c r i t i c a l ) b e a m 

5 _ ֊ 5 

s՝ max 

c u r r e n t щ r e q u i r e d t o i m a g e a f e a t u r e w i t h a g i v e n c o n t r a s t с = 

(Eq . 4 . 2 0 ) , m a y b e e x p r e s s e d [13] as : 

w h e r e e i s t h e e l e c t r o n i c c h a r g e . 

I t c a n be seen f r o m t h i s e q u a t i o n t h a t f o r a g i v e n d e t e c t i o n s y s t e m , 

t h e r e i s a m i n i m u m b e a m c u r r e n t r e q u i r e d t o obse rve a p a r t i c u l a r c o n t r a s t 

l e v e l , a n d t h a t t h i s c u r r e n t i n c r e a s e s as t h e f r a m e s c a n t i m e dec reases . 

F u r t h e r i n v e s t i g a t i o n s a re r e q u i r e d t o d e f i n e t h e e x a c t o r i g i n o f n o i s e 

e s p e c i a l l y w h e n S T E M i s o p e r a t i n g a t h i g h m a g n i f i c a t i o n . B y e i t h e r 

i n c r e a s i n g t h e e l e c t r o n b e a m c u r r e n t o r d e c r e a s i n g t h e f r a m e s c a n t i m e , i t 

s h o u l d be p o s s i b l e t o e n h a n c e t h e i m a g e c o n t r a s t , b u t w i t h t h e p r e s e n t 

e x p e r i m e n t a l a r r a n g e m e n t S T E M - C L i m a g i n g a t m a g n i f i c a t i o n s g r e a t e r t h a n 

3 0 0 0 w i l l b e s i g n i f i c a n t l y l i m i t e d b y n o i s e . 
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4.8 Conclusions of Image Contrast 

T h e i m a g e c o n t r a s t h a s b e e n i n v e s t i g a t e d b y m e a s u r i n g t h e s i g n a l - t o -

n o i s e r a t i o , i t w a s f o u n d to be too l o w w h e n S T E M w a s o p e r a t i n g a t h i g h 

m a g n i f i c a t i o n s . I t a l so s h o w e d s o m e l i m i t a t i o n s fo r a c q u i r i n g C L i m a g e s 

s i nce t h e Rose c r i t e r i o n fo r i m a g e c o n t r a s t v i s i b i l i t y w a s n o t r e s p e c t e d a t 

h i g h m a g n i f i c a t i o n s . T h e i n c r e a s e o f n o i s e w i t h m a g n i f i c a t i o n h a s b e e n 

d e t e r m i n e d by : - t h e p r o x i m i t y o f e l e c t r o n b e a m p o s i t i o n e d o n a h o l e a n d 

t h e s p e c i m e n , t h e i n s t r u m e n t ' s e l e c t r o - o p t i c a l p e r f o r m a n c e a n d t h e 

l u m i n e s c e n c e g e n e r a t e d b y X - r a y s . T h e o r i g i n o f t h e n o i s e i s s t i l l u n c l e a r 

h o w e v e r s t u d i e s b a s e d o n t h e Rose v i s i b i l i t y c r i t e r i o n s h o u l d be c a r r i e d o u t 

i n t h e foture. 
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Chapter 

Single Crystal CdS 

5.1 Introduction 

I n t h i s c h a p t e r , a p r e l i m i n a r y s t u d y o f C d S u s i n g a c o m b i n e d 

t r a n s m i s s i o n e l e c t r o n m i c r o s c o p e (ТЕМ) a n d c a t h o d o l u m i n e s c e n c e (CL) 

a p p a r a t u s i s d e s c r i b e d . T h i s m e t h o d [ 1 , 2 ] o f f e rs t h e p o s s i b i l i t y t o 

i n v e s t i g a t e s p e c t r a a n d C L i m a g e s f r o m e l e c t r o n t r a n s p a r e n t s e m i c o n d u c t o r 

s a m p l e s . D i f f r a c t i o n c o n t r a s t a n d C L i m a g i n g o f t h e s a m e a r e a m i g h t 

t h e r e f o r e a l l o w c o r r e l a t i o n o f s p e c t r a l f e a t u r e s w i t h p a r t i c u l a r 

m i c r o s t r u c t u r a l de fec ts [3 ] . T h e i n f l u e n c e o f i o n b e a m m i l l i n g ( used i n t h e 

p r e p a r a t i o n o f t h i n f o i l s f o r Т Е М ) o n t h e p h o t o l u m m e s c e n c e a n d C L s p e c t r a l 

f e a t u r e s o f C d S a r e d e s c r i b e d . C o n d i t i o n s f o r t h e e l e c t r o n b e a m i m a g i n g o f 

C d S w i t h m i n i m u m b e a m d e g r a d a t i o n o f t h e C L e m i s s i o n w e r e e s t a b l i s h e d . 

C L i m a g e s o f t h i n C d S s a m p l e s c o n t a i n i n g d i s l o c a t i o n s a re r e p o r t e d . T h e 

r e a d e r i s r e f e r r e d t o s e c t i o n 3 . 2 . 1 t o v i e w t h e d e t a i l s o f t h e C d S c i y s t ฬ 

g r o w t h , w h i c h w a s d o n e b y D r A . S z c z e r b a k o พ a t t h e P o l i s h A c a d e m y o f 

Sc i ences u s i n g t h e P ipe r -PoUch m e t h o d [4 ] . 
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C h o p f e r 5 - Bulk CdS 

5.2 TEM"CL Calibration 

5.2.1 Calibration of the Spectrometer 

T h e T E M - C L a p p a r a t u s i s d e s c r i b e d i n t h e s e c t i o n 3 .5 . T h e 

s p e c t r o m e t e r w a v e l e n g t h c a l i b r a t i o n w a s p e r f o r m e d u s i n g a c a d m i u m 

s p e c t r a l l a m p . T h i s w a s p e r f o r m e d i n - s i t u b y b r i n g i n g t h e m i c r o s c o p e 

c o l u m n u p to a i r , p o s i t i o n i n g t h e l a m p c lose t o a r e m o v a b l e p a r t i n t h e 

c o l u m n a n d i n s e r t i n g t h e C L m i r r o r w i t h n o s p e c i m e n h o l d e r p r e s e n t . T h e 

s p e c t r o m e t e r c a l i b r a t i o n w a s o b t a i n e d b y fitting t h e s p e c t r u m fo r t h e t w o 

s e p a r a t e d 150 l i n e ร / m m g r a t i n g s b l a z e d fo r m a x i m u m r e f l e c t a n c e a t 3 0 0 

n m a n d a t 5 0 0 n m : i t w a s d e c i d e d t o u s e a c u s t o m m o n o c h r o m a t o r 

c a l i b r a t i o n r a t h e r t h a n t h e m a n u f a c t u r e r ' s n o m i n a l c a H b r a t i o n t o c a l i b r a t e 

t h e w a v e l e n g t h . F i g u r e 5 . 1 s h o w s t h e s p e c t r o m e t e r c a l i b r a t i o n d a t a f o r a 

150 l i n e s / m m g r a t i n g b l a z e d a t 3 0 0 n m . 

x= 4.7988,y= 9908.58 
x l 0*3 

1 6 . 0 α · 

14.00· 

12.00-

10.G0-

8.00 

6.ն0– 

1.00-

2.00 • 

j ] -0.17489 
32 Î.6 

34 

;4 r; 
ՕԳ 32 Î.6 

34 4.11 
360.ΘΕ 

；507.92 

643.83 

՜ 

I 
-

• - -

• 
JT 

I 
GO 100.0 200.0 3Q0.0 400.0 500.0 600.0 700.0 

Wavelength (ททา) 

r̂ Viŕrไ LW17:51:30 (seani 1 cM 

F igu re 5 . 1 : C a d m i u m s p e c t r a l e m i s s i o n s l i nes fo r 150 l i n e s / m m g r a t i n g 
b lazed a t 3 0 0 n m . 

F u r t h e r m o r e , i t w a s w o r t h c h e c k i n g t h e c a l i b r a t i o n b y d e t e c t i n g t h e 

zero o r d e r r e f l e c t i o n p r i o r t o c a t h o d o l u m i n e s c e n c e s p e c t r a l m e a s u r e m e n t s . 
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T o d o t h i s , t h e zero o r d e r r e f l e c t i o n c o u l d b e d e t e c t e d w i t h o u t a n y e x t e r n a l 

s o u r c e , b y e x c i t i n g l u m i n e s c e n c e f r o m a n u n u s e d s e c t i o n o f t h e s p e c i m e n . 

I f a n y d i s p l a c e m e n t o f t h e zero o r d e r o c c u r r e d , t h e n i t w a s n e c e s s a r y t o 

c h a n g e t h e c a l i b r a t i o n s e t t i n g s d e f i n e d p r e v i o u s l y i n t h e c u s t o m c a l i b r a t i o n . 

5.2.2 Image Calibration 

C L I m a g i n g a n d L i n e - S c a n s i n p a n c h r o m a t i c a n d m o n o c h r o m a t i c 

m o d e w e r e d e s c r i b e d p r e v i o u s l y i n s e c t i o n 3 . 5 . 1 . 2 . T o o p t i m i s e t h e i m a g e 

c o n t r a s t t h e r e a re t w o o p t i o n s : a) e x p a n d t h e o u t p u t r a n g e a n d / o r b) a l t e r 

t h e d y n a m i c r a n g e o f t h e O x f o r d I n s t r u m e n t s A u t o b e a m s i g n a l i n p u t s 

s e t t i n g s ( s u c h as t h e g a i n a n d t h e o f fse t ) . B y a l t e r i n g t h e s e p a r a m e t e r s i t 

w a s p o s s i b l e t o o b t a i n a r e a s o n a b l y r e p r e s e n t a t i v e i m a g e o n s c r e e n . T h e 

e n h a n c e m e n t o f t h e i m a g e w a s p o s s i b l e b y v a r j d n g t h e g a i n a n d t h e o f f se t i n 

S T E M i m a g e s a n d C L i m a g e s . 

I n o r d e r t o c o r r e l a t e C T E M a n d S T E M i m a g e s i t w a s n e c e s s a r y t o 

d e f i n e t h e r e l a t i o n s h i p b e t w e e n t h e s e t w o i m a g e s . H e n c e C T E M a n d S T E M 

w e r e p e r f o r m e d o n a s a m p l e o f m o l y b d e n u m o x i d e c r y s t a l s t o i n v e s t i g a t e 

t h e c o r r e l a t i o n b e t w e e n t h e s e t w o . B y s u p e r i m p o s i n g t h e n e g a t i v e a n d t h e 

S T E M i m a g e o b t a i n e d f r o m t h e LINK ISIS c o n t r o l s y s t e m , i t w a s f o u n d t h a t 

b o t h i m a g e s c a n b e o n l y c o r r e l a t e d i f t h e C T E M i m a g e i s r o t a t e d b y ֊29° 

( a n t i c l o c k w i s e ) a n d t h a t t h e a s p e c t r a t i o o f t h e S T E M i m a g e i s c h a n g e d 

(72 .2 % i n h e i g h t a n d 5 1 . 1 % i n w i d t h ) . F i g u r e 5 .2 s h o w s t h e c o m p a r i s o n 

b e t w e e n C T E M a n d S T E M i m a g e s . 
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Figure 5.2: 
a 

CTEM (a) and STEM (b) images of molybdenum oxide crystals. I n 
СТБМ the rectangular sect ion represents the area comparable 
w i t h S T 腿 image. The STEM aspect rat io has been modif ied to 
match СТБМ image. 

The image ro ta t ion angle w i l l be a func t i on of CTEM magni f ica t ion: 

hence the magni f icat ion used was of 100,000. 
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5.3 Luminescence Spectroscopy 
The CdS crysteilร h a d a yel low-green t i n t character ist ic of the i r be ing 

grown unde r Cd -nch condi t ions. Figure 5.3 shows PL spectra recorded 

f rom samples tha t were a) i n the i r as-sawn state, b) Ar+ t h i nned and c) 

t h i n n e d w i t h Ar*" a n d then finished w i t h 1+ ion mi l l i ng . Whi le there are m a n y 

repor ts of the or ig in of the PL f r o m CdS, here we use the no ta t ion repor ted 

by Agata [5]. There are two green bands ' G l ' (2.54eV, 488nm) and 'G2， 

(2.37eV, 522n i i i ) , t he former being considered to be due to near b a n d edge 

processes. The broader yel low Ύ ' (2.08eV, 594nm) and the red 'R' (1.69eV, 

734nm) bands are usua l l y a t t r i bu ted to Cd in ters t i t ia ls and ร vacancies 

respectively [5, 6] . 

The spec t rum of the sawn sample (Figure 5.3) shows a weak b u t 

d is t inc t G l peak tha t is absent f rom the spectra of the i on mi l l ed samples. 

Th is absence is pure ly an i ns t rumen ta l effect, the former spec t rum being 

taken w i t h a 495 ա ո long pass filter: CL spectra (Figure 5.4) con f i rm tha t 

near b a n d edge emiss ion (G l ) occurs i n the i on beam mi l l ed รEonples. The 

most s t r i k ing difference between PL spectra f r om the i on mü led samples 

a n d t h a t of the sawn surface, i s the enhancement of t he Y b a n d w i t h i on 

m i l l i ng . Since the Y band is ascribed to Cd in ters t i t ia ls (and sometimes to 

C d vacancies), the enhancement of th i s b a n d by ion m i l l i ng m igh t be seen 

as tentat ive eฝdence for Cd displacement. The reduc t ion of the in tens i ty of 

the red band (R) u p o n 1+ ion beam finishing may be due to ei ther to the 

e l im ina t ion of s tack ing fau l t loops (present f r om Ar* damage) a n d / o r 1+ ion 

imp lan ta t i on . 
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Figure 5.3: 4 К PL spectra of CdS a) f rom a sawn surface (solid l ine), b) Ar* 

ion miUed surface (dotted line) and c) 1+ ion mUled surface 

(dashed l ine). The bands are described i n the text . For spectra b) 

and c) the near band edge l ine G l was at tenuated by a long pass 

f i l ter (λ=495 nm) used to remove the laser l ine. A no tch f i l ter 

was used for a) and so the G l l ine Is present. 

Figure 5.4 shows lOOK CL spectra (200kV) from bo th Ar+ a n d ի 

finished CdS discs i n the Т Е М . The most notable difference f r om the PL 

spectra is t ha t for bo th CL spectra the red b a n d (R) is absent. Th is cannot 

be a t t r i bu ted to the i ns t r umen t response since the PMT a n d spectrometer 

are k n o w n to have a good detect iฬty a n d t ransmiss ion between 650 a n d 

8 0 0 n m . However, i t is possible tha t the difference i n the exc i ta t ion densi ty 

between PL a n d CL inf luences the spectra. For the PL, the beam power at 

the sample was 1 0 m w focused to a 1 m m spot, whereas i n the CL 

exper iment at 200kV a beam cu r ren t of 4x10-8 A was focused to a 2 μ ιη 

spot. The areal exc i ta t ion densi ty i n t h i s CL exper iment was approx imate ly 

7 orders of magn i tude greater t h a n i n the PL. Schmid t et a l . [7] repor ts 

models account ing for the var ia t ion of luminescence w i t h laser exci tat ion 

densi ty for PL over 3-4 orders of magn i tude. The models are based on the 

k ine t ic response of d i f ferent luminescence mechan isms, w i t h some 

mechan isms (Imes) be ing favoured over others. Given the extreme 

difference i n exci tat ion densi ty between PL a n d CL, i t may be the case tha t 
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the deep red luminescence is quenched. Also the sample temperature 

dif ference, a n d the fact t h a t t he samples used for TEM-CL were t h i n , may 

p lay a role. 

ra. 

1.0 Н 

0.8 Н 

Ķ 0.6 

๐ 
ì 

i r 

0.4 

0.2 

0.0 

—— Ar* milled 
• ― I* milled 

500 600 

Wavelength (nm) 

700 800 

Figure 5.4ะ 200kV CL spectra of CdS recorded in the ТЕМ at lOOK, a) Ar+ 
ion mmed (solid l ine), b) 1+ Ion mi l led (dotted l ine). Differences 
between these and the PL spectra shown i n Fig. 5.3 are 
discussed i n the text . 
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5.4 Electron Beam Degradation 

A fraction of the electron beam energy deposited i n a semiconductor 

w i l l be converted in to cathodolummescence t h rough the radiat ive 

recombinat ion of electron-hole pai rs . I t has been shown tha t the in jected 

densi ty of electron-hole pa i rs i n a semiconductor can in f luence luminescent 

propert ies [6, 7] . To investigate the free carr ier generat ion rate i n TEM-CL 

exper iments, beam cur ren t and beam degradat ion measurements have been 

analysed i n the fo l lowing sections. 

5.4.1 Beam Current Measurements 

Beam cur ren t measurements for the JEOL 200CX ТЕМ taken w i t h a 

Faraday cup i n STEM a n d CTEM modes are shown i n Table 5 . 1 . I n each 

instance the filament cur ren t was set to sa tu ra t ion before inser t ing the 

Faraday cup. Beam cur ren t values vary w i t h the pos i t ion of the tip of the 

tungs ten filament i n re lat ion to the top of the Wehnel t cy l inder so beam 

cu r ren t measurements were repeated as needed. The electron flux densi ty 

is calculated based u p o n a STEM beam diameter of l O n m and a CTEM 

beam diameter w h i c h was measured di rect iy from the screen grat icule. 

F rom Table 5 . 1 , the electron flux densi ty i n CTEM mode is 

approximate ly three orders of magn i tude h igher t h a n i n STEM mode. 
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Accelerating 

Voltage 

Condenser 

Aperta^ 

STEM mode CTEM mode Accelerating 

Voltage 

Condenser 

Aperta^ ^beam (A) Агезьеа๓ (m2> e ' .cm".s ՝ lbeam (A) Агезьват (m') e.cm'.s"^ 

40kV 4 - 7.9E-15 - 1.7E-11 - -

3 3.0E-12 7.9E-15 2.4E+17 3.8E-10 - -

1 2.1E-11 7.9E-15 1.7E+18 3.6E-09 - -

80kV - 7.9E-15 - 2.9E-11 7.1E-16 2.6E+19 

5.0E-12 7.9E-15 4.0E+17 6.8E-10 1.8E-16 2.4E+21 

1 4.7E-11 7.9E-15 3.7E+18 6.2E-09 4.9E-16 7.8E+21 

lOOkV ֊֊ 7.9E-15 ֊ 9.6E-11 1.4E-15 4.2E+19 
1.3E-11 7.9E-15 1.0E+18 2.2E-09 4.9E-16 2.9E+21 

1 1.1E-10 7.9E-15 8.8E+18 2.1E-08 9.6E-16 1.3E+22 
120kV - 7.9E-15 - 1.2E-10 2.6E-15 3.0E+19 

1.7E-11 7.9E-15 1.4E+18 2.9E-09 8.3E-16 2.2E+21 
1 1.5E-10 7.9E-15 1.2E+19 2.6E-08 2.0E-15 8.4E+21 

160kV ֊ 7.9E-15 - 3.7E-10 4.1E-15 5.6E+19 
3.9E-11 7.9E-15 3.1E+18 8.7E-09 1.6E-15 3.4E+21 

1 3.4E-10 7.9E-15 2.7E+19 7.9E-08 2.8E-15 1.7E+22 
200kV ֊ 7.9E-15 一 4.7E-10 6.4E-15 4.6E+19 

5.2E-11 7.9E-15 4.2E+18 1.1E-08 3.1E-15 2.2E+21 

1 4.7E-10 7.9E-15 3.7E+19 1.0E-07 4.4E-15 1.4E+22 

Table 5.1ะ STEM and CTEM beam currents for d i f ferent beam acceleratine 
voltages and condenser apertures i n the JEOL 200CX. The 
electron flux density is calculated based upon a СТБМ beam 
diameter of Ι μ ι η and STEM beam diameter of lOnm. 

5.4.2 Electron Beam Degradation 

Electron beam induced degradat ion of CL has been observed i n a 

n u m b e r of di f ferent I I I -V and I I -VI semiconductors du r i ng TEM֊CL studies 

[8-15]. The observed degradat ion has been a t t r i bu ted to ei ther the creat ion 

of non-radiat ive centres such as po in t defects, or to the dest ruct ion of 

luminescence centres [10]. Through a s imple recombinat ion centre model 

Ohno et a l . [12] described the degradat ion and calculated a thresho ld 

electron energy for the displacement of atoms f rom the crysta l lat t ice by 

displacement or knock-on damage [16]. I n the fo l lowing sections electron 

beam degradat ion data are analysed for the panchromat ic CL emission f rom 

single crysta l CdS. 

Figure 5.5 Шиз Іха Їев the evolut ion of panchromat ic CL in tens i ty at 

lOOK under 200kV electron beam i r rad ia t ion . I l l um ina t i on wit±i bőü l 

convent ional ТЕМ ( / b e a m = 4x10-8 A， focused to 2 μ ιη diameter, g iv ing a 

cu r ren t densi ty of 1.3x104 A.m -2) and STEM (moving beam, magni f icat ion= 
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2 x l 0 4 , ibeam = 2x10 -1° A, giving a cu r ren t densi ty of 1.5 A.m-2) were 

invest igated. Whi le there was Uttie change i n the CL response unde r STEM 

i l l um ina t i on over a per iod of 600ร, s igni f icant degradat ion took place unde r 

CTEM Ш и т і п а й о п i n the same t ime. Curves were recorded unde r CTEM 

m u m i n a t i o n for 80 , 100， 120,160 a n d 200kV. Ohno et a l . [13] f i t ted s imüar 

TEM-CL degradat ion curves for (Ga,In)P to the func t i on : 

Ea. 5.1 

l + fíD 4 

where D is the dose i n electrons per c m 2 . The model invoked a constant 

n u m b e r of radiat ive centres Nrr hav ing cross sect ion σᅲ， and і types of n o n -

radiat ive centres of cross section CnĄi) w h i c h increased i n n u m b e r w i t h 

electron dose at a rate Єпг ( і ) . θ is therefore def ined as: 

0=丄 [cmๆ Eq. 5.2 

F i t t i ng of the CTEM degradat ion curves to Ohno's func t ion gave 

values of ^ i n the range 1.4x10-22 to 5.4x10-23 c m 2 . These values are 2-3 

orders of magn i tude lower t h a n those repor ted for GaN (1.3x10-20 to 2.6x10՜ 

21 cm 2 ) [8] and for (In,Ga)P (5x10-20 to 4.5x10-19 cm 2 ) [13]. Since the value of 

θ i s specific to the mater ia l , t h i s may indicate t ha t CdS is more res is tant to 

beam damage t h a n these other mater ia ls . Beam damage is considered to be 

a th resho ld effect a n d so exammat íon of the var ia t ion of θ w i t h accelerat ing 

voltage m a y be expected to reveal the energy for the onset of s igni f icant 

damage processes. However, for the present da ta the θ va lues d i d n o t 

fo l low à regular series, a n d no thresho ld was observed. Th is may be due to 

exper imenta l effects i nc lud ing : a) the 8ІаЬШЇу of the electron beam, a n d b) 

var ia t ion i n CL degradat ion rate w i t h pos i t ion on the sample: i t was 

observed qual i tat ive ly t h a t t h inne r areas of the Т Е М fo i l degraded more 

qu ick l y unde r CTEM i l l um ina t i on t h a n d i d th i cke r areas. The role of the 

surfaces i n electron beam degradat ion is a topic for f u r the r invest igat ion. 
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Figure 5.5: Evolut ion of the panchromatic CL under 200kV beam i r rad iat ion 
excited f rom 1+ ion th inned CdS w i t h t ime at lOOK, a) 
convent ional ТЕМ mumina t l on and Ъ) STEM mumlna t ion . 

For the beam exci tat ions used i n th i s w o r k i t was demonst ra ted tha t 

the degradat ion rate of CL f rom CdS was signi f icant ly greater unde r CTEM 

Ш и т і п а й о п t h a n unde r STEM i l l um ina t i on . Th is can be di rect iy a t t r i bu ted 

to the h igher cu r ren t densi ty used i n CTEM, i t being 3 orders of magn i tude 

greater t h a n i n STEM i n th is case (see above). General ly i t was found t ha t 

mean ing fu l CL signals cou ld only be extracted f r om relat ively t h i ck regions 

of the specimen. However, CTEM d i f f rac t ion cont ras t imag ing of these areas 

often requi red a h igh ly focussed condenser lens (small Ш и т і п а й о п area) 

t ha t has been demonst ra ted to accelerate beam damage (as shown i n Figure 

5.5). The pract ica l procedure to acquire in fo rmat ion f r om a sample wh i l s t 

i n c u r r i n g m i n i m a l beam damage was therefore to firstiy record CL maps i n 

STEM mode, a n d thereaf ter to record CL spectra, d i f f rac t ion cont ras t 

images i n CTEM mode, a n d to under take any prolonged STEM imaging. 
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5.5 CL imaging 

Figure 5.6 (a, b a n d с) compares CTEM, STEM a n d STEM-CL images 

of an A r ՛ / Ի t h i nned CdS specimen obta ined at 160kV at a temperature of 

lOOK. Area ' 1 ' is the v a c u u m , wh i le areas '2 ' a n d '3 ' are electron 

t ransparent a n d t h i c k regions respectively (the sample is no t un t fo rm ly 

th ick) . The Т Е М image i n Fig 5.6a a n d 5.7 show a n u m b e r of d is locat ions. 

Włule the sample is relat ively t h i ck (necessary for STEM-CL imaging) , a 

d is locat ion may be seen r u n n i n g f rom j u s t below '3 ' to a node above a n d to 

the left of '2' . F rom the node, dis locat ions r u n above and below ՛ շ ՛ . The 

dis locat ions l ie approx imate ly i n the (0001) p lane, b u t since the sample was 

th i ck , two-beam analysis of the dis locat ions was no t per formed. The CTEM 

image i n Figure 5.6a has been rotated and scaled for ease of compar ison 

w i t h the STEM a n d STEM-CL images of Figures 5.6b a n d с (see section 

5.2.2). Nevertheless, since Figures 5.6b and с were recorded w i t h zero t i l t 

(because the CL m i r r o r was i n place) a n d the CTEM image i n Figure 5.6a 

was t i l ted to give a d i f f ract ion vector of g = [2 110], there is therefore some 

sl ight d is to r t ion of the CTEM compared to the other two images. The coarse 

contrast features i n the STEM and CL images (Figure 5.6b and c) are 

th ickness re lated, w i t h , for example, the t h i n area Դ, being b r igh t i n STEM 

and da rk i n CL, a n d the converse being t r ue of area '3 ' (the apparent 

pos i t ion of the sample edge is a func t ion of the gain a n d cont rast sett ings 

for the images). As is no rma l for STEM images, the d is locat ion cont ras t is 

relat ively weak compared to t h a t i n CTEM for w h i c h a two-beam case has 

been selected. The fo rk ing dis locat ion s t ruc tu re r u n n m g f r o m '3 ' a n d ei ther 

side of ' 2 ' i s therefore represented by cont rast i n F igure 5.6b, albei t weak. 

Weak a n d di f fuse da rk cont rast can also be seen at the same posi t ions i n 

the CL image (Figure 5.6c). I t is th i s correspondence of cont ras t features 

tha t indicates tha t the TEM-CL method is capable of resolv ing i nd i v idua l 

d is locat ions i n CdS. As the cont rast features are da r k i n CL, the cont rast 

mechan ism is recombinat ive. I t shou ld be po in ted ou t t ha t bo th the STEM 

and the STEM-CL image cont rast was weak, and was d i f f i cu l t to reproduce 

graphieal ly even after image enhancement was appHed. The l im i t s of image 

cont rast for the STEM-CL me thod are now explored. 
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b) STEM 

Figure 5.6: 160kV imaging at 100 к of Ai*/l* th inned CdS, a) ТЕМ image, g 

= [2 110], в = [0001], Ъ) STEM Image, and c) panchromatic CL 

linage. Area (1) is the vacuum. I n area (2) the sample is electron 

transparent whi le In the area (3) i t Is th i ck . Contrast f rom 

dislocations runs f rom jus t below ' 3 ' and 

in each of the Images. 
and forks ei ther side of ' 2 ' 
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A quant i ta t ive assessment of the v is ib i l i ty of features seen i n STEM-
CL images was made - a n d their re la t ionship to the signal and noise levels 
together wit±L the eff iciency of the luminescence process evaluated. Here 
the Rose cr i ter ion [17, 18] for image cont rast v is ib i l i ty i n a scann ing 
microscope was used (see section 4.7.2). For STEM i n the system used, a 
dwel l t ime of ř = 0.0128 ร and a beam cur ren t of 10-10 A were typ ica l , giving 
a pho ton count rate of 3x10'* s i. The emiss ion/co l lec t ion efficiency was 

therefore given by な = 3 x l 0 4 > < ֊ ― = 4.8x 10՜^ photons per electron. These 

values 5aeld Ic « Зхіо-І^А as the lower l im i t of beam cur ren t necessary to 

give 5% contrast (i.e. с = 0,05). Therefore the imag ing condi t ions available 

w i t h th i s apparatus are close to the l im i t necessary for feature ฬร ib i l i t y i n 

STEM-CL imaging. Nevertheless, d is locat ion images can be recorded i n 

STEM-CL, not only i n these CdS samples, b u t i n for example GaN [3, 8]. I t 

is therefore possible tha t op t imisat ion of the imaging condi t ions shal l y ie ld 

improved resul ts . Factors to be adjusted inc lude beam cur ren t , sample 

temperature, col lect ion eff iciency a n d the pixel dwel l t ime. 

5.6 Analysis defect images เท ТЕМ 

By enhanc ing the cont rast a n d the br ightness of Figure 5.6a, Figure 

5.7 was obta ined and revealed clearly the presence of bo th isolated 

dis locat ions and of d is locat ion networks. 
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Figure 5.7ะ ТБМ of the same area as Figure 5.6a, but the brightness and 
contrast o f image have been enhanced to see clearly the node of 
dislocations. 

Two-beam cond i t ion studies cou ld no t have been appl ied on th i s area 

due to the fact the l im i ted ro ta t ion a n d t i l t i ng of the sample because of i ts 

p rox imi ty w i t h the CL mi r ro r . Two-beam cond i t ion is usua l l y used to define 

the na tu re a n d the Burgers vectors of the d is locat ion. However, other 

works have repor ted some resul ts concern ing dis locat ion s t ruc tu re and 

mecha iusm of mo t ion i n CdS [19， 20 ] . Maeda et a l . [20] has repor ted the 

presence of edge, screw and mixed dis locat ions i n CdS crystals. 
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5.7 Conclusion 

A pre l im inary s tudy of the v iabüi ty of combined TEM-CL apparatus i n 

the s tudy of CdS for solar cel l appl icat ion has been presented. 

Compar ison of PL and CL spectra revealed tha t : 

a) Ar+ a n d 1+ ion beam t h i n n i n g used i n t h i n fo i l ТЕМ specimen 

preparat ion changed the emission spec t rum of the CdS: there was an 

increase of the yel low (Y) emission (594nm), 

b) CL spectra recorded f rom CdS d i d no t con ta in the red b a n d (734nm) 

tha t was easily detected i n PL spectra of the same samples. I ts 

absence was tentat ively a t t r ibu ted to the exci tat ion densi ty i n CL, 

since th is was 7 orders of magn i tude h igher t h a n i n PL, 

Signi f icant electron beam degradat ion of CdS d u r i n g imaging cou ld be 

avoided by us ing the STEM imaging mode to acquire CL maps pr io r to 

extensive w o r k w i t h h igher beam cur ren t densit ies (e.g. CTEM imag ing w i t h 

a h i gMy focussed condenser lens) being unde r taken . 

L inear image cont ras t features i n STEM-CL images of CdS were 

correlated direct ly to d is locat ion images obta ined i n CTEM a n d STEM mode. 

However, the image cont rast was weak i n STEM-CL. Assessment of the 

imag ing condi t ions us ing the Rose cr i ter ion [18] ind ica ted tha t th i s CL w o r k 

was done under condi t ions close to the l im i t s of ฬร ib i l i t y for 5% contrast , 

a n d th is accounted for the weakness of the cont rast obta ined. I n fu r the r 

wo rk , enhancement of the images cont rast by op t im isa t ion of the s ignal 

exci tat ion a n d hand l i ng shou ld be under taken . Even so, the l im i ts to ร / N 

descr ibed i n the sect ion 4.7 may present some ser ious imped iments to h igh 

magni f ica t ion studies tha t may l im i t the usefubiess of t h i s technique for 

t h i s par t i cu la r i n s t r umen t combina t ion . 
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Chapter 

CdS Thin Films 

6.1 Introduction 

The aims of th is chapter are: to investigate the opt ica l a n d s t ruc tu ra l 

propert ies of CdS t h i n films grown by chemica l b a t h deposi t ion a n d 

metalorganic chemical vapour deposi t ion; to investigate the post - t reatment 

in f luence of air anneal ing a n d CdCb t rea tment on the CBD CdS; to 

investigate the effects of growth parameters i n MOCVD CdS layers; a n d to 

invest igate the i r in f luences on the gra in size d is t r i bu t ion . 

Detai ls of the growth of these CdS t h i n films are shown i n sect ion 

4.2.2, Character isat ion techniques used to s tudy them inc lud ing opt ical 

t ransmi t tance, photo luminescence, GIXRD a n d ТЕМ are descr ibed i n 

Chapter 3. 
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6.2 Optical Transmittance Analysis 
I n th is section, the opt ical t ransmiss ion of bo th CBD and MOCVD 

grown films is investigated us ing the methods described i n sect ion 3 .2 .1 . 

6.2.1 Cadmium Sulphide Grown by CBD 

Transmi t tance measurements of three samples of CBD CdS fikns is 

given i n Figure 6 . 1 . 
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Ae-grown 

400 
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Figure 6 . 1 : Transmit tance for CBD-รamples; a) As-grown, b) Annealed In air 
at 400°c for 1 hour and c) CdCla t reated and annealed at 400''C 
for 1 hour. The inset shows (ahv)2 vs energy. 

The m a i n feature i n the spectra is a shi f t i n absorpt ion edge towards 

a longer wavelength asso๘ated w i t h bo th air anneal ing and CdCİ2 

t reatment . The CdCb t reated sample also exhib i ts a m u c h lower 

t ransmiss ion t han the as-grown sample. For purposes compar ison w i t h the 

other films the bandgap of a l l three fihns were est imated us ing (ahvp vs hv 

as described i n section 3 .2 .1 . The t h i n f i lm th ickness of 150 n m was 

measured w i t h a TENCOR A lpha Step 200. The plots are shown i n the inset 

87 



Chapter 6 - Cds Thin Films 

i n Figure 6 . 1 . The energy bandgaps were measured to be 2 . 5 1 , 2.38 and 

2.44 eV for the as-deposited, annealed and CdCb treated samples 

respectively. 

I t is a s igni f icant resul t tha t the energy bandgap of CdS decreases 

w i t h anneaHng i n air f r om 2.51 to 2.38 eV. o t h e r au thors reported th is 

effect as wel l [1， 2]. Anneal ing i n di f ferent atmospheres such as H2, Ar, air 

and su l fu r is k n o w n to reduce the bandgap of CdS films [3, 4] . Some 

authors a t t r ibu te th is to the phase change f rom cubic to hexagonal [4， 5], 

a l though the difference of bandgap i n the two phases is only 30 meV (2.48 

eV for hexagonal and 2.45 eV for cubic) [6]. The phase changes therefore 

are un l i ke ly to account for al l of the bandgap changes observed. 

Rakhshan i et a l . [7] has reported tha t anneal ing i n air lowers the 

energy bandgap due to the development of gra in-re lated states. Anneal ing 

also relaxes the latt ice s t ra in and improves the mobiUty- l i fet ime p roduc t for 

the photogenerated carr iers. 

I t is also noticeable that CdCb t reated films possess a sharper onset 

of absorpt ion at the bandgap, suggesting fewer defect levels mani fest near 

the bandgap edges compared to the as-deposited a n d annealed samples. 

Simi lar resul ts have been reported by [8， 9] w h i c h showed the beneficial 

effect of CdCla t reatment . However, i n our exper iment a decrease i n 

t ransmi t tance from 8 0 % to 50% was f ound a n d th i s was ascr ibed to 

absorpt ion and ref lect ion by residues f rom the CdCb t reatment . 

6.2.2 Cadmium Sulphide Grown by MOCVD 

The opt ical t ransmi t tance of CdS grown by MOCVD us ing di f ferent 

I I / V I ra t ios and growth temperatures is shown i n Figure 6.2. 
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Figure 6.2: 

Wavelength (nm) 

Transmit tance spectra of MOCVD samples deposited at 

temperatures of 290, 300 and 330°c for a) I I / V I = 0.78 and b) 

I I / V I = 1.0. Inset shows (ahu)3 versus energy. 

The absorpt ion edges, correspondmg to the CdS bandgap 

(approximately 520 nm) , were sh i f ted towards a lower energy u p o n 

increasing the growth temperature from 290 to 330°c. A l l the films 
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exhib i ted a t ransmi t tance of the order of 8 0 % at the longer wavelength 
region (above the absorpt ion edge), w h i c h may be adequate for use as 
w indow lay ers. The bandgaps were determined as before. I t was found tha t 
the bandgap reduced f r om 2.41 eV for growth at 290°c to 2.40 eV for 
g rowth at 300°c, irrespective of the I I / V I ra t io used. Hence, i t can be 
conc luded tha t w i t h i n the range of growth temperature and the I I / V I rat io 
used i n th is s tudy no s igni f icant changes i n t ransmi t tance were observed. 
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6·3 Photoluminescence Spectroscopy Analysis 

The reader is referred to section 3.2.2 for a descr ip t ion of 

photo luminescence (PL) spectroscopy. 

6.3.1 Cadmium Sulphide Grown by CBD 

Photoluminescence spectra for a l l three of the samples are shown i n 

Figure 6.3. The as-deposited sample has a broad luminescence b a n d 

located at 1.2-2.0 eV. This is typ ica l for CBD grown CdS, and is referred to 

as the Red Band (RB). The RB is commonly ascr ibed to ei ther su l fu r 

vacancy states [10] or surface states [11]. A i r annealed films exhib i t a 

s imi lar RB peak w i t h sl ight ly modi f ied intensi t ies for the sub-peaks, w h i c h 

themselves have sl ight ly lower energies. A i r annealed samples also have 

very weak features i n the 2.1-2.3 eV region k n o w n as the Yellow Band (YB). 

YB features have been associated w i t h t rans i t ions ar is ing f rom donor levels 

due to in ters t i t ia l c a d m i u m (Icd) sites [10-12]. 

I n the CdCb treated film there is also a feature a round the 2.35-2.55 

eV region. Th is region can be decomposed in to two peaks: the first one 

centred at 2.44 eV referred to the Green Band (GB) w h i c h is due to 

in ters t i t ia l su l fu r [11], i.e. some su l fu r atoms are i n excess i n these films 

and the second one centred at 2.53 eV， near b a n d edge of CdS at lOK (2.58 

eV), has been a t t r ibu ted to the b o u n d exci ton peak [10]. The presence of 

the b o u n d exci ton indicates a better c iys ta l l ine qual i ty for CdCİ2 t reated 

samples t h a n as-grown and air annealed samples. The lower energy b a n d 

also change i ts in tens i ty and sl ight ly to lower energies after anneal ing. ， and 

has been ascr ibed to in ters t i t ia l su l fu r (Is) sites [10]. 
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PL spectra taken at 4K for CBD-samples; i) As-grown, і і) Ai r 
annealed at адсс for 1 hour and і і і ) CdCİ2 t reated and air 
annealed at 400°c for 1 hour. 

F rom th is PL wo rk alone, no eฬdence of cubic-hexagonal phase 

change u p o n air anneal ing can be seen: such a phase change m igh t be 

expected to be associated w i t h a decrease i n t rans i t i on energies tied to the 

bandgap, b u t t h i s was no t observed. However, ma jor changes i n the 

spectra were observed u p o n CdCb t reatment . Th is cou ld be a t t r i bu ted to a 

phase t rans i t ion a n d / o r better c iys ta l l in i ty and also to the inf luence of the 

С І dop ing [13]. 

6.3.2 Cadmium Sulphide Grown by MOCVD 

Photoluminescence spectra for MOCVD CdS films deposited at 

d i f ferent temperatures and I I / V I rat ios are shown i n Figure 6.4. A l l the 

samples show a b road b a n d centered at 2.0 eV. Th is t rans i t i on has been 

previously associated w i t h radiat ive t rans i t ions f rom donor levels ar is ing 

from Cd atoms i n in ters t i t ia l sites (Icd) to conduct ion band [14] . Bo th 

temperature and I I / V I ra t io inf luence the shape and posi t ion of th is band's 

features. 
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Compared to t ha t for low I I / V I ra t io , g rowth at I I / V I rat io of 1.0 
caused the peak at 2.0 eV to shi f t a lower. I t also became m u c h broader 
w h e n the growth temperature was mcreased. A n addi t iona l weak b a n d 
a round 2.3-2.6 eV region, appears i n fihns grown at the highest 
temperature used (330°c) w i t h low I I / V I ra t io (0,78). Th is weak is the 
superposi t ion of two bands: i) the green band region centred at 2.44 eV, 
tha t is associated w i t h su l fu r in ters t i t ia l [10]. The green band is i tsel f 
consistent w i t h there excess տ ս Մ ս ք precursor present d u r i n g the growth, іі) 
the b o u n d exci ton centered a round 2.55 eV. 

Photoluminescence depends strongly on the growth temperature and 

I I / V I rat io . Hence, sample sgen 24 grown at 3 3 0 ^ ^ w i t h a I I / V I rat io of 0.78 

reveals h igher crysta l l in i ty due the presence of the excitonic b o u n d [10]. 

(0 

1 I 

Figure 6.4: 

sgen23, ll/VI=1 

sgen22, ll/VI=1 

sgen19,11ЛЛ=1 

sgen24, ll/VI=0.78 330 deg с 

sgen21,ll/VI=0.78 300 deg с 

sgen20, ll/VI=0.78 290 deg с 

1.5 2.0 2.5 

Energy (eV) 

3.0 

PL spectra taken at 4K for MOCVD-samples deposited f rom 290 

to ՅՅՕ՚՚Օ and for two d i№ret i t I I / V I rat ios of 0.78 and 1.0 

The Uterature conta ins some examples of the in f luence of I I / V I ra t i on 

on the propert ies of epi taxial and t h i n film I I / V I compounds. For example, 

Yodo et al . [15] reported tha t the crystaHographic s t ruc ture of MOCVD CdS 

epilayerร grown on ( 1 0 0 ト G a A s subst rate are largely related to 
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the I I / V I source gas mole rat io, and changes f rom hexagonal in to cubic (100) 

s t ruc tu re w i t h increasing I I / V I rat io. Chu et al. [16] has also demonstrated 

for the first t ime the in t r ins ic doping of MOCVD CdTe by vary ing the 

DMCd/DIPTe molar rat io i n the react ion mix tu re . The in t r ins ic dop ing has 

a p ronounced effect on the photoluminescence of CdTe fflms. Chou et al. 

[17] also per formed PL measurements to investigate the defects i n CdTe 

films g rown i n di f ferent ambients : Cd- ог Te- r ich growth ambient . The peak 

associated w i t h the Te vacancies or i ts complex was present i n Cd-r ich b u t 

absent i n Te-r ich growth ambient . 
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6,4 Scanning Electron Microscopy 
The reader is referred to section 3.2.3 for a descr ipt ion of scanning 

electron microscopy (SEM). SEM is a weH-established technique for 

invest igat ing the morphology of f i lms. 

6.4.1 Cadmium Sulphide Grown by CBD 

Figure 6.5 shows scanning electron micrographs of the as-deposited 

CdS, the 400°c air -annealed and the CdCb treated samples. As can be 

seen f rom the figure, the as-deposited iUm has smal l part ic les on i ts 

surface. These part ic les are l ike ly to or ig inate f rom the prec ip i ta t ion of CdS 

onto the surface. After anneaHng the layers revealed a ne twork of f ractures 

on the layer: t h i s is mos t l ike ly to occur d u r i n g cooling. I n he tero junc t ion 

appl icat ions, these film f ractures may cause p inholes tha t may affect the 

electronic character ist ics of the solar cel l by shor t ing the deฬce. After being 

CdCb treated and annealed at 4 0 0 ^ ^ for 1 hour , CdS f i lms exhib i ted the 

same ne twork of f ractures. However, larger part ic les were present on the 

f i lms and were concentrated along the f racture l ines. The part ic les were no t 

analysed b u t may be CdCb or CdS. I n a related study, Lee et al . [18] have 

also reported tha t s in ter ing CdS w i t h 9% CdCb at 7 0 0 ^ ^ showed a 

segregation of CdCb along the gra in boundar ies. 

Accord ing to Kaur , Pandya, a n d Chopra the s t ruc tu re of CBD CdS is 

đetennined by the deposi t ion mechan ism [19]. When the CdS crysta l lat t ice 

is const ructed on the substrate w i t h ions mig ra t ing i n the so lu t ion, the 

crysta l s t ruc tu re is hexagonal. When the CdS part ic les are formed i n the 

so lu t ion and t hen precipi tate on the substrate the CdS is zinc blende cubic. 

A s tudy of the film s t ruc ture of the CBD CdS w i l l be presented i n section 

6.5 a n d 6.6. 
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Figure 6.5: Scanning electron micrographs of CBD-grown CdS f i lms (a) as-
deposited, (b) 400°c annealed in air and (c) CdCb treated. 
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6.4.2 Cadmium Sulphide Grown by MOCVD 

The MOCVD CdS fikns were 1.5 cm2 i n area and were used 

specif ical ly for t ransmiss ion electron microscopy. Therefore i n th is sect ion, 

on ly one sample among the six samples provided by the Univers i ty of 

Bangor, was invest igated by scann ing electron microscopy, as samples 

coated w i t h gold can no t be used for Т Е М analysis. Figure 6.6 shows a 

mic rograph of MOCVD CdS grown at 2 9 0 ^ ^ for a I I / V I ra t io of 0.78. I t can 

be seen f r o m the figure tha t , the f i lms are very dense. 

Figure 6.6: Scanning electron micrograph of MOCVD grown at 290°c for a 
I I / V I rat io of 0.78. 
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6.5 GIXRD Analysis 
Because the CdS films are so t h i n , no rma l Ө-2Ө XRD analysis p roฬded 

only l im i ted in fo rmat ion on the f i lm s t ruc ture . Therefore, grazing-angle 

incidence was used 一 t h i s uses an inc ident X- ray beam at very smal l angle 

w i t h respect to the f ihn surface. Whi le larger incidence angles probe deeper 

ins ide the film, smal l eingles probe regions close to the surface. I n the case 

of observat ion of the CdS films, the best resul ts were obta ined w i t h an angle 

of 0.7°. Grazing incidence XRD is described more fu l ly i n the section 3.3.4. 

6.5.1 Cadmium Sulphide Grown by CBD 

GIXRD of the CBD f i lms is presented i n Figure 6,7. For a smal l 

grazing incidence angle (0.7°), CdS peaks appear clearly. I n the un t rea ted 

sample there is one dominan t peak centred at 26.91° and a m u c h smal ler 

peak at a round 48.9°. The m a i n peak is related to bo th (002) hexagonal" 

CdS and (111) cubic-CdS s t ruc ture , showing i n general a s t rong selection of 

the (002) plane. The lat ter is a t t r ibu ted to the (103) hexagonal-CdS. As 

ment ioned i n the section 3.3,4, GIXRD character isat ion me thod const ra ins 

the measurement to popula t ions of lat t ice planes tha t are t i l ted w i t h respect 

to the specimen plane. Thereby, i t seems to be inadequate and 

inappropr ia te to refer to any "preferent ia l or ientat ion". However, i n the 

fo l lowing w h e n the te rm of "preferent ia l or ientat ion" w i l l be quoted, i t w i l l 

refer to a s t rong selected or ientat ion. 

I n the annealed sample, the same two peaks remain , however the 

m a i n peak shi f ted towards a lower value of 2Ө. Th is may also be due to the 

reduct ion of s t ra in w i t h i n the sample, as a resul t of some degree of 

rec iysta l l isat ion. However, the na tu re of the s t ra in cou ld no t be determined 

w i t h only two d i f f ract ion peak. I n bo th post-processed samples, the 

ref lect ions f rom the (111), (200), (220) and (311) planes of c a d i m u m oxide 

appear as shown i n Figure 6.7. The presence of the CdO phase m igh t be 

due to the ox idat ion of the CdS [1， 20]. K y b e r et al. [21] has shown tha t 
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heat ing i n air e l iminates water f rom Cd(OH) 2 to give CdO. The presence of 
th i s phase can be expla ined by a t rans format ion of the cubic CdS (unstable 
compared to the hexagonal CdS) to give the CdO [22, 23] . 

After the CdCb t reatment , the (103) hexagonal CdS peak was better 

def ined, and th is demonstrated a clear eฬdence of a greater degree of 

hexagonal modi f icat ion i n t h i n f i lms. I t also revealed the presence of some 

other hexagonal-CdS ref lect ions, namely (210) and (213) were also present. 
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Figure 6.7: GIXRD spectra at incidence angle of 0.7° spectra for CdS grown 
by CBD. 
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From Table 6 . 1 , i t is clear tha t gra in growth occurs after bo th 
anneal ing and CdCb t reatment . The sizes of the crystal l i tes are determined 
f rom X- ray d i f f ract ion data us ing Scherrer 'ร fo rmu la (see section 3.3.4.1). 
The F W H M values are seen to decrease w i t h the anneal ing. The (002) 
ref lect ion exhib i ted the largest crystaUite sizes compared to the (103), (210) 
and (213) ref lections. The crystal l i te size for as-grown samples were found 
to be 20.3 n m , and increased to 21.3 n m for the films annealed i n air at 
400°c. Met in et a l . [1] have repor ted s imi lar observat ions after anneal ing i n 
a n i t rogen atmosphere. 

There is a major change after the CdCb t reatment . The CdCb treated 

films have sharper peaks. The decrease i n peak w i d t h is associated w i t h an 

increase i n gra in size (see ТЕМ results) and a decrease i n the stress w i t h i n 

the film. Unfor tunate ly , these two effects cou ld no t be fu l ly separated i n the 

d i f f rac t ion pa t te rn . Mou t inho et a l . [24] repor ted tha t after CdCb t reatment , 

cubic un t rea ted CBD CdS films recrystanised to the hexagonal phase, 

resu l t ing i n better crysta l l in i ty and lower densi ty of p lanar defects. 
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A s -

deposi ted 
26.9 0.448 20.3 48.6 3.055 3.2 - - - - - -

Annea led 

in air at 

400°c for 
26.6 0.426 21.3 47.9 0.641 15.1 - - - - - -

1 hour 

CdCİ2 
t reated 

26.6 0.340 26.7 47.9 0.635 15.2 69.3 0.299 36 83.4 0.425 27.9 

Table o . l : The crystal l ine size of the hexagonal ref lect ions present i n CBD 
CdS t h i n n ims. 
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Results of texture and degree analysis [25] are presented i n the 

Table 6.2, i n w h i c h с ш and σ values for t reated a n d un t rea ted samples are 

compared. 

Sample condi t ion 

Ckhi 

σ Sample condi t ion (002) (103) (210) (213) σ 

As-deposited 3.94 0.06 0 0 1.7 

Annealed in air at 400°c 

for 1 hour 
3.96 0.04 0 0 1.7 

CdCİ2 treated 3.69 0.18 0.09 0.03 1.6 

Table 6.2ะ Values of texture coeffícient с and degree of preferential 

or ientat ion (σ) for CBD CdS samples before and after being 

As seen f rom Table 6.2 and Figure 6.7, a l l samples showed s t rong 

selection of the (002) d i rect ion. Post-growth t reatment , such as air 

anneal ing a n d CdCb t reatment h a d l i t t le effect on the or ientat ion of the 

samples, as can be in ferred f rom the values of Chki a n d σ. Whi le CdCb 

t reatment i nduced a sl ight amoun t of film randomisa t ion , the overal l t rend 

i n al l samples was for the (002/111) peak to be dominan t . 

6.5.2 Cadmium Sulphide Grown by MOCVD 

Simi lar X- ray d i f f ract ion analysis appl ied to MOCVD CdS is 

presented here. Figure 6.8 shows X-ray d i f f ract ion curves of MOCVD CdS 

films deposited at di f ferent temperature and for two di f ferent I I / V I rat ios. 

CdS films deposited by MOCVD show a p redominan t peak at 2Θ = 26.6° 

wh i ch can be assigned to the (002) plane of hexagonal or the (111) plane of 

cubic CdS. 
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Figure 6.8: XRD spectra at incidence angle of 0.7° for CdS grown by MOCVD 
deposited under di f ferent condi t ions and for an ITO substrate 

Minor con t r ibu t ions to the spec t rum are also present f r om hexagonal 

phase mater ia l of d i f ferent or ientat ions and tentat ively assigned to cub ic 

phase CdS as ind icated i n Figure 6.8. However, i n th is s tudy XRD 

produced no definit ive presence for cubic CdS i n any films, and the 

fo l lowing discussion assumes tha t they conta in ordy the hexagonal phase 

CdS fo rmed under most film growth condi t ions [26]. The t r ip le t of peaks 

centred at 24.9°, 26マ^ and 28ヌ^ can be assigned to the CdS (101), (002) 

and (101) ref lect ions, w h i c h are representat ive of hexagonal s t ruc ture . 

These d i f f rac t ion pat terns invar iab ly show weak (102) a n d (103) ref lect ions, 

w h i c h do not coincide w i t h any cubic powder pa t te rn peaks. 
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Figure 6.9: FWHM of hexagonal (002) Cds d i f f ract ion peak grown at two 
di f ferent rat ios for various temperatures. 

This probably indicates t ha t hexagonal type c iystáUographic 

s t ruc tu re is formed more easily i n MOCVD. Figure 6.9 shows the FWHM of 

the hexagonal (002) CdS d i f f ract ion peak grown at two di f ferent rat ios for 

var ious temperatures. I t shows t ha t the crysta l l ine qual i ty of the t h i n films 

is apparent ly best at the o p t i m u m growth temperature of 300°c a n d for a 

I I / V I rat io of 0.78. 

The сгузІаШіе sizes calculated u s i n g Scherrer 'ร equat ion for each 

ref lect ion of hexagonal type CdS are presented i n Table 6.3. 

Sample 
II/VI 
ratio 

Temperature 

_ _ Г Ҫ ) _ _ 
Crystallite size (nm) 

(100) (002) (101) (102) (110) (103) (112) (203) (105) (300) 
sgen24 
sgen21 
sgen20 
sgen23 
sgen22 
sgen19 

0.78 
0.78 
0.78 

1 
1 
1 

330 
300 
290 
330 
300 
290 

21.3 24 17.4 11.2 18.4 14.1 17.9 9.4 14.4 X 
11 25.8 18.9 16.2 17.6 18.2 17.1 15.5 14.4 13.4 

21.6 23.1 18 10 16 14.4 15.5 15.7 12.3 17.9 
23 25 14.1 8.6 14.6 14.1 16.3 13.1 16 X 
0.9 25.3 21.3 17.4 19.3 20.9 17.5 15.8 18.3 X 

26.2 23.1 17.4 10.7 21.5 14.8 16.4 11.1 13 10.7 

TaDle 6.3: The crystal l i te size of the hexagonal ref lect ions present In 
MOCVD CdS t h i n fflms. The be' label indicates that the peak did 
not appear i n the XRD spectrum. 
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From Table 6.3 a n d Figure 6.8, the inf luence of bo th temperature 
a n d I I / V I rat io on the d i f f ract ion pat terns and Scherrer gra in sizes can be 
seen. 

I n general the crystal l i te size or gra in size diameter varies f rom 10 to 

26 .0nm. The largest gra ins were obta ined for the (002) ref lect ions, of w h i c h 

the mean value is 24.4 n m for al l the fUms. The (002) ref lect ion is the 

dominan t peak i n the XRD spect rum a n d so the gra in size deduced f rom i t 

are discussed first. Samples grown at 290°c promote smal ler grains 

compared to those grown at a h igher temperature . I t seems tha t samples 

deposited at 300°c generate the largest gra ins; th i s can be noticeable for 

the (002) ref lect ion. For samples grown at 330°c, the сгузІаШіе size 

decreases s l ight ly compared to those at g rown a 300°c. However, t h i s la t ter 

t r end is no t general a n d can no t be appl ied to a l l ref lect ions. I n the 

o p t i m u m case, where the largest gra ins were obta ined, i.e. CdS t h i n film 

deposited at 300°c, i t was not iced tha t the gra in size increased s l ight iy w i t h 

an increase of the I I / V I ra t io . Gra in sizes of 25.3 a n d 25 .8nm were 

calculated for I I / V I rat io of 0.78 and 1.0 respectively. The inf luence of 

g rowth condi t ions on the gra in size is fu r the r invest igated by real space 

(ТЕМ) gra in size a n d analysis i n section 6.6. 

To s tudy preferent ia l or ientat ion i n CdS föhns, 10 peaks were used i n 

the ca lcu la t ion, w h i c h gave a m a x i m u m value of σ equal to 2.3, 

corresponding to an ahnost completely or iented sample. 

II/VI Τ С hkl 

Sample ratio (°С) (100) (002) (101) (102) (110) (103) (112) (203) (105) (300) σ 

sgen24 0.78 330 0.1 7 0.4 0.4 0.3 0.7 0.6 0.2 0.4 0 2 

sgen21 0.78 300 0.1 5.2 0.7 0.7 0.3 1 0.7 0.3 0.5 0.4 1.4 

sgen20 0.78 290 0.2 4.4 1.1 0.7 0.5 0.8 1 0.3 0.4 0.4 1.2 

sgen23 1 330 0.1 7.8 0.1 0.3 0.1 0.7 0.3 0.2 0.3 0 2.3 

sgen22 1 300 0.1 7.1 0.4 0.5 0.2 0.8 0.3 0.2 0.3 0 շ 
sgen19 1 290 0.2 5.8 0.7 0.7 0.4 0.8 0.6 0.2 0.4 0.3 1.6 

Table 6.4: Values of texture coeff ic ient с and degree of preferent ial 

or ientat ion (σ) for MOCVD CdS samples grown m di f ferent 

condi t ions 
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F r o m Table 6.4 a n d Figure 6.8, we notice tha t a l l the MOCVD films 

were or ientated such GIXRD selects the (002) ref lect ions more strongly t h a n 

any other. A l though the sample deposited at 290°c for a I I / V I rat io of 0.78 

showed stronger or ien ta t ion i n the (101), (112) a n d (103) planes, as the 

growth temperature increased, the sample become strongly (002) or ientated. 

We a t t r i bu ted th is to the subst rate, w h i c h provides sites of low energy and 

also prov ided a reference plane d u r i n g growth of CdS. For bo th I I / V I rat ios, 

the texture increased w i t h an increase i n growth temperature , evidenced by 

higher values of С ш a n d σ for a g rowth temperature of 330°c. By 

compar ing the С ш and σ values, for the di f ferent I I / V I ra t ios , i t was f ound 

t h a t the h igher I I / V I rat io of 1.0 exhib i ted a h igher degree of or ienta t ion. 

I n order to con f i rm the exact s t ruc tu re of the fikns, the s t ruc tu ra l 

analysis is detected w i t h Т Е М . Th is w i l l be presented i n sect ion 6.6. 
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6.6 Transmission Electron Microscopy Analysis 
I n th i s sect ion, the s t ruc ture of CdS t h i n films grown by CBD and 

MOCVD has been invest igated us ing t ransmiss ion electron microscopy 

(section 3.2.5). I n order to conf i rm the exact s t ruc tu re of the film, the 

s t ruc tu ra l analysis was directed towards ТЕМ. Then for bo th deposi t ion 

methods, the gra in size was measured and a fit to gra in rad ius d is t r i bu t ion 

was proposed. 

6.6.1 Cadmium Sulphide Grown by CBD 

For the CBD samples i t was no t possible to obta in data for as-grown 

samples since they broke u p o n chemical t h i nn ing . Therefore, only samples 

w h i c h were post-processed were invest igated. 

Structural Ana(ysis 

Plan-view samples were examined and the images contained 

in fo rmat ion about bo th the CdS and TCO lay er ร. To decouple th is 

in fo rmat ion i t was therefore necessary to use da rk f ield imaging. The 

d i f f ract ion pa t te rn f rom the p lan v iew specimens conta ined r ings f r om bo th 

the CdS and TCO lay ers. Since there is l i t t le k n o w n about the in ter -p lanar 

spacings of th is commercia l ITO (1ոշՕՅ-Տո0շ sol id solut ion) the CdS r ings 

were ident i f ied f rom the JCPDS data. Decoupl ing of the CdS f rom the TCO 

in fo rmat ion was also assessed by the being a sample i n w h i c h the CdS layer 

became detached f rom the ITO, mak ing i t possible to record ITO in fo rmat ion 

alone. Th is is described later i n th is chapter. 

Figure 6.10 shows the d i f f ract ion pa t te rn a n d b r igh t a n d da rk field 

images of CBD CdS samples w i t h the fol lowed post -growth t reatments : a) 

air annealed at 400^^0 for 1 hour and b) CdCb evaporated fo l lowing by air 

anneal ing at 400°c for 1 hour . The d i f f ract ion rings for bo th samples are 

con t inuous , ind ica t ing a large number of gra ins, hav ing di f ferent 

or ientat ions i n the analysed area. 
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There was no not iceable difference i n terms of recrysta l l isat ion 
between annealed and CdCb treated samples t ha t cou ld be detected f rom 
the d i f f ract ion pa t te rn . Bear ing i n m i n d t h a t an increase i n g ra in size 
resu l ts i n a smal ler n u m b e r of gra ins d i f f ract ing the electron beam, a n d 
consequent iy, a รmaHer n u m b e r of spots i n the d i f f ract ion pa t te rn , m a k i n g 
the change f rom con t inuous to f ragmented. Indeed bot±! d i f f ract ion 
pat te rns were s imi lar , ind ica t ing t h a t bo th films h a d broad ly s imi lar gra in 
sizes and crysta l s t ruc tu re . 

A l l the (hkl) indices of d i f f ract ion r ings observed matched wel l w i t h 

those of JCPDS 6-0314 [27】 a n d JCPDS 10-0454 [28] for hexagonal a n d 

cubic CdS respectively as shown i n the Table 6.5 and Table 6.6 for annealed 

a n d CdCİ2 t reated samples. Most of the rings of hexagonal a n d cubic lat t ice 

have s imi lar posi t ions, b u t the hexagoทฬ phase can be ident i f ied by few 

r ings . The s t rong and m e d i u m in tens i ty d i f f ract ion r ings corresponded to 

the h(lOO), h ( 0 0 2 ) / c ( l l l ) , h(110) /c(220) , h(112)/c(311) a n d h(211) 

ref lect ions of hexagonal (h) and cubic (c) of CdS. Therefore, the ex is t ing 

exper imenta l resul ts indicate tha t the s t ruc tu re of the annealed a n d CdCb 

treated CBD CdS is ma in l y hexagonal - l ike i n character. 

I t is also w o r t h men t ion ing t ha t XRD and ТЕМ anedysis do no t 

provide the same in fo rmat ion on the s t ruc tu ra l phase since some ref lect ions 

observed i n the ТЕМ were no t present i n the XRD. A n example the (103) 

hexagonal ref lect ion was present i n the XRD spec t rum b u t no t i n the 

selective area d i f f ract ion (SAD). Th is anomaly cou ld be due to the di f ferent 

vo lumes of the fUms sampled by ТЕМ and GIXRD. Whi le ТЕМ samples the 

whole 30 n m th ickness, GIXRD samples the uppermos t 5 n m only. Other 

studies have reported tha t for t h inne r CDB samples, the or ientat ion is more 

r a n d o m t h a n for th icker ones i n w h i c h a preferred or ienta t ion develops [29-

31] . S imi lar anomal ies between XRD and t ransmiss ion electron d i f f ract ion 

have been reported elsewhere [30-32]. 
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Grain Size Distribution Analysis 

To fo rm the dark- f ie ld images (DFI) of the CdS alone, the objective 

aper ture was placed over ei ther a single r i n g or groups of closely spaced 

r ings f rom the CdS. For the gra in size analysis dark- f ie ld ТЕМ negatives 

were scanned a n d the ind iv idua l grains were marked by h a n d on 

t ransparen t foi l . The grains obta ined were re-scanned to give b i tmaps t ha t 

cou ld be in terpreted us ing "PC image" data analysis software. "PC image" 

recorded the area of each object def ined; t h i s da ta was converted to gra in 

rad i i by assuming the grains to be c i rcu lar . (This is a common assumpt ion , 

the method of us ing the mean centxoid to calculate the gra in boundary 

distance is more complex to execute [20]). 

F igure 6.11 shows the gra in size d is t r ibu t ions for the groups of r ings 

l is ted i n Table 6.7. Gra in size d is t r ibu t ion can be model led by a n u m b e r of 

func t ions . These func t ions are der ived f r o m a phys ica l and theoret ical 

bas is , a n d often used to describe gra in size evolut ion w i t h t ime [33]. Two 

popu la r d is t r ibu t ions were s tud ied for the fitting of the exper imenta l 

d is t r ibu t ions , and are described below. 

The Rayieigh D i s t r i b u t i o n : Th is d is t r ibu t ion resul ted f rom Louaťs 

analysis of g ra in boundary based on the r a n d o m d i f fus ion of sections of 

g ra in boundar ies [34]. 

^ . V , 
Eq. 6.1 ƒ ( / · ) = arexp 

where a, ro are constants 

Log-Normal Distribution: Th is d i s t r i bu t i on differs f r om the Rayieigh 

d i s t r i bu t i on i n t ha t i t was as a s ta r t ing assumpt ion f rom Fel tham'ร model of 

g ra in g rowth [35]. I n the f o rm used by Fe l tham the log-normal d i s t r i bu t ion 

is 
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/ ( r ) = — e x p j -

In 

2 ๙ 
Eq. 6.2 

where a, ro and σ are constants 

Figure 6.12 shows the two d is t r ibu t ions fitted to an example of the 

ac tua l data. I n the ma jo r i t y of cases, i t was found tha t the log-normal 

d i s t r i bu t i on p r o d d e d the best fit to the data, whereas the Rayieigh fitting is 

n o t representat ive of the g ra in size d i s t r i bu t ion . Th i s i s , perhaps 

predictable as the equat ion conta ins three, ra ther t h a n two var iable 

parameters. 

F r o m Table 6.7, overal l the CdCb treated samples exhib i ted larger 

gra ins t h a n the annealed i n a i r samples. For the CdCb treated samples 

there is a gra in size of approx imate ly ~23.0 nm， compared to 13.0 n m for 

the annealed one. These resul ts are i n agreement w i t h those found f rom 

XRD analysis. Us ing bo th character isat ion methods, i t was found t ha t the 

(002) ref lect ion exhib i ted the largest gra in size and tha t CdCb t reated 

samples showed signi f icant ly larger gra ins t h a n d id a i r annealed samples. 

A clear t rend emerges f rom the dark- f ie ld images obta ined u s i n g group A 

rings, i.e. the (100) and (002) ref lect ions of hexagonal CdS tha t are stronger 

i n the d i f f ract ion pat terns. 

A general conc lus ion about the GIXRD a n d ТЕМ measurements is 

also t h a t the na tu re of microscopic a n d d i f f rac t ion measurements of g ra in 

size is fundamenta l l y di f ferent a n d tha t d i rect (absolute) compar isons of the 

resu l ts of each are generally improper . 
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DFI 

a) CdS Ai r Annealed 

響 

b) CdS CdCb + A i r Annealed 

Figure 6.10: D i f f rac t ion pat tern, br ight and dark f ield images of CBD CdS a) 

air annealing at Wo'C for 1 hour, Ъ) CdCb evaporation foUowed 

air anneaUx^ at 400°c for 1 hour. Hence, for the dark neld 
images the objective aperture was placed over the l e t group of 

closely spaced rings f rom the CdS. This group includes the 

hexagonal (100 and 002) and the cubic (111) planes. 
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Observed data JCPDS Data 

Ring N๐. d spac ing [Ä] Intensity d spac ing [Å] hkl Intensity 【%】 

1 3.692 strong 3.569 Һ100 60 
2 3.262 medium í 3.355 Cİ11 100 

I 3.341 Һ002 44 
3.148 Һ101 100 
2.906 c200 23 

3 2.540 very weak 
2.439 Һ102 26 

4 2.102 medium í 2.061 Һ110 46 
I 2.055 c220 52 

1.890 Һ103 45 
í 1.784 Һ200 7 

5 1.793 medium 1 1.754 Һ112 34 
I 1.752 c311 39 

1.724 հ201 15 
í 1.678 c222 5 
I 1.671 Һ004 2 

6 1.603 very weak 
í 1.574 Һ202 6 
I 1.513 Һ104 2 

1.453 ๗00 7 
í 1.393 Һ203 14 

7 1.356 weak 1 1.349 Һ210 5 
1 1.333 c331 13 
I 1.322 Һ211 11 

1.299 c420 6 
1.298 Һ114 5 
1.252 Һ105 9 
1.251 Һ212 5 

8 1.201 very weak 1.220 Һ204 <1 
1.190 Һ300 6 
1.186 c422 13 

í 1.171 Һ301 <1 
9 1.150 very weak 1 1.154 Һ213 14 

1 1.121 Һ302 6 
1 1.118 c511 7 
1 1.118 сЗЗЗ 2 
[ 1.114 Һ006 <1 
í 1.070 Һ205 5 
I 1.063 Һ106 1 

10 1.051 very weak g Һ214 1 
I 1.049 Һ303 <1 
1 1.030 Һ220 4 
I 1.027 c440 4 

11 1.002 very weak 
0.9898 Һ310 2 

TaDle 6.5ะ Comparison of the d spacings calculated f rom the ТЕМ 

di f í ract ion pat tern of CBD CdS air annealed at 400''C for 1 hour 

above w i t h the JCPDS data of Greenockite (h) and Hawleyite (c) 

CdS structure. 
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O b s e r v e d d a t a J C P D S D a t a 

R i n g N o . d s p a c i n g [ Â ] Intensity d s p a c i n g [A] hkl Intensity [%] 

1 3.692 strong 3.569 Һ100 60 
2 3.221 medium โ 3.355 Cİ11 100 

I 3.341 Һ002 44 
3.148 Һ101 100 
2.906 C200 23 

3 2.523 very weak 
2.439 M 02 26 

4 2.102 medium โ 2.061 Һ110 46 
I 2.055 C220 52 

1.890 Һ103 45 
โ 1.784 Һ200 7 

5 1.793 medium 1 1.754 Һ112 34 
լ 1.752 c311 39 

1.724 Һ201 15 
í 1.678 C222 5 
լ 1.671 Һ004 2 

6 1.603 very weak 
í 1.574 Һ202 6 
լ 1.513 Һ104 2 

1.453 C400 7 
7 1.428 very weak 

โ 1.393 Һ203 14 
8 1.356 weak I 1.349 Һ210 5 

I 1.333 C331 13 
լ 1.322 Һ211 11 

1.299 C420 6 
1.298 Һ114 5 

í 1.252 Һ105 Ց 
9 1.278 very weak լ 1.251 Һ212 5 
10 1.211 very weak 1.220 Һ204 <1 

โ 1.190 Һ300 6 
ι 1.186 C422 13 

11 1.173 very weak 1.171 Һ301 <1 
1.154 Һ213 14 

í 1.121 Һ302 6 
I 1.118 сЗЗЗ 2 

12 1.138 very weak I 1.118 C511 7 
I 1.114 Һ006 <1 

Table 6.6: Comparison of the d spaclngs calculated f rom the ТБМ 
di f f ract ion pat tern of CBD CdS CdCb evaporation fo l lowing air 
annealing at 400"Ό for 1 hour, above w i t h JCPDS data of 
Greenockite (h) and Hawleyite (c) CdS st ructure. 
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i) air annealing at 400°c for 1 hour ii) CdCİ2 evaporation following air 
annealinq at 400°c for 1 hour 

05 group A 

L 
group В group В 

Grain Radius (nm) Grain Radius (nm) 

Figure 6.11: Grain size d is t r ibut ion for CBD CdS i) air annealing at 400°c for 
1 hour, і і ) CdCb evaporation fol lowing air annealing at 400で for 

.. 1 hour. A, В and с correspond to the groups of r ings l is ted i n 

Table 6.7. The log-normal d is t r ibut ion is shown w i t h a sol id 

l ine. 
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0.35 

Air annealed - group A 0.30 н 

0.25 Н 

0.20 н 

0.15 Н 

0.10 Н 

Grain Radius 

Figure б. 12: Histogram of actual grain size data showing two di f ferent types 
of f i t used to describe such distr ibut ions: Raylelgh (solid l ine) 
and log-normal (dashed). The log normal provides the 
stat ist ical ly best flt i n the great major i ty of cases. 

Sample 

g roup A 
Һ002/С111 

Һ101 

group Β 

Һ110/С220 
group С 

Һ112/С311 

Sample Mode μ σ^-ι α Ν Mode μ σ^-ι α Ν Mode μ CTN—1 α Ν 

As-grown χ χ x x x χ χ x x x χ χ x x x 

Air annealed 8.2 12.9 6.8 0.5 202 8.9 15.2 9.9 1.4 49 1.7 10.2 5.7 1.1 29 

CdCİ2 treated 22.7 22.7 8.1 0.7 143 5.2 14.0 6.9 0.7 110 7.4 13.0 5.5 0.6 77 

Table 6.7ะ CBD CdS grain radi i s tat ist ics w i t h values of the mode, the 
mean (μ), the standard deviat ion (σΝ-ι), the standard error (a) and 

N, the count number. The 'x， label inalcates tha t the data were 

not obtained. The values are expressed In nm. 
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6.6.2 Cadmium Sulphide Grown by MOCVD 
Structural Analysis 

MOCVD CdS samples were also invest igated us ing the same p lan -

view ТЕМ methods employed for CBD CdS,. As ment ioned i n the p reฬous 

sect ion, dark- f i led imag ing is used to decouple in fo rmat ion about the ITO 

a n d CdS layers. However, for a l l of the MOCVD-grown CdS/ ITO films, the 

two layers became accidental ly separated d u r i n g sample preparat ion. Th is 

is an oppor tun i t y to s tudy bo th i n b r igh t filed mode ind iv idual ly . For a l l 

CdS t h i n fUms, ТЕМ imag ing shows the presence of two di f ferent layers 

w h i c h are super imposed, as shown i n Figure 6.13. 

Figure 6.13: Br ight f ie ld Image of CdS deposited at 330°c w i t h a I I / V I rat io of 
l.oT I t shows two di f ferent morphologies. The areas 1 and 2 
correspond to the ITO and CdS layers respectively. 

As can be seen i n Figure 6.13 a n d Figure 6.14, the two layers are 

di f ferent i n te rms of m ic ros t ruc tu re . By examin ing the d i f f ract ion pa t te rn of 

each layer, i t was possible to determine the crysta l lographic s t ruc tu re a n d 

phase of each layer. For the CdS, the indices of d i f f ract ion rings obta ined 

matched wel l w i t h those of JCPDS 6-0314 a n d JCPDS 10-0454 for 
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hexagonal and cubic CdS respectively, for the area 2 as shown i n the Table 

6.8. Therefore, the area 1 was ascribed to be the ITO. Compar ison of the 

t ransmiss ion electron d i f f ract ion pa t te rn w i t h the GIXRD pat terns f r om the 

substrate can be also done. I t was possible to ident i fy the CdS layers i n the 

same way for a l l samples investigated. On ly one d i f f ract ion pa t te rn of 

MOCVD CdS samples is presented since a l l the d i f f ract ion pat terns 

obta ined were qui te s imi lar . 

F igure o . i 4 : D i f f r a c t i o n p a t t e r n a n d en la rged b r i g h t f i e l d images t a k e n f r o m 

t h e areas 1 a n d 2 ( i .e. I T O a n d CdS layers) o f F i gu re 8 .16 . 

From Table 6.8, i t is clear tha t the s t ruc tu re of CdS grown by 

MOCVD is hexagonal phase. No cubic phase, no complex of cubic and 

hexagonal or any secondary phases were observed. Di f f racted r ings f rom 

(100)， (002), (101), (102), (110) and (112) planes were observed. These 

resul ts are conf i rmed and are i n agreement w i t h those found f rom the XRD 

analysis. 
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Observed data JCPDS data 
Ring No. d spacing [A] Intensity d spacing [A] hkl Intensity [%] 

1 3.692 very strong 3.569 ҺЮО 60 
2 3.379 weak 

ľ 3.355 
С І 1 1 1 0 0 

լ 3.341 
Һ002 44 

3 3.153 strong 3.148 Һ101 100 
2.906 C200 23 

4 2.481 medium 2.439 Һ102 26 
5 2.150 strong โ 2.061 

С І 1 0 46 

ι 2.055 
C220 52 

6 1.931 weak 

1.890 Һ103 45 
7 1.781 strong í 1.784 

Һ200 7 
I 1.754 Һ112 34 

ι 1.752 
c311 39 

1.724 Һ201 15 

í 1.678 
c222 5 

ι 1.671 
Һ004 2 

8 1.603 weak 

í 1.574 
Һ202 6 

լ 1.513 
Һ104 2 

1.453 C400 7 
9 1.428 weak 

1.393 Һ203 14 
10 1.356 medium 

í Һ210 5 
I 1.333 c311 13 

լ 1.322 
Һ211 11 

1.299 c420 6 
1.298 Һ114 5 

11 1.272 weak 
1.252 M 05 9 
1.251 Һ212 5 
1.220 Һ204 1 

12 1.205 weak 
1.190 Һ300 6 
1.186 c422 13 
1.171 Һ301 <1 

13 1.168 weak 
1.154 Һ213 14 

Table 6.8ะ Comparison of the d spacings calculated f rom the ТЕМ 
di f f ract ion pat tern of MOCVD CdS deposited at ззох w i t h a 
ทุ/VI rat io of 1.0 w i t h JCPDS data of Greenockite (h) and 
Hawleyite (c) CdS structure. 

1 1 7 



Chapter 6 - CdS Thin Films 

Grain Size Distribution 

Figure 6.15 shows the b r igh t a n d dark field images of two MOCVD 

CdS samples deposited w i t h a I I / V I ra t io of 0.78 at d i f ferent g rowth 

temperatures. As we can see f rom the dark field images, the grains are 

larger when samples are grown at h igher temperatures. Bo th growth 

temperature and I I / V I ra t io seem to inf luence the gra in size d is t r i bu t ion . 

Figure 6.16 shows the gra in size d is t r i bu t ion for a di f ferent group of 

r ings l is ted i n Table 6.9. I t is evident t ha t the g rowth temperature is an 

impo r tan t var iable w h i c h can inf luence the gra in size d is t r i bu t ion . F r o m 

the h is tograms, samples grown at h igher temperature exhib i ted broader 

gra in size d is t r ibu t ions a n d higher mean values of rad ius . Gra in size 

m a x i m u m var ied u p to 80 n m and 200 n m f rom growth temperature of 

290°c a n d 330°c respectively, for a I I / V I rat io of 0.78. A stat is t ical s tudy of 

the gra in size d is t r i bu t ion data is presented i n Table 6.7. I n general, group 

A w h i c h corresponds to the (100), (002) and (101) ref lect ions of hexagonal 

CdS exhib i ts the largest gra in size. The gra in size is h igh ly dependent on 

the g rowth temperature. MOCVD CdS has a gra in size of about - 24 .3 n m 

w hen grown at ֊290°c, increas ing to -46 .2 ա ո w h e n grown at h igher 

temperature of 330°c. The I I / V I ra t io also has a clear effect on the gra in 

size; par t i cu la r l y at h igher temperatures, i t was found t ha t at lower I I / V I 

rat io of 0.78 the grains were larger t h a n those grown at a I I / V I rat io of 1.0. 

Whi le a t the low growth temperature , the I I / V I ra t io does no t seem to affect 

the gra in size. These is consistent w i t h PL resu l ts f o u n d for low growth 

temperature ; bo th I I / V I rat io revealed s imi lar propert ies a n d features. 

Gra in size d is t r i bu t ion can be model led by a n u m b e r of d is t r ibu t ions , 

as has been described i n sect ion 6 . 6 . 1 . Figure 6.17 shows the two 

d is t r ibu t ions fitted to the ac tua l data. I n the ma jo r i t y of cases, i t was f o u n d 

t ha t log-normal d i s t r i bu t ion prov ided the best fit to the data. However, i n 

some cases th is model cou ld no t be appl ied; for instance group в of 

SGEN23, instead of fo l lowing a log-normal d i s t r i bu t ion l ike i n the major i ty 

118 



Chapter 6 - Cds Thin Films 

of cases, h a d two local m a x i m a at ~2 a n d - 2 8 n m and a mean value of ~21 
n m . Th is k i n d of d is t r ibu t ion is usuaHy cal led b imoda l d is t r ibu t ion . Th is 
observat ion may suggest t ha t some ref lect ions do n o t have the same 
d is t r i bu t ion w h i c h h igh ly depends on the g rowth parameters. These resu l ts 
are not clearly unders tood and need to be fu r the r c lar i f ied. 
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BFI 

DFI 

i) I I /V I=0 .78 

T=290°c 
іі) I I /V I=0 .78 

T=330°c 

Pigure 6.15: Br ight and dark f ield Images of MOCVD CdS deposited at 1) 
Τ=290<Ό, іі) т ^ з з о х for a n / V I ra t io o f 0.78. Hence, for the 

dark fleld ioMges the objective aperture was placed over the I s t 

group of closely spaced rings f rom the CdS. This group Includes 

the hexagonal (100, 002 and 101) and the cubic (111) planes. 
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i ) I I / V I = 0 . 7 8 

T = 2 9 0 ° c 

I ф 3 

(згоир В 

Grain Radius (nm) 

i i i ) π / ν ΐ = 0 . 7 8 

т = 3 3 0 ° с 

О) 

I 

group В 

group С 

Grain Radius (nm) 

Figure 6.16ะ Grain size d is t r ibut ion for MOCVD CdS CdS layers deposited at 
290 and 330**c for two di f ferent precursor rat ios ( I I /VI) o f 0,78 
and 1.0. The groups A, в and с correspond to the groups of 

indexes l is ted i n Table 6.8. The log-normal d is t r ibut ion is 

shown w i t h a sol id l ine. 
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Sample il/VI ТГС) 

ТЕМ analysis 

Sample il/VI ТГС) 

group A 

MOO 

Һ002/С111 

Һ101 

groups 

h11Q/c220 

group С 

Һ112/С311 

Sample il/VI ТГС) Mode μ σΝ-1 α Ν Mode μ σΝ-1 α Ν Mode μ σΝ-1 α Ν 

sgen 24 

sgen 23 

sgen 22 

sgen 20 

0.78 

0.78 

330 

330 

300 

290 

17.1 48.6 35.1 3.1 130 

21.0 37.6 27.4 3.8 52 

21.Θ 26.4 13.7 1.6 70 

16.7 25.3 12.9 1.1 127 

15.5 41.5 24.5 2.1 139 

1.7 21.3 22.7 2.8 65 

22.1 22.3 10.6 1.4 55 

23.6 27.1 14.4 1.6 85 

29.6 48.5 23.7 2.7 75 

22.2 25.2 12.3 2.0 3β 

19.1 24.8 10.9 1.6 48 

26.0 20.5 12.3 1.2 105 

Table 6.9: MOCVD C d s grain radl i stat ist ics w i t h values of the mode, the 

mean (μ), the standard deviat ion (σΝ-ι), the standard error (a) and 

N the count number. The values are expressed In nm. 

0.14 Η 

0.12 Η 

ğ 0.08 Η 

0.06 Η 

0.02 Η 

SGEN24 - group A 

150 200 

Grain Radius (nm) 

Figure 6.17ะ Histogram of actual grain size data showing two durèrent tsrpes 
of flt used to describe the d is t r ibut ion: Raylelgh (solid l ine) and 
log-normal (dashed). The log normal provides the best fít for 
most MOCVD-grown samples. 
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6.7 Discussion 

6.7.1 

I n sect ion 6 . 2 . 1 , t ransmi t tance analysis showed a decrease i n 

bandgap after a i r anneal ing and CdCb t reatment . I t has been recent iy 

shown t ha t the t rans i t i on between cubic a n d hexagonal modi f icat ions i n 

chemical b a t h deposited fl·lms as a func t ion of annealed temperature 

resul ted i n a non-monoton ic var ia t ion of bandgap values w i t h the presence 

of a sharp m i n i m u m i n Eg=f(T) curve s i tuated at about 250°c [4, 12， 23， 36 , 

37] . I n other papers, a decrease i n bandgap has also been repor ted for 

annealed t rea tments u p to 400°c i n air [38]. Th is indicates tha t a common 

phenomenon is probab ly responsible for th is effect. Despite the fo rmat ion 

of CdO as repor ted i n sect ion 6 . 5 . 1 , the decrease i n bandgap after post-

t rea tment is l ike ly a consequence of the t rans i t i on processes between cubic 

a n d hexagonal s t ruc tures . Fur thermore , t h i s reduc t ion i n bandgap cou ld 

also be due to the development of grain-re lated states [7] or more l ikely due 

to a reduct ion of s t ra in w i t h i n the f i lms. The presence of a CdO phase 

m igh t be due to the ox idat ion of the CdS [ 1 , 20] . K y b e r et a l . [21] has 

shown t h a t heat ing i n a i r e l iminates water f r om Cd(0H)2 to give CdO. The 

presence of th i s phase can be explained by a t rans fo rmat ion of the cub ic 

CdS (unstable compared to the hexagonal CdS) to give the CdO [22, 23] . 

The presence of CdO m a y also expla in the reduc t ion the opt ical bandgap of 

CdS. 

I n sect ion 6 . 3 . 1 , photo luminescence revealed an enhancement of 

crysta l l in i ty after CdCb t rea tment evidenced by the presence of the b o u n d 

exci ton t rans i t i on [10], whereas the as-grown a n d air annealed samples 

showed some s imi lar i t ies , i nc lud ing the presence of the red b a n d w h i c h is 

commonly ascr ibed to ei ther su l fu r vacancy states [ Щ or surface states 

[11]. Also, a weak yel low b a n d appeared af ter anneal ing; t h i s arises f r o m 

donor levels due to in ters t i t ia l c a d m i u m (Icd) sites [10-12]. 
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I n sect ion 6 . 4 . 1 , SEM images showed t ha t t he rma l stress o n 

anneal ing resul ted i n the fo rmat ion of fissures w i t h i n the layers. These 

cou ld affect the op t ima l operat ion of the solar cell device. 

I n sect ion 6 . 5 . 1 , XRD studies showed tha t al l the samples have 

s t rong selected or ienta t ion along the (002) p lane of the hexagonal CdS 

s t ruc tu re a n d a peak at about 48.9° w h i c h has been ascr ibed to the (103) 

p lane of hexagonal s t ruc tu re . No phase t rans i t i on has been not iced on 

anneal ing b u t some degree of rec iys ta l l isa t ion was observed: the X- ray 

pat terns were seen to be sharper and the сгуз ЇаШп і Іу was found to increase 

modest ly after bo th post - t reatments. The crystaHine sizes of the s t rong 

selected or ientat ion were found to be 20.3±0.3， 21.3±0.3 a n d 26.7±0.1 n m 

for the as-deposited, air annealed a n d CdCb treated samples. 

I n sect ion 6 . 6 . 1 , ТЕМ d i f f rac t ion pa t te rn studies showed t ha t bo th 

post- t reated samples were a complex of cubic a n d hexagonal phases. 

Hence, XRD a n d Т Е М analysis do no t proฬde exactiy the same in fo rma t ion 

on the s t ruc tu ra l phases. (Some ref lect ions i n the ТЕМ were no t present i n 

the X- ray d i f f ract ion pat tern) . Th is anomaly cou ld be either due to the 

difference i n the sample th ickness w h i c h is 30 n m for SAD and 5 腿 for 

GIXRD, cou ld be also due to the fundamenta l difference between the 

na tu res of microscopic and d i f f ract ion measurements , i n te rms of 

or ienta t ion selection. However, selective d i f f ract ion pat te rns shou ld proฬde 

more precise analysis of s t ruc tu ra l changes, since SAD pa t te rn shows a l l 

the phases present i n the films. There was no apparent difference i n te rms 

of гес іуз ІаШзайоп f rom the SAD pat terns between the annealed and the 

CdCla t reated samples. D a r k field (DF) images al low de termina t ion of the 

gra in size rad i i . F i rs t ly , bo th XRD a n d ТЕМ analysis conf i rmed tha t larger 

gra ins are obta ined after the CdCb t rea tment t h a n a i r anneal ing. However, 

the gra in sizes measured from the D F images were larger t h a n those 

determined by XRD analysis. For the CdCb t reated samples, the gra in sizes 

measured f r om D F images were near ly two t imes larger t h a n those obta ined 

us ing Scherrer 'ร fo rmu la . Hence, d i rect or absolute compEirisons between 

gra in sizes determined either by XRD a n d ТЕМ seemed to be improper as 
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the na tu res of the microscopy a n d d i f f ract ion measurements are 
fundamentaHy dif ferent. 

6.7.2 MOCVD CdS 

I n sect ion 6.2.2 and 6.3.2, txansmit tance anadysis showed t ha t nei ther 

the n /VI ra t io or the g rowth tempera ture affected the energy bandgap. On ly 

a decrease of 10 meV i n bandgap is observed f rom 290 to 330°c. However, 

photo luminescence measurements revealed tha t bo th parameters in f luence 

the luminescence of MOCVD CdS t h i n fihns. A l l the fürns exhib i ted a b road 

b a n d centred at 2.0 eV: i t has been previously associated w i t h radiat ive 

t rans i t ions f r o m donor levels ar is ing f r o m Cd atoms i n in te rs t i t ia l sites (Icd) 

to conduc t ion b a n d [14]. By vary ing the growth temperature and I I / V I 

ra t io , t h i s b a n d changes i n shape. However, the sample (SGEN24) grovm at 

330°c w i t h a I I / V I ra t io of 0.78 revealed h igher crysta l l in i ty due to the 

presence of the excitonic b o u n d t rans i t i on [10]. Therefore by mod i fy ing the 

I I / V I ra t io a n d the growth temperature i t is possible to achieve better 

crysta l l in i ty . 

I n sect ion 6.4.2, SEM images show tha t MOCVD CdS t h i n films were 

dense. 

I n sect ion 6.5.2, XRD studies showed tha t MOCVD CdS t h i n f i lms 

conta ined only hexagonal phases under most f i lm growth a n d as the growth 

temperature increased, the selected (002) or ientat ion became stronger. I t 

showed also t ha t the crystal l ine qua l i ty is best at the o p t i m u m growth 

temperature of 300°c a n d for a I I / V I ra t io of 0.78. Th is conf igurat ion also 

exhib i ted the largest crysta l l ine size of about - 2 8 ա ո for the stronger 

selected or ienta t ion. 

I n sect ion 6.6.2, ТЕМ d i f f ract ion pa t te rn studies showed t ha t the 

s t ruc tu re of CdS grown by MOCVD is hexagonal phase, w h i c h is i n 

agreement w i t h XRD analysis. I t was also f ound t ha t the I I / V I rat io also 
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has a clear effect on the gra in size d is t r i bu t ion i n par t i cu la r at a h igher 
temperature of 330°c^ I t was found tha t at a lower I I / V I rat io of 0.78 the 
average crystal l ine sizes were larger 卜98 nm) t han those grown at I I / V I 
rat io of 1.0 (〜78 nm) . The crystaHine size was determined us ing the group 
of r ings w h i c h inc luded the (002) ref lect ion. 

Bo th XRD and ТЕМ analysis showed tha t sample grown w i t h a I I / V I 

rat io of 0.78 and at g rowth temperature above 3 0 0 ° c exh ib i ted the largest 

gra ins. However, Т Е М grain size measured were more t h a n four times 

larger t h a n those determined by XRD. As described i n sect ion 6 . 7 . 1 , d i rect 

or absolute compar isons of g ra in size between XRD and Т Е М analysis cou ld 

be inappropr ia te . 

By correlat ing the PL a n d ТЕМ resul ts , i t was f ound tha t the sample 

Sgen24 (growth temperature of 3 3 0 。 c a n d a I I / V I of 0.78) p romoted no t only 

the largest grains (from ТЕМ observations) b u t also an excitonic b o u n d 

t rans i t i on centred a round 2.55 eV (observed i n PL spectrum). Th is suggests 

tha t the excitonic b o u n d t rans i t i on cou ld be a major factor i n ob ta in ing 

large grains. 

By vary ing the I I / V I rat io and the growth temperature a n d by the use 

of photo luminescence spectroscopy and XRD pr ior to Т Е М i n w h i c h 

specimen preparat ion takes a long t ime, i t is possible to est imate eff iciently 

a n d rap id ly the crystal l ine qual i ty and the gra in size. 

The next two tables summar ise the pr inc ip les opt ical a n d s t ruc tu ra l 

propert ies of the CBD and MOCVD CdS. 
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Samples Pr incipal proņertiefi 
A s - g r o w n Optical transmittance: 

Eg= 2.5 l e v 

PԽtolumineรœnce: 

i) "Red B a n d " due to su l f u r vacancies [10] or sur face states [11] 

GIXRD; 
St rong selected ( h 0 0 2 / c l 11) o r ien ta t ion 
M a x i m u m g r a i n size « 20 n m 
ТЕМ: 

S t r u c t u r e : u n d e t e r m i n e d 

M a x i m u m g ra in size » u n d e t e r m i n e d 

A i r a n n e a l e d Opücal transmiuance: 

Eg« 2 .38eV 

РШоЫттезсепсе: 

i) "Red B a n d " due to s u l f u r vacancies [10] or sur face states [11] 

i i) w e a k *Te l low B a n d " due t r a n s i t i o n s a r i s i n g f r o m donor levels due to 

m t e r s t i t i a l c a d m i u m (Icd) s i tes [10-12] . 

GDCRD: 

S t r o n g selected ( հ օ օ շ / c l l l ) o r i en ta t i on 
M a x i m u m g ra in size « 2 1 nm 

ТЕМ: 

S t r u c t u r e : Hexagoทฬ 
M a x i m u m g r a i n size * 2 5 . Ց n m 

C d C b t r e a t e d Optical transmütance: 
Eg= 2 .44eV 

Phototuminescence: 
Green B a n d (GB) w h i c h i s due to m t e r s t i t i a l su l f u r [11] 
B o u n d exc i ton peak a t 2 .53 eV [10] 

GDCRD: 
St rong selected (Һ002/С111) o r ien ta t ion 

M a x i m u m g r a i n size « 26 n m 

ТЕМ' 

S t r u c t u r e : Hexagona l 

M a x i m u m g r a i n size » 45 .4 n m 

Table 6.10ะ M n c i p a l propert ies of CBD CdS. The label **x^ indicates tha t 
the value was not determined. 
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Sample I I / V I 

rat io 
Т Г С ) Principal propert ies 

Sgen 20 0.78 290 ODtical transmittance: 

Eg« 2.40eV 

PԽtoluminesœnce: 
Peak at 2.0 eV a t t r i b u t e d to ร vacanc ies [13] 
GiXRD: 
S t r u c t u r e : Hexagona l 
M a x i m u m g r a i n size « 23 .1 ա ռ 
ТЕМ: 

St ruc tu re : Hexagona l 

M a x i m u m Rrain size * 51 n m 

Sgen 2 1 0.78 300 Optical ^ansmittance: 

Eg= 2,41eV 

ԲԽtoluminesœnce: 
Peak at 2.0 eV a t t r i b u t e d to ร vacancies [13] 
G Ä R D ; 
S t ruc tu re : Hexagona l 
M a x i m u m g r a i n size * 25 .8 n m 
ТЕМ: 

St ruc tu re : X 

M a x i m u m farain size « X n m 

Sgen 24 0.78 330 Ootical ^ansmittance: 

Eg= 2.41eV 

PԽtoluminєsœnce: 
Peak at 2.0 eV a t t r i b u t e d to ร vacanc ies [13] 
Green B a n d (GB) w h i c h IS due to i n te r s t i t i a l su l f u r [11] 
B o u n d exc i ton peak at 2 .53 eV [1 이 

GDCRD: 

St ruc tu re : Hexagona l 

M a x i m u m g r a i n size * 24 .0 n m 

ТЕМ: 

St ruc tu re : Hexagoทฬ 
M a x i m u m ß ra in size « 97 n m 

Sgen 19 1.0 290 ODtical t ransmi t tance: 
Eg= 2.40eV 
Photo/uminescence; 
Peak at 2.0 eV a t t r i b u t e d to ร vacanc ies [13] 
GIXRD: 
S t r u c t u r e : Hexagona l 
M a x i m u m g r a i n size « 23 .1 n i n 
ТЕМ; 

St ruc tu re : X 

M a x i m u m g r a i n size « X n m 

Sgen 22 1.0 3 0 0 Optimi transmittance: 

Eg= 2.41eV 

Phoťo/umťnesoence; 
Peak at 2.0 eV a t t r i b u t e d to ร vacancies [13] 
GDCRD: 
St rong selected ( h 0 0 2 / c l l l ) o r i en ta t i on 
M a x i m u m g r a i n size » 25 .3 n m 
ТЕМ; 

St ruc tu re : Hexagona l 

M a x i m u m Rra in size « 53 n m 

Sgen 23 1.0 330 Optical transmittance: 

Eg= 2.41eV 

Fbotoluminesœnce: 

Peak at 2.0 eV a t t r i b u t e d to ร v a c a n d e s [13] 
GDCRD: 
St ruc tu re : Hexagona l 
M a x i m u m g r a i n size พ 25 ա ո 
ТЕМ: 

St ruc tu re : Hexagona l 

M a x i m u m Rrain size พ 75 ա ո 

Table 6.11ะ M n c i p a l propert les of MOCVD CdS. The label " X " Indicates tha t 
the vaiue was not determined. 
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6.8 Conclusion 

I n th is chapter , opt ical and s t ruc tu ra l propert ies of t h i n film CdS 

grown by chemical ba th deposi t ion (CBD) and metalorganic vapour 

deposi t ion (MOCVD) have been character ised by us ing opt ica l 

t ransmi t tance, photo luminescence, SEM, GIXRD and Т Е М . 

Three representat ive samples have been selected for CBD, a l lowing u s 

to investígate the inf luence of post-deposi t ion t reatments such as air 

anneal ing a n d CdCİ2 t rea tment on the opt ical and s t ruc tu ra l propert ies of 

CdS layers. Bo th post - t reatments resul ted i n a decrease of energy bandgap, 

w h i c h was l ike ly due to t rans i t i on phase processes. I t also showed an 

enhancement of c rysta l l in i ty a n d a modest increase i n gra in size after be ing 

post -growth t reated. 

The inf luence of g rowth parameters such as the I I / V I rat io a n d the 

growth temperature has been invest igated to s tudy the opt ica l and 

s t ruc tu ra l propert ies of MOCVD CdS. Opt im isa t ion of these two parameters 

was per formed to ob ta in the largest gra in size. M a x i m u m gra in size was 

obta ined for รsimples grown at 330°c a n d for I I / V I ra t io of 0.78. 
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Chapter 7 

Discussion and 
Conclusions 

7.1 Discussion and Conclusions 

The w o r k i n th i s thesis has pr incipaUy been concerned w i t h the 

invest igat ion of opt ical a n d s t ruc tu ra l propert ies of single crysta l a n d 

polycrysta l l ine t h i n films CdS. Character isat ion was performed u s i n g 

several methods i n c l u d m g ТЕМ combined w i t h cathodoluminescence, PL 

spectroscopy, GIXRD. Th is chapter summar ises the m a i n findings of th i s 

w o r k a n d gives some suggestions for f u tu re work . However, to begin w i t h , 

the detstils of the CL fo rmat ion model l ing are ou t l ined below fol lowed by a 

quant i ta t ive s tudy of noise i n the TEM-CL i ns t rumen t . 

I n Chapter 4 a model was developed for pred ic t ing tiie spat ia l 

d i s t r i bu t ion of cathodoluminescence (CL) fo rmat ion for a focused electron 

beam inc ident on a t h i n cross sect ion of a mul t i - layer system. Th is model 

was іп ійаДу based on the convolut ion method descr ibed by Rechid et a l . [ IJ . 

I t was considered tha t the CL or ig inated f r om bo th electron s t imu la t ion and 

i t s accompanying X-rays. To use a di rect convolut ion method i t is 

necessary to know the generat ion func t i on of electron-hole pa i rs for the 

beam being a t any pos i t ion a long a mu l t i - layer system. For X- ray exci tat ion 

sources, i t was f ound t ha t the broadening of the convolved peak depends 

h igh ly on the mass a t tenua t ion coeff icient (see sect ion 4.6.3.2). For direct 
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electron exc i ta t ion, by assuming tha t the generat ion vo lume of electron-hole 

pa i rs was Gauss ian, i t was seen t h a t the broadening of the convolut ion 

peak (CL signal) depends h igh ly on the s tandard deviat ion (or FWHM) of the 

Gauss ian. Fur ther invest igat ions are requ i red i n order to apply th i s 

convo lu t ion method : such as determin ing the electron beam exci tat ion 

vo lume as a func t ion of the electron beam pos i t ion us ing the method 

developed by Rechid et a l . [1] ог else i n con junc t ion w i t h s imu la t ion of 

e lectron-sol id in teract ions us ing Monte-Car lo software, def in ing the 

model l ing parameters. 

A s imple exper iment was per formed to investigate the l im i t s of CL 

image cont rast by measur ing the signal- to-noise rat io . I t was found to be 

low when the scann ing t ransmiss ion electron microscope was operat ing at 

h i gh magni f icat ions. Th is signal-to noise rat io decreased w i t h the 

magni f ica t ion: below the magni f ica t ion of 3000 the CL signal was five times 

h igher t h a n the noise, whereas at h igher magni f ica t ion the signal-to-noise 

ra t io tended to a value of 1.0. Studies based on the Rose v is ib i l i ty c r i te r ion 

[2] were carr ied ou t (see section 4.7). Th is revealed some l im i ta t ions for 

acqu i r ing CL images. The or ig in of the noise is s t i l l undef ined. 

I n Chapter 5, a p re l im inary s tudy of the ฬаЬШ Їу of combined TEM-CL 

appara tus i n the s tudy of CdS for solar cell appl icat ions has been 

presented. Prior to commenc ing combined TEM-CL invest igat ions of CdS i t 

was essential to character ise the inf luence of ion beam t h i n n i n g on i ts 

luminescence spec t rum. A compar ison of photo luminescence a n d 

cathodoluminescence spectra showed t ha t Ar* a n d 1+ ion beam t h i n n i n g 

used i n t h i n fo i l Т Е М specimen preparat ion changed the emission spec t rum 

of the CdS: there was an increase of the yel low (Y) emiss ion (594nm) w i t h 

b o t h Ar+ a n d 1+ ion beam th i nn i ng . However CL spectra recorded f rom CdS 

d i d not con ta in the red b a n d (734nm) t ha t was easily detected i n PL spectra 

of the same samples. I ts absence was tentat ively ascr ibed to the exci tat ion 

densi ty i n CL, since th is was 7 orders of magnitaide h igher t h a n i n PL. 

CL emiss ion f r om CdS was observed to degrade under Ш и т і п а й о п 

from 80-200 keV electrons. A t the electron dose levels invest igated (up to 

l O 2 3 e- /cm 2 ) the degradat ion process was shown to be consistent w i t h the 

i n t roduc t i on of non-radiat ive recombinat ion centres. The lower STEM dose 
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r a t e i n c o m p a r i s o n t o t h a t o f C T E M w a s d e m o n s t r a t e d t o d e g r a d e t h e C L 
f r o m C d S a t a m u c h s l o w e r r a t e a n d i s t h e r e f o r e r e c o m m e n d e d f o r i n i t i a l 
s p e c i m e n i n v e s t i g a t i o n s a n d s p e c t r a l a c q u i s i t i o n / i m a g i n g be fo re d i f f r a c t i o n 
c o n t r a s t i m a g i n g . 

L i n e a r i m a g e c o n t r a s t f e a t u r e s i n S T E M - C L i m a g e s o f C d S w e r e 

c o r r e l a t e d d i r e c t l y t o d i s l o c a t i o n i m a g e s o b t a i n e d i n C T E M a n d S T E M m o d e . 

H o w e v e r , t h e i m a g e c o n t r a s t w a s w e a k i n S T E M - C L , A s s e s s m e n t o f t h e 

i m a g i n g c o n d i t i o n s u s i n g t h e Rose c r i t e r i o n [2] i n d i c a t e d t h a t t h i s C L w o r k 

w a s d o n e u n d e r c o n d i t i o n s c lose t o t h e l i m i t s o f ฬ ร i b i l i t y f o r 5 % c o n t r a s t , 

a n d t h i s a c c o u n t e d f o r t h e w e a k n e s s o f t h e c o n t r a s t o b t a i n e d . T h i s w a s 

a t t r i b u t e d t o t h e l o w s i g n a l - t o - n o i s e r a t i o a t h i g h m a g n i f i c a t i o n f o u n d i n 

c h a p t e r 4 . I n f u r t h e r w o r k , e n h a n c e m e n t o f t h e i m a g e c o n t r a s t b y 

o p t i m i s a t i o n o f t h e s i g n a l e x c i t a t i o n c o u l d b e c a r r i e d o u t . S a m p l e s o f s o l a r 

ce l l m a t e r i a l s h a l l b e i n v e s t i g a t e d . 

I n C h a p t e r 6 , o p t i c a l a n d s t r u c t u r a l p r o p e r t i e s o f t h i n film C d S g r o w n b y 

c h e m i c a l b a t h d e p o s i t i o n (CBD) a n d m e t a l o r g a n i c v a p o u r d e p o s i t i o n 

( M O C V D ) w e r e c h a r a c t e r i s e d u s i n g o p t i c a l t x a n s m i t t a n c e , 

p h o t o l u m i n e s c e n c e , S E M , G I X R D a n d Т Е М . 

T h r e e t y p e s o f s a m p l e s w e r e p r o d u c e d : a) as g r o w n C d S , b) films 

a n n e a l e d i n a i r a t 4 0 0 ° c fo r o n e h o u r a n d c) f U m s w i t h 1 5 0 n ı n l a y e r o f 

e v a p o r a t e d C d C b t h e n a n n e a l e d i n a i r f o r 1 h o u r . B o t h p o s t - g r o w t h 

t r e a t m e n t s r e s u l t e d i n a dec rease o f e n e r g y b a n d g a p , w h i c h w a s u n l i k e l y t o 

h a v e b e e n c a u s e d b y t h e p h a s e c h a n g e f r o m c u b i c t o h e x a g o n a l (see s e c t i o n 

6 .2 .1 ) . I t a l so s h o w e d a n e n h a n c e m e n t o f c r y s t a l l i n i t y a n d a m o d e s t 

i n c r e a s e i n g r a i n size a f t e r b e i n g p o s t - g r o w t h t r e a t e d . F r o m t h e G I X R D d a t a 

a n a l y s i s , t h e u n t r e a t e d C B D fihns h a d a m a x i m u m g r a i n s ize o f 2 0 ա ո , 

w h i l e a i r a n n e a l e d a n d C d C b t r e a t e d s a m p l e s e x h i b i t e d a m a x i m u m g r a i n 

s ize o f 2 5 . 8 ա ո a n d 2 6 n m respec t i ve l y . 

T h e i n f l u e n c e o f g r o w t h p a r a m e t e r s s u c h a s t h e I I / V I r a t i o a n d t h e 

g r o w t h t e m p e r a t u r e h a v e b e e n i n v e s t i g a t e d o n t h e o p t i c a l a n d s t r u c t u r a l 

p r o p e r t i e s o f M O C V D C d S . T h e c r y s t a l l i n e q u a l i t y o f C d S t h i n f i k n s w a s 

r e l a t e d t o t h e I I / V I s o u r c e gas m o l e r a t i o a n d t h e g r o w t h t e m p e r a t u r e . I t 

w a s f o u n d t h a t t h e F W H M o f t h e (002) p r e f e r r e d o r i e n t a t i o n w a s s m a l l e r f o r 
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g r o w t h t e m p e r a t u r e a b o v e 3 0 ^ ^ G I X R D d a t a a n a l y s i s s h o w e d t h a t t h e 

C d S s t r u c t u r e r e m a i n e d h e x a g o n a l . F r o m t i i e Т Е М a n d p h o t o l u m i n e s c e n c e 

m e a s u r e m e n t s , i t w a s c o n c l u d e d t h a t t h e t h i n film g r o w n a t ззо̂ с̂ w i t h a 

I I / V I r a t i o o f 0 . 7 8 r e v e a l e d b e t t e r c i y s t a l l i n i t y a n d t h e l a r g e s t g r a i n s i z e o f 

֊97 n m . 

B o t h a s - d e p o s i t e d C B D a n d M O C V D C d S films p r e s e n t e d a h e x a g o n a l 

s t r u c t u r e w i t h a s t r o n g p r e f e r r e d o r i e n t a t i o n i n t h e [ 0 0 2 ] d i r e c t i o n . T h e f u l l 

w i d t h a t h a l f m a x i m u m ( F H W M ) d e p e n d s o n t h e m e t h o d o f C d S film g r o w t h . 

T h e l o w e r F W H M v a l u e s o f t h e ( 0 0 2 ) p l a n e o b t a i n e d f o r M O C V D - g r o w n C d S 

films i n d i c a t e d t h a t t h e y h a v e b e t t e r c r y s t a l l i n i t y t h a n C B D films. T h i s w a s 

a l s o c o n f i r m e d b y P L s p e c t r o s c o p y , w h i c h s h o w e d t h a t C B D films h a v e a 

d e f e c t b a n d ( r e d b a n d ) a t t r i b u t e d t o v a c a n c i e s o f s u l p h u r , w h i l e i n M O C V D 

f i l m s e x c i t o n i c t r a n s i t i o n s w e r e o b s e r v e d . T h e l a t t e r i n d i c a t e s a h i g h e r 

c r y s t a l l i n i t y ( see s e c t i o n 6 . 3 , 2 ) . T h e d e f i c i e n c y o f s u l p h u r i n C B D - g r o w n 

C d S m a y i n f l u e n c e t h e i n t e r d i f f u s i o n p r o c e s s e s i n C d T e / C d S - b a s e d s o l a r 

c e l l s . T h i s i n t e r d i f f u s i o n i s k n o w n t o p l a y a n i m p o r t a n t r o l e n o t l e a s t d u e t o 

i t s i n f l u e n c e o n o p t i c a l a b s o r p t i o n i n t h e s t r u c t u r e c a u s e d b y t h e a s s o c i a t e d 

b a n d g a p c h a n g e s [ 3 ] . T h e S E M i m a g e s o f t h e C B D films s h o w e d t h a t 

t h e r m a l s t r e s s r e l i e f o n a n n e a l i n g r e s u l t e d i n t h e f o r m a t i o n o f fissures 

w i t h i n t h e l a y e r ร . T h e s e fissures c o u l d a f f e c t t h e o p t i m ฬ o p e r a t i o n o f t h e 

s o l a r c e l l d e v i c e a s p i n h o l e s w o u l d . F r o m Т Е М s t u d i e s , g r a i n s i z e s w e r e 

l a r g e r f o r a s - d e p o s i t e d M O C V D ( i . e . , 9 7 n m ) t h a n C B D films ( i . e . , 2 6 n m ) . 

H e n c e , M O C V D C d S films m i g h t b e e x p e c t e d t o b e m o r e s u i t a b l e f o r s o l a r 

c e l l d e v i c e s t h a n C B D films. N e v e r t h e l e s s , h i g h e f f i c i e n c i e s o f 1 6 . 5 % a n d 

1 6 . 0 % h a v e b e e n p r e v i o u s l y m e a s u r e d f o r C B D a n d M O C V D - g r o w n C d S , 

r e s p e c t i v e l y [ 4 , 5 ] . 
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FORTRAN CODE 

Appendix A 

A.I Convolution for X-Ray Source 

program threelayers07 

implicit none ！ No implicit variable types · declare everything!! 

！ Declarations: 

real, allocatable, dimension(：) ：: func1,func2,conv12 ƒ al loca ta ble ar rayร 
real 
integer 
integer 
real ：: X 

real 

l imit, resolution 

half js ize 

ท,m7nm ！ Loop counters 

I Real positions on number line 

：: A,mac1 ,mac2,mac3,B,tO,t1 ,է2 / Consŕanŕs 

！ Main program: 

WRITEr / ) X-rays source: l=lo*exp{-factor*x}' 

WRITEC,*)'Ampl1tude lo?' 

WRlTE(%*) Layer A.factor A?' 

READC,*)mac1 

WRITEC,ๆ'Layer B.factor B?' 
READC,ๆmac2 
WRITEC,ๆ"layer c.factor c?" 

WRITE(V)'Position of the beam?' 

WRITEŕ/VPosítlon of the first interface?' 

WRITE(V)'Pos1tion of the second Interface?" 
READC,ๆէ2 

ƒ Set constant function 2 
WRITEC,*)'Amplitude of the window?' 
READC,ๆВ 

ƒ Set the resolution of sampling 
WRITEC,ๆ Resolution of sampling?' 
REAĐ(*,*)Resolution 
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! Set limit of the function 
WRITER,ๆ'Limit?' 
READ(*,ๆlimit 

half_size=1nt(limit/resolution)+1 

/ Allocate the arrays 
allocate(func1 (-half_size:half_size)) 
allocate func2(-half lsize:half lsize)) 
allocate(conv12(-half_size:half_size)) 

！ Now we want to put some numbers into fund and func2... 

I Loop over array elements 

do ท=- half_size, half_size 

ƒ Work out where this point is on the real number line 
x=real(ท)*resolution 

/ fund พาแ be exp(-1 factor*x I ) 

I Emission beam in layer A 
i f (tO+0.0<0.0+t1)then 

f u n d (ท) = A*exp(-abs(mac1*(x-tO))) 
end i f 

i f (t1 +0.0<=x.and.x<=0.0+t2) then 
f u n d (ท)=A*exp(-abs(macr(t1-tO)))*exp(-abs(mac2*(x-t1))) 

end if 

if (t2+0.0<=x) then 

(A*exp(-abs(mac1*(t1-t0))))*exp(-abs(mac2*(t2-t1)))*exp(-abs(mac3*(x-t2))) 
end i f 

end i f 

/ Emission beam in layer в 

i f (t1 +0.0<=t0.and.t0<=0.0+t2) then 

f u n d (ท) = A*exp(-abs(mac2*(x-t0))) * exp(-abs(macr(x-t1))) 
end i f 

i f (t1 +0.0<=x.and.x<=0.0+tí) then 
func1(n)=A*exp(-abs(mac2*(x-tO))) 

end i f 

funci(ท)= A*exp(-abs(mac2*(t2-t0))) * exp(-abs(mac3*(x-t2))) 
end if 
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end if 

/ Emission beam in layer с 

i f (է2+0.0<=0.0+է0) then 

if (t2+0.0<=x) then 
f u n d (n)= A*exp(-abs(mac3*(x-tO))) 

end if 

i f (t1 +0.0<=x.and.x<=0.0+t2) then 
f u n d (ท)= A*exp(-abs(mac3*(t2-t0))) * exp(-abs(mac2*(x-t2))) 

end If 

i f (x+0.0<=0.0+t1)then 

A*exp(-abร(mac3*(t2-tO))) * exp(-abs(mac2*(t1-t2))) * exp(-abs(macr(x-t1))) 
end i f 

end if 

！ funcZ will be В for w_min <x< พ_max, and 0 elsewhere 

i f (t1 +0.0<=x.and.x<=0.0+t2) then 
func2(n)=B 

func2(ท)=0.0 
end if 

end do ƒ Functions now defined 

！ Now lets calculate the convolution 

conv12(:)=0.0 

do ท=-half_size,ha!f_s1ze 

do ทา=-ha!f_size,half_size 
nm=๓+ท 

if (abs(nm)>half_size) cycle 1 i.e. quit do-loop 
conv12(ท)=conv12(ท)+func1 (m)*func2(nm)*resolution 

end do 

end do 

/ Open files vríth X, fund, fund and conv12 

open(unit=20,fi๒='summary_out.txf) 

do ท=-half_s1ze,half_size 
x=real(ท)*resolution 
write(20,*) x. funci (ท),fund(ท),conv12(ท) 

end do 

ciöse(20) 
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open(บทit=20,fiÍe='parameters_out.txť) 

write (20,* 1 ' ^ ^ ^ of parameters:' 
write (20/ 
write (20/ rx-rays source' 
write (20/ )Ίο 
write (20,* і'(Цтр)а. of layer A 

write (20/ '(Цтр)ь of เayer в ',mac2 

write (20,* '(Цтр)с of layer с ,mac3 

write (20/ ^Position of beam •,to 
write (20/ i'1st interface position ,t1 

write (20/ ''2nd interface position ,է2 
write (20,* 
write [20/ 'D{x) function' 
write (20/ l'Amplitude 
write (20/ 
write (20/ 'Resolution 
write [20,* 'Limit ',limit 

：， A 

',mac1 

'，B 

'»resolution 

dose(20) 

/ Should free up memory from allocatable arrays 

deallocate(funcl) 

deallocate(func2) 

deallocate(conv12) 

end program threelayers07 
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Α.2 Convolution for Electron Source 

p r o g r a m G a u s s i a n i 

i m p l i c i t n o n e / n o implicit variable types • declare everything!! 

I Declarations: 

I allocatable arrays 

r e a l , a l l o c a t a b l e , d imension (：) ：: f u n e 1 , f u n c 2 , c o n v 1 2 . p a r a m e t e r s 

r e a l ：: r e s o l u t i o n . l i m i t 

i n t e g e r ： ： h a Մ _ s i z e 
i n t e g e r ：: ท,m7nm / L o o p c o u n t e r s 
r e a l ：: X / Real positions o n number 

line 

r e a l ：: พ _ m i n , พ _ m a x , B , F W H M , S D , f u n c l O , G , น / C o n s t a n t s 

/ Main program: 

I Set constants 

I Set constant function 1 
W R I T E ( * , * ) ' F 4 i n c t i o n 1 : G a u s s i a n f u n c t i o n ' 
W R I T E ( * , * ) ' F W H M ? ' 
R E A Đ ( * , * ) F W H M 
พ M T E ( * , * ) ' A m p U t u d e ? ' 
R E A D ( * , * ) G 
W R I T E ( * , * ) ' m e a n น? ' 
R E A D ( * , * ) น 
S D = F W H M / 2 . 3 5 4 8 
Խ n c l 0 = 1 . 0 / ( S D * S Q R T ( 2 . 0 * 3 . 1 4 1 5 9 2 6 5 3 5 8 9 7 9 ) ) * E X P ( - S Q R T ( ( x ) ) ) / ( 2 . 0 * S D * * 2 ) ) 
ƒ Set constant function 2 
พ M T E ( * , * ) ' F 4 i n c t i o n 2 ' 
W R I T E ( * , * ) ' E n t e r t h e A m p U t u d e o f t h e w i n d o w ' 
R E A D ( * , * ) B 
W R I T E ( ' , * ) ' E n t e r t h e m i n i m u m p o s i t i o n o f t h e w i n d o w ' 
R E A D { * , * ) w _ m i n 
W R I T E ( ' , * ) ' E n t e r t h e m a x i m u m p o s i t i o n o f t h e w i n d o w ' 
R E A t ) ( * , * ) พ _ m a x 

ƒ S e t the resolution ofsantpling 
W R I T E ( * , * ) ' R e s o l u t í o n o f s a m p l i n g ? ' 
R E A Đ ( * , * ) R e s o l u t i o n 

/ S e t H m i t of the function 
W R I T E ( * , ๆ ' L i m i t ? ' 
R E A Đ ( * , ๆ l i m i t 

/ Calculate size of arrays 
h a t f L s i z e = m t ( l i m i t / r e s o l u t i o n ) + 1 

ƒ AlԽcate the arrays 
a l l o c a t e ( f u n c 1 ( -ha l f _s i ze :ha l f _s i ze ) ) 
a l l o c a t e ( f u n c 2 ( - h a l f l s i z e ： h a l f l s i z e ) ) 
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a l l o c a t e ( c o n v l 2 ( - h a Մ _ s i z e : h a l L s i z e ) ) 

/ Now we want toput some numbers into fund andfunc2... 
I Loop over array elements 

d o ท = - h a l f _ s i z e , h a l f _ s i z e 

I w o r k o u t w h e r e t h i s p o i n t i s o n t h e r e a l n u m b e r l i n e 
x = r e a l ( ท ) * r e s o l u t i o n 

î f u n c i will be Gaussian 
f u n d ( ท ) = 1 . 0 / ( S D * S Q R T ( 2 . 0 * 3 . 1 4 1 5 9 2 6 5 3 5 8 9 7 9 ) ) * E X P ( ( ֊ ( x -
น ) * * 2 ) / ( 2 . 0 * S D * * 2 ) ) * G / f u n c l O 

i f ( พ _ m i n + 0 . 0 < = x . a n d . x < = 0 . 0 + w _ m a x ) t h e n 
f u n c 2 ( n ) = B 
e lse 
f u n c 2 ( ท ) = 0 . 0 

e n d i f 

e n d d o ！ f u n c t i o n s n o w d e f i n e d 

ƒ Now lets calculate the convolution 
c o n v l 2 ( : ) = 0 . 0 

d o ท = - h a t f _ s i z e , h a t f _ s i z e 

d o m = " h a l f _ s i z e , h a l f _ s i z e 
n m = m + n 
i f (abs(nm)>hal f_sİ2e) c y c l e ! i .e. q u i t d o - l o o p 
c o n v 12 ( ท ) = c o n v ī 2 ( ท ) + f u n c 1 ( m ) * f u n c 2 ( n m ) * r e s o l u t í o n 

e n d d o 

e n d d o 

I Write files with fund anđfunc2... 

I Open f i l e for fiincl, fiinc2, convl2 

o p e n ( u n i t = 2 0 , f i l e = ' r e s p o n s e _ o u t . t x t ' ) 

d o n = - h a t f _ s i z e , h a t f _ s i z e 

x = r e a l ( ท ) * r e s o l u t i o n 
w r i t e ( 2 0 , * ) x , f u n c 1 ( ท ) , f u n c 2 ( ท ) , c o n v 12(ท) 

e n d d o 

Glose(20) 

/ Open file for parameters 

o p e n ( ü n i t = 2 0 , f i l e = ' p a r a m e t e r s _ o u t . t x t ' ) 
w n t e ( 2 0 , * ) S u m m a r y o f p a r a m e t e r s : ' 

w r i t e ( 2 0 , ๆ 
w r i t e ( 2 0 , * ) ' G a u s s i a n f u n c t i o n ' 
w n t e ( 2 0 , 7 F W H M ' , F W H M 
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w r i t e 

w r i t e ( 2 0 

w r i t e ! 

w r i t e i 

w r i t e 

w n t e i 

w r i t e i 

w r i t e i 

w r i t e i 

w r i t e i 

w r i t e 

2 0 , 

2 0 , 

2 0 , 

2 0 , 

20； 

2 0 , 

2 0 ; 

2 0 , 

20. 

2 0 

A m p l i t u d e '，G 

S t a n d a r d d e v i a t i o n , S D 

m e a n น ,น 

'Đ(x)՝ 
A m p l i t u d e 
' พ _ m i n 
'w imax 

R e s o l u t i o n 
L i m i t 

'，B 

' , w _ m i n 

' , w _ m a x 

' » r e s o l u t i o n 

՚ , l im i t 

c lose (20 ) 

/ Should free up memory from allocatable arrays 

d e a l l o c a t e ( f u n c 1) 
d e a l l o c a t e ( f u n c 2 ) 
d e a l l o c a t e ( c o n v 12) 
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