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The cur rent -vo l tage ( J - V )  c h a r a c t e r i s t i c s  were 

measured f o r  a se r i es  of  metal- insulator-semiconductor 

( M I S )  c e l l s  o f  Al-Si0,-psi s t r u c t u r e  w i t h  d i s l o c a t i o n  loops 

pene t ra t ing  d i f f e r e n t  depths i n t o  the  semiconductor 

su r f  ace. A1 1 c e l l  parameters except reverse sa tu ra t i on  

photocurrent were observed t o  be degraded w i t h  increas ing 

d i s l o c a t i o n  length. The reverse sa tu ra t i on  photocurrent i s  

independent o f  t he  ex tent  o f  damage i n  t he  samples. The 

experimental r e s u l t s  are  expla ined i n  terms o f  a 

mathematical model based on conduction o f  captured c a r r i e r s  

along d is loca t ions .  The s p e c i f i c  conductance o f  t he  

d i s l oca t i ons  s tud ied was found t o  be i n  t he  order of  10-Ls 

c m  ohm-I. To t h e  f i r s t  approximation, t he  b i a s  dependence 

of  t he  cu r ren t  along a d i s l o c a t i o n  was shown t o  be exp (qVd2kT) 
b 

con t ra ry  t o  t he  general expectat ion t h a t  such a cu r ren t  i s  

l i n e a r  i n  t he  vo l tage V,. To our knowledge, t h i s  i s  t he  

f i r s t  t ime t h a t  conduction along d i s l oca t i ons  has been 

observed a t  room temperature. 

The photoel ectrochemi c a l  s tud ies  done el sewhere on 

the  same samples lend s t rong support t o  the  hypothesis of  

conduction along d is loca t ions .  

The e f f e c t  of atomic hydrogen pass iva t ion  of 

d i s l oca t i ons  was a l so  studied. Upon pass ivat ion,  a1 1 t he  

so la r  c e l l  c h a r a c t e r i s t i c s  improve i n  general. 



Occasionally, however, anomalous J-V characteristics were IV 

observed indicating the possibility of acceptor 

neutralization. This complicates the interpretation of the 

experimental results in terms of the dislocation 

conducti vi ty model. 

The temperature dependence of the solar cell 

characteristics in the range of 100 t o  300 K was studied. 

Temperature coefficients of open circuit voltage, short 

circuit current, fill factor and efficiency of the MIS 

structure closely resemble those of n'p silicon solar cells 

indicating the electronic equi valance of A 1  -Si 0,-psi 

structure to an abrupt one sided n'p junction. 

The MIS solar cell characteristics were found to be 

sensitive to humidity. Possible oxidation of CO at the 

silicon surface in the presence of a plasma was also 

observed. Neither of these phenomena was studied in depth. 



Dedicated to my dear parents. 
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CHePTER I 

INTRODUCTION 

Modern s o l i d  s ta te  theory i s  based on the concept 

of the space l a t t i c e  or  Bravais l a t t i c e .  Atoms i n  a s o l i d  

are thought of  as b r ing  d i s t r i bu ted  on the imaginary l a t t i c e  

points. The p e r i o d i c i t y  of t h i s  atomic arrangement makes the  

theore t ica l  understanding of  the  so l i d s  possible. However, 

t h i s  concept faced a major problem i n  the  ea r l y  days of i t s  

development when i t  was confronted w i th  the  mechanical 

strength of r e a l  crysta ls .  The experimental 1 y observed 

c r i t i c a l  shear s t ress of  a c r ys ta l  ( t he  fo rce  necessary t o  

deform the  c r ys ta l  p l a s t i c a l l y )  was about four  orders of  

magnitude lower than the  t heo re t i ca l l y  predicted value f o r  a 

per fect  c r ys ta l  l. A way out  of  t h i s  problem was proposed by 

Taylor2, 0rowan3 and Polanyi4 i n  1934 reso r t i ng  t o  the  

concept of l i n e a r  l a t t i c e  imperfect ions ca l l ed  d is loca t ions  b 

(DLs) which accounted f o r  the  discrepancy. Since then 

spectacular progress has been made i n  the  mater ia l  science 

area where whiskers almost devoid of  any DL%, and 

consequently, of near ly  per fec t  mechanical st rength have 

been grown. Apart from t h e i r  fasc ina t ing  mechanical 

~ r o p e r t i e s ~ * ~  DLs exh ib i t  a va r i e t y  of  e l e c t r i c a l  proper t ies  

as we1 1. 

1.1 Dis locat ions 

Dis locat ions are best described geometrical 1 y us i  ng 

a cubic c rys ta l .  There are two basic types of d is locat ions,  



one ca l l ed  edge type and the  other ca l l ed  screw type. A n  

edge d i s loca t ion  can be v isua l i zed  by s l i pp i ng  o r  g l i d i n g  

one atomic plane above another i n  only a pa r t  of the c rys ta l  

by a  u n i t  l a t t i c e  vector (F ig . l - la)  and r e j o i n i ng  the broken 

bonds on e i t he r  s ide of  the s l i p  plane. The resu l t i ng  

boundary between the s l ipped pa r t  and the  unslipped pa r t  of 

the c r ys ta l  i s  a  l i n e  of atoms (AD) w i th  t h e i r  valency on ly  

p a r t i a l l y  sa t i s f i ed .  This l i n e  i s  ca l l ed  an edge d is loca t ion  

(denoted by 1, AD can a lso  be conceived t o  be produced by 

i nse r t i ng  or  removing a  semi - i n f i n i t e  plane of  atoms). S l i p  

can occur i n  another way a lso  as shown i n  Fig.1-lb where the  

atomic planes are twisted. This i s  ca l l ed  a  screw 

dis locat ion.  I n  a  screw d i s loca t ion  the  boundary between the 

sl ipped and unslipped par t ,  l i n e  AD, i s  p a r a l l e l  t o  the  

d i r ec t i on  of s l i p .  I n  an edge type DL the  boundary l i n e  i s  

perpendicular t o  the  d i r ec t i on  o f  s l i p .  I n  p rac t i ce  one may 

encounter DLs of mixed character i n  add i t ion  t o  these two b 

types. Fig. 1-2 shows such a  DL w i th  both edge and screw 

types. It should be noted t h a t  i n  the  neighborhood of  a DL 

the atomic pos i t ions  are subs tan t ia l l y  d i f f e r e n t  from the 

o r i g i na l  s i t es ,  whi le away from t h i s  region regular  

c r y s t a l l i n i t y  i s  preserved. Since a DL i s  a  boundary 

between s l ipped and unslipped pa r t  of  the  c r ys ta l  a  DL l i n e  

must e i t he r  i n te rsec t  the surface or c lose upon i t s e l f  

w i th in  the c r ys ta l  forming a loop. 

A d i s loca t ion  i s  quan t i t a t i ve l y  cheracterised by an 

e n t i t y  ca l l ed  the  Burgers vector which i s  def ined as 

A closed curve i n  the  per fect  c r ys ta l  generated 



3 
by a ser ies  of Bravais l a t t i c e  vectors i s  ca l l ed  a Burgers 

c i r c u i t .  I f  such a curve i s  generated i n  a t e s t  path 

elsewhere by the  same sequence of  atom-by-atom 

displacements and f a i l s  t o  b r i ng  one back t o  the  o r i g i n a l  

pos i t i on  then the  path has surrounded a DL. The Bravais 

-t 

l a t t i c e  vector b, required t o  complete the  path i s  ca l l ed  

the Burgers vector of t ha t  DL (Fig.1-3). The Burgers vector 

ind icates how much the  l a t t i c e  has s l ipped and i n  which 

+ 
di rect ion.  Therefore, b i s  perpendicular t o  an edge DL 

whi le i t  i s  para1 l e l  t o  a screw DL. The angle between b and 

DL w i l l  vary between Q and 90 when the  DL i s  of mixed 

character. 

Any k ind of s t ress which br ings a cys ta l  i n t o  i t s  

p l a s t i c  s t a t e  w i  11 produce DLs. Thermal stress, mechanical 

s t ress and s t ress  due t o  impur i ty  d i f f u s i o n  etc., are 

sources of DL generatione. Unless precautions are taken, 

DLs are usua l l y  produced dur ing c r ys ta l  growth i n  the  

presence of t he  above machanisms. A g ra in  boundary is an 

array of  DLs w i th  a two dimensional character, and these 

defects are o f ten  produced dur ing c r ys ta l  growth. 

Usually, the number of DLs in te rsec t i ng  a u n i t  area 

of the  c r ys ta l  surface, ca l l ed  d is loca t ion  densi ty ( D ~ x )  and 

expressed i n  u n i t s  of  cm-=, i s  used t o  describe the  physical 

q u a l i t y  of the  c rys ta l .  Generally, Dd l  between 10Z and 1QX2 

are found i n  pract ice.  T rad i t i ona l l y ,  DLs were detected by 

decorating them wi th  me ta l l i c  impur i t i es  and observing them 

wi th  an in f ra- red microscope9. With the  advent of  the  

e lect ron microscope, I R  microscopy has been r r l r g a t e d  t o  a 



secondary s ta tus  regarding t h i s  purpose, and i t  i s  on ly  i n  

the l a s t  decade t ha t  DLs have been observed d i r e c t l y  using 

the transmission e lect ron microscope (TEM) . However, even 

wi th  the TEH, the  topological  d e t a i l s  of  DLa are not 

revealed c o m p l e t ~ l y  due t o  the  s ize  of atomic dimensions 

i nvol ved. 

Technologically most important semiconductors, 

today, ( S i ,  Ge, GaAs and Gap etc.,) have a te t rahedra l  

atomic arrangement. Ge and S i  have diamond s t ruc tu re  whi l e  

GaAs has zinc-blende structure,  and each of  these s t ructures 

are considered t o  consist  of  two in te rpenet ra t ing  face 

centered cubic l a t t i ces .  The cleavage plane o f  S i  i s  (111). 

It i s  general ly  bel ieved t h a t  s l i pp i ng  a (111) plane along a 

[I101 d i r ec t i on  produces pure edge type DLs by rup tur ing  the  

covalent bonds between two adjacent (111) planes i n  S i  and 

s im i la r  semiconductors (see Fig. 1-4a end b) . 
I n  1953, Shockley suggested the  p o s s i b i l i t y  of 

having a one dimensional degenerate e lect ron gas i n  the  DLs 

of semiconductors having the  diamond s t ructure,  which could 

g ive r i s e  t o  e l e c t r i c a l  conduction along themxo. I n  

tetragonal l y  coordinated c r ys ta l s  1 i kc S i  , electrons form 

four sp3 hybr id ized o r b i t a l  per atom and they take pa r t  i n  

covalent bonding w i th  the  four  nearest neighborsx1. The 

ruptured bonds along a DL can be represented by an ar ray of 

atoms each having one e lect ron i n  the  unsaturated spJ 

o rb i t a l .  These unsaturated e lect ron o r b i t a l s  are ca l l ed  

dangling bonds, and these dangling bonds can produce energy 

s ta tes i n  the forbidden gap analogous t o  the  wel l  known case 



surface states. S imi la r  t o  surface s ta tes  such 

d is loca t ion  s ta tes  i n  the  gap should be able t o  act  as 

donors by g i v ing  up the  e lec t ron  or  as acceptor s ta tes by 

accepting an electron. I n  addi t ion,  owing t o  the  p e r i o d i c i t y  

of the  arrangement along a DL, the  overlap between these 

o r b i t a l s  could, i n  p r i nc i p l e ,  produce a 1D band which i s  

ha l f  f i l l e d  when neut ra l  as Shockley discussed. 

Consequently, such a DL should exh ib i t  the proper t ies  

analogous t o  a 1D metal. This i s  t heo re t i ca l  1 y a very 

a t t r a c t i v e  idea although p rac t i ca l l y ,  i t  i s  a device 

manufacturer's nightmare. 

I t i s  known general ly  t ha t  the  presence of defects 

such as d i  s l  oca t i  ons and g ra in  boundaries i n  semi conductor 

mater ia ls used i n  device f ab r i ca t i on  adversely e f f e c t  t h e i r  

performance. A f te r  considerable a c t i v i t y  i n  the  f i e l d  i n  the  

ear ly  days of  semiconductor technology, the  i n t e res t  i n  the  

impact of such defects on device prrformance has become 
b 

less, due t o  technological developments which have enabled 

the production of d i s loca t ion  f r e e  s i l i con .  However, when 

the cost i s  a l a rge  fac to r ,  such as w i th  s i l i c o n  so lar  

ce l l s ,  one needs t o  use the  mater ia ls  of  lowest cost 

possible. The 1 ow cost matcr i  a1 s, such as po l  yc rys ta l  1 i n e  

s i l i con ,  i nva r iab l y  are l ess  per fec t  i .e, they contain 

defects such as d is loca t ions  and g ra in  boundaries. O n  the 

other hand, even w i th  d i s loca t ion  f r ee  s t a r t i n g  materials, 

the chances of in t roduc ing mechanical damage i n  device 

processing are not negligiblei2. Thus there a re  many 

p rac t i  ca l  reasons f o r  improving our understanding of 
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e l e c t r i c a l  e f fec ts  due t o  dis locat ions.  Furthermore, i f  t he  

compound semiconductors become technolog ica l ly  more 

important i n  future, the  understanding of tho e l e c t r i c a l  

a c t i v i t y  of  DLs w i l l  be of value. Apart from the  

technological importance of t he  study of  t h e i r  ef f ecta, 

recent theo re t i ca l  interesti3 i n  one dimensional conduction 

along d is loca t ions  i s  another mot ivat ion f o r  studying them. 

However, despi te the  research a c t i v i t y  generated by 

Shockley's model a d.c. conduc t iv i t y  along DLs has not  been 

observed up t o  now, although evidence f o r  conduction along 

gra in  boundaries has been gathering f o r  sometimei4. Such 

evidence f o r  g ra in  boundary conduc t iv i t y  involves low 

temperature s o l i d  s t a t e  measurements or  room temperature 

electrochemical measurements13- 14- Is. Recent reviews of  

gra in  boundary c ~ n d u c t i v i t y ~ ~  and low temperature DL 

conductivityi3 a re  ava i lab le  i n  the  l i t e r a t u r e .  

1.2 Object ive 

The basic ob jec t i ve  o f  t h i s  thes i s  i s  t o  

inves t iga te  and v e r i f y  the  existence of a d.c. conduc t iv i t y  

along DLs i n  S i  a t  room temperature, w i th  an emphasis on the  

e f f ec t  on the  performance of so lar  ce l l s .  The d i r e c t  

observation of  DL conduct iv i t y  a t  room temperature i s  

extremely d i f f i c u l t  owing t o  the  dominance of the  h igh 

conduct iv i ty  o f  the  bulk. Using an M I S  (metal - insul  ator-  

semiconductor) s t ruc tu re  as the  too l ,  the  e l e c t r i c a l  

proper t ies  of  surface DL loops introduced t o  the  

semiconductor ( S i  1 w i l l  be examined by monitor ing tho 



current-voltage cha rac te r i s t i cs  under both dark and 

i 1 luminated condit ions. The experimental r e s u l t s  w i  11 be 

shown t o  be best explained i n  terms of  a mathematical model 

based on conduction of captured c a r r i e r s  along DLs. 

1.3 Orqanization 

A b r i e f  review of the  e l e c t r i c a l  proper t ies  of DLs 

i n  semiconductors i s  given i n  the  next chapter along w i th  

the cu r ren t l y  accepted theo re t i ca l  model. Ths e f f e c t  of DLs 

on semiconductor devices such as pn junct ions, Schottky 

barr iers ,  and the  evidence f o r  defect conduction w i l l  a lso 

be discussed. The basic cha rac te r i s t i cs  of t he  M I S  s t ruc tu re  

i s  a lso presented here. I n  chapter 3, the  experimental 

techniques, t he  apparatus and t h e i r  basic p r i nc i p l es  and 

relevant methodology w i  11 be presented. The experimental 

r esu l t s  obtained and the  proposed model f o r  explain ing them 

are discussed i n  chapter 4 where data and model ca lcu la t ions  
b 

are compared. I n  chapter 5 we discuss the  corroborat ing 

r esu l t s  of  electrochemical measurements on our samples 

car r ied  out a t  the  Un ivers i ty  of  Gent i n  Belgium i n  a 

cooperative program, together w i th  resu l  tr of hydrogen 

passi vat ion of d is locat ions.  Moreover, the  general 

observations o f  others are shown t o  be consistent  w i th  the  

DL conduct iv i t y  model. Chapter 6 contains the  r e s u l t s  

obtained f o r  the  temperature dependence of t he  M I S  

charac ter is t i cs  along w i th  other i n t e res t i ng  observations 

made throughout the  study fol lowed by the  major conclusions 

of the  thes i s  i n  chapter 7. 
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Slip 

Fig .1 - l a  A pu re  edge d i s l o c a t i o n  ( l i n e  AD) i s  formed by s l i p .  AD 
i s  a  row o f  atoms wi th  u n s a t u r a t e d  bonds i n  a cub ic  
l a t t i c e .  

F ig .1- lb  A pure screw d i s l o c a t i o n  (AD) formed by t w i s t i n g  t h e  
atomic p l anes .  



Fig.1-2 A part of a dislocation loop consisting of both edge and 
screw components. This is the general case. 



Fig.1-3 Burgers vectors and Burgers circuits of 
(a) an edge dislocation. 
(b) a screw dislocation. 



(Ill') 

t 

Fig .  1-4 (a) The diamond s t r u c t u r e  showing { l l l ) p l a n e s  and t h e  
t e t r a h e d r a l  s t r u c t u r e .  

(b) An edge d i s l o c a t i o n  produced i n  t h e  diamond s t r u c t u r e  
where {ill) p lanes  have s l i p p e d .  The d i s l o c a t i o n  i s  a 
l i n e  o f  dang l ing  bonds. 



CHAPTER I 1  

REVIEW OF D I S L O C A T I O N S  4ND M I S  STRUCTURE 

2.1 Ph-ysl _ __ cs of Dl s l  o c a t i  _ ons 

I n  a s e r i e s  o f  p ioneer ing  papers, Read suggested 

+or t h e  f i r s t  t ime  t h e  ex i s tence  o f  a space charge r eg i on  

:SCR) around a d i s l o c a t i o n  due t o  t h e  charge associated w i t h  

t h e  dangl i n g  bonds1&- 1 7 -  la. A s  t h e  d i s l o c a t i o n  is a l i n e  

de fec t ,  t h e  space charge forms a c y l i n d e r  around ~ t .  Even 

though he assumed on l y  a nega t i ve  charge can be imparted t o  

the  d i s l o c a t i o n s ,  based on then a v a i l a b l e  da ta  on d i s l o c a t e d  

Ge, now i t  is w e l l  es tab l i shed  t h a t  bo th  p o s i t i v e  and 

negat ive  l i n e  charges can be associated w i t h  DL5 g i v i n g  

r i s e  t o  SCR  cylinder^'^-=^ (F ig .2- la ) .  

There a re  many i m p l i c a t i o n s  o f  t h e  l i n e  charge and 

the SCR f o r  c a r r i e r  t r a n s p o r t  i n  semiconductors. For 

instance,  t h e  ce lebra ted  Shock1 ey-Read-Hal 1  (SRH) 

theoryZ1 - "= o f  recombinat ion was found t o  be inadequate f o r  

exp la i n i ng  exper imental  da ta  on S i  and G e  showing a slower 

decay r a t e  o f  i n j e c t e d  c a r r i e r s  than p red i c t ed  by theory.  

Once it was recognized t h a t  t h e  Coulombic i n t e r a c t i o n  

between the  c a r r i e r s  and the l i n e  charge plays an impor tant  

r o l e  i n  determin ing t h e  recombinat ian k i n e t i c s ,  t h e  siow 

decay phenomena and t he  genera t ion  o f  1 / f  no i se  associated 

with D L s  cau ld  be explained. The e f f e c t  o f  t h e  SCR o f  D i s  on 

recombinat ion w a s  f i r s t  recognized by morris or^^'-^^ and t h i s  

basic i dea  was l a t e r  extended by o the r s  t o  accomodate bo th  

types o f  l i n e   charge^^".^^ . The e l e c t r o s t a t i c  f i e l d  around 
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DLs has been analysed by several authorsz' by solving the 

pgl sson equakion under various assumpti ons. In ai 1 the 

,na?yses the basic field variation around a DL is found to 

be  given by a logarithmic potential with an inner cut o i f  

point determined by the spacing between the dangling 

bonds (Fig.2-lb). It is usually argued that the electrons 

which contribute to the line charge are not distributed 

along DL at random but at equal distances because of their 

mutual repulsion. 

2.1.1 Half Filled Band (HFB) Model 

Following Shockleyfo, Shroeter and L a b u s ~ h ~ ~ * ' ~  

developed the present1 y accepted theory called the ha1 f 

filled band (HFB) theory for the electrical properties of 

DLs in semiconductors (Fig.2-2). Read's original 

t-heory16*17-'" assumes that DL states can be represented by 

a single level which is empty when the DL is in the neutral b 

state while the HFB theory assumes the DL state is half 

4 1  1:ed when neutral. Since the two theories start from two 

different assumptions the final results are also diSferent 

and obviously, the HFB theory enjoys the advantage of 

dccomudatit~g both types of line charges. Read's thecry was 

outdated by the experimental evidence f o r  the existence of 

both positive and negative line charqes indicated by 

respective b a r r i e r ~ l ~ - ~ *  associated with them. 

The experimental evidence for the HFB theory is 

m a i r l l y  from the Hall e f f e c t  data where the carrlsv- d e n s l t v  

i n  a sample is determined by measuring the Hall coef+iczent 



p,. Upon deformat ion t h e  c a r r i e r  dens i t y  changes due t o  

f i l l i n g  of DL  s ta tes .  The c a r r i e r  dens i t y  ( n  o r  p depending 

on t he  t ype  of  semiconductar) i s  s imply  g iven by, n,p =Ti 

/qRH. Measurements c a r r i e d  ou t  on d i s l o c a t e d  S i  and G e  

samples t o  s tudy  t he  temperature dependence of  c a r r i e r  

dens i t y  have been compared w i t h  t h e  t h e o r e t i c a l l y  ca l cu l a t ed  

values based on t h e  HFB model. Theo re t i ca l l y ,  the average 

values f o r  c a r r i e r  d e n s i t i e s  <n>  o r  $!p> a re  +ound by 

min imiz ing  t h e  f r e e  energy of t h e  system w i t h  respect  t o  the 

f i l l i n g  f a c t o r  f ( t h e  f r a c t i o n  o f  occupied s t a t e s  of t h e  DL  

s t a t es )  and t h e  Fermi energy EF. Very good agreement i s  

obta ined between t h e  exper imental  da ta  and t h e o r e t i c a l  

p r - e d i c t i ~ n s ~ ~ - ~ ~ .  

However, i t  has t o  be mentioned t h a t  t h e r e  is no 

comprehensive theory  o f  t h e  DL core  s t a t e s  due t o  t h e  l ack  

of  exper imental  da ta  reqard inq  t h e  atomic conf i g u r a t i u n  a t  

t he  core  o f  the d i s l oca t i ans .  Th i s  i s  a major obs tac le  f o r  b 

reai i s t i c  band s t r u c t u r e  ca lcu la t ione-=" .  

I n  a d d i t i o n  t o  t h e  e f f e c t  o n  t h e  f r e e  c a r r i e r  

dens i t y  DLs i n  semiconductors s t rong1 y  reduce t h e  

mobi l i  tiesz+ a t  low temperatures. The efiect i s  shown 

schematical 1  y i n  F ig .  2-3 ( a f t e r  Labusch and Shruetar") 

w h e r e  the temperature v a r i a t i o n  o f  the m o b i l i t y  f o r  a Ge 

sample is g iven  b e i o r e  and a f t e r  deformat ion whlch 

i nt rod~ i ces  DLs. The unaef ormed sample shows phocon 

s c a t t e r i n g  as t h e  predominant mechanism w h i l e  the  curve f o r  

the defo rmed sample is remin iscent  af i m p u r i t y  s c a t t e r i n g ,  

and i n  +act t h e  v a r i a t i o n  in m o b i l i t y  da ta  is exp la ined i n  



t e r m s  oi: scattering by DLs'.'. 

2.1.2 D ~ s l o c a t i o n  conductivity 

Ezperimental indications far electrical conduction 

along dislocations come from many areas oi physics. Mast of 

the significant evidence is due t o  groups working on 

microwave conductivity measurements on dislocated 

5ampl eS-z"' 5 5 ' " -  ' 5" - . Si samples with DLs up t o  lo9 z m - - ,  

intr-oduced by plastic deformation, have exhibited high 

anislotropies in microwave conductivity (at 9.5 GHz )=&.  

Anisotropies up t o  a ratio of 10 between t h e  a.c. 

conductivities parallel t o  and perpendicular t o  the 

dislocation directions have been reportedz9. The variation 

of d .  c. conductivity of these samples with temperature 

shows an activation energy of about 0.44 e V ,  and the results 

are interpreted as having DL levels 0.44 e V  above the 

valence band. Mantovani and P e n n i n ~ ~ ~  have shown that the 

dislocations produced by bending (plastic def ormatxon) 

introduce an energy level at 0.52 e V  above t h e  valence band 

i~ Si. However, there is some controversy regarding t h e  

exact values for t h e  energy levels of DL states in Si and 

Ge, and values between 0.3 t o  0.52 e V  above the valemce bard 

have been reported2'-Is. 

A parameter calied t h e  specific conductance s is 

used in 1 i ter-ature t o  describe the conductivity of t h e  DLs, 

which is de-fined as s = !/ R where is the length of the 

D L  and R is its resistance*'. Using low temperature 

microwave conductivity data s has been estimated t o  be 
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abo~.it 1 0  "' cm ohm-I f o r  S i  a t  4.2 K. Th is  i s  t h e  on l y  such 

ValLie a v a i l a b l e  i n  t he  li teraturei" .  

I n  an e legant  experiment perfurmed r e c e n t l y  by 

Yu.A. Osip 'yan i t  was shown t h a t  t h a t  t h e  microwave 

c o n d u c t i v i t y  o+ d i s l o c a t e d  samples i s  due t o  capture  o f  

c a r r i e r s  a t  DLsz'. S t a r t i n g  w i t h  h i g h l y  pure  undoped G e  

c r y s t a l s  he measured t he  microwave c o n d u c t i v i t y  o f  

undeformed as w e l l  as de+ormed samples where g rea t  care had 

been taken i n  f a r  no t  i n t r o d u c i n g  i m p u r i t i e s .  No s i g n i f i c a n t  

a.c*  c o n d u c t i v i t y  w a s  Cound i n  e i t h e r  one of t h e  samples 

a t  4.2 K. A neut ron  doping technique was then used t o  i n i t i a t e  

t.he p roduc t ion  o f  i m p u r i t y  (doping)  atoms through t h e  

f 01 l ow iny  r e a c t i o n  w i t h  thermal neutrons. 

1. Ge74 (n,  Y -Ge7" -As7" ( donor, 82 min) 

3 Ge-7h &.  in,  Y ) --Ge77 -As77 - b S e 7 7  (donor, 35 h r s )  

3.Ge7" (n, Y ) -Ge7I -Ga7= (acceptor ,  12 days) 

Knowing t h e  i s o t r o p i c  composi t ion of t h e  o r i g i n a l  sample, 

and t h e  produc t ion  pe r i od  o f  each f i n a l  product  s p e c i e s  

( r r td ica ted  above w i  t h ~ n  brackets) , one can cor r -e la te  t h e  

c o n d u c t i v i t y  w i t h  c a r r i e r  concent ra t ion .  S t a r t i n g  w l t h  an 

unduped sample a t  4.2 k he was ab le  t o  t u r n  i t  

into n-type f i r s t ,  and then i n t o  p-type, w h l l e  i n  between 

the  t r a n s i t i a n  i t  u n d e r ~ e p t  a  state where no f r e e  carriers 

were focnd. Fig.2-4 shows t h e  r e s u l t s  schemat ica l l y .  fit t he  



onset. na si0ni.f icant microwave conductivity is observed 

because there are no free carriers available for capturing 

at DL states, and thereafter the conductivity Tallows the 

carrier pr-of ile available for capturing. 

2.2 _ _ Grain __ _ . boundary _ studies _. 

A s  it was mentioned earlier, a qrain boundary can 

be considered as an array of dislocations distributed on a 

p l a f > e .  Hence, most probably, the properties of grain 

boundaries may reflect the electrical behavior of 

dislocations. 

By electrochemical means, Morrison and Loo"'-3" 

!-tave obtained experimental evidence which i s very much 

indicative of carrier transport along grain boundaries in 

polycrystalline silicon. They employed chemical species 

having suitable energy levels in an electrolyte so that 

holes can be injected selectively into the sub-band ~ a p  

grain boundary states while avoiding injection into the 

valence band. Suc1.1 "tuning in" to the energy levels i n  

the band gap was made possible by their previous work 

regarding the position oS band edges in silicon with 

respect  to a standard calomel electrode (SCE) .  

Following Morrison and Loo, Sears."' used the same 

method to con+irm their findings and showed that szmilar 

results are obtained with a mechanically damaged labi-aaed 

with a polishing powder) sampf eZ9. This same technique has 

been used by the group in University o+ Gent, Belgium for 

confirming the iindings of this thesics, and their results 



% r p  discussed in Chapter 6. - 
The b a s i s  o f  t h e  e lec t rochemica l  technique 1s as 

Sollows. I t  has been es tab l i shed  t h a t  t h e  f l a t  band 

of p - s i l i c o n  w i t h  respect  t o  t h e  SCE i s  g iven by 

E+.,= 0.35 - 0.035P i n  eV a t  a  g iven pH va lue  P o f  t h e  

e l e c t r a l y t e .  So, by knowing t h e  pH va lue  o f  t h e  e l e c t r o l y t e  

and us ing  a couple of chemical species (a so-ca l led  r-edox 

coupie)  of known e l ec t r ode  po ten t l a1  !ED) w i t h  respect  t o  

SCE, one can cons t r uc t  a band d iag ran  where t he  energy l e v e l s  

o+ t he  r e a c t i v e  species can be i n d i c a t e d  r e l a t i v e  t o  t h e  

band edges o f  Si (F ig.  2-51. 

Exami n i  nq F ig.  2-5 one can expect t h a t  Fe" (aquoi 

should i n j e c t  holes,  i-e. cap tu re  e l e c t r o n s  f r o m  the 

valence band, i n t o  t h e  valence band but ,  Fe+=EDTA (e thy lene  

diamine t e t r a a c e t i c  ac i d )  should not ,  and a l l  t h e  species 

should be a b i e  t o  i n j e c t  ho l es  i n t o  g r a i n  boundary l eve l s .  

Resu l ts  of measuring the  reverse cu r ren t  ( ca thodxca l l y  b 

biassed w i t h  respect  t o  SCE) o f  a  p o l y c r y s t a l l i n e  s i l i c o n  

e lec t rode  a re  shown i n  Fig.2-6 w i t h  and w i thou t  Fe+"(EDTA) 

i n  t h e  e l e c t r o l y t e .  As Mor r ison and LoozD argue t h e r e  a re  

two poss i b l e  causes f o r  t h e  o r i g i n  o f  t h e  e x t r a  cu r ren t  
I 

observed i n  curve  b )  compared t a  a ) .  O n e  is t he  space 

charge genera t ion  of  m i n o r i t y  c a r r i e r s  a t  g r a i n  bcundarres 

wh i l e  t h e  o the r  i s  t h e  h o l e  i n j e c t i o n  i n t o  t h e  g r a l n  

boundary l e v e l s  from t h e  s o l u t i o n .  By t h e  i o w  reverse  

cu r ren t  observed i n  t h e  s i n g l e  c r y s t a l  one can r u l e  ou t  t h e  

p ~ s ~ i b l l l  t y  of h o l e  i n j e c t i o n  from pro tons  in s o l u t i o n  t o  

the ~ a l e n c e  band. I n  t h e  presence o f  Fe+'(EDTA) i n  t h e  



~alutlon an additronal current component is observed. 

Since the mere presence of Fe'"(EDTA1 can not increase the 

SCR generatinn, and since with single crystal Fe+"(EDTA) 

does not inject holes into the valence band, it is 

concluded that a) holes are injected into grain boundary 

levels and b )  these holes are conducted along grain 

boundaries to the bulk and c) they are thermally activated 

into t h e  valence band. 

Direct electrical conductivity measurements by 

Miremadi and Morrison40 on pol ycrystall i ae si 1 icon samples 

(four probe measurements parallel to and perpendicular to 

grain boundaries) with Fe precipitated on tc the boundaries 

also indicated the possibi 1 ity of grain boundaries having 

an electrical conductivity that decreased with iron 

concentration in the defects. This type of conductivity has 

been suggested by several authars p r e v i o ~ t s l y ~ " - ~ ~ ,  and has 

been reviewed recent1 y by M a t a ~ - e ~ " - ~ ~ .  A similar situation L 

could justifiably be expected from DLs in silicon. 

z2-3,. Effect of DLs on Devices 

The most studied effect of DLs on semiconductors, 

judging From the volume of publications, is recombination 

of carriers. Minority carrier 1 if etime in semiconductors 
- 

has been found to be inversely proportional to the density 

04 DLs"-"". This adverse1 y affects the performance of most 

' Optoe'lectronic devices. The efficiency of Gal--..Al,As 1 ight 

P- 
$2 emitting diodes fLEDs) has been found to be lowered b y  the 

Presence of DLs4", and recombination at DLs has been shown 
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t o  e x p l a i n  t h e  behavior by analyzing t h e  da ta  i n  terms of a 

cjetai l E I ~  models". Scanning e l e c t r o n  microscopic  techniques 

such as e l e c t r o n  beam induced cu r ren t  ( E B I C )  and cathode 

luminescance (CL) have been used t o  show t h a t  t he re  i s  a 

l : i  correspondence between t h e  observed dark spots i n  

el ee t r o l  umi nescence maps and d i s l o c a t i o n s  i n  Gapsi which 

conf i rms  c a r r i e r  recombinat ion a t  such defects .  

Recomb ina t i~n  a t  DL5 created a t  t h e  i n t e r f a c e s  due t o  

l a t t i c e  mismatch between t h e  subs t r a te  and t h e  e p i t a x i a l l y  

grown GaAs w a s  r e c e n t l y  shown t o  reduce t h e  convers ion 

e f f i c i e n c y  o f  t h i n  f i l m  s o l a r   cell^^'-^'. 

Other major d e l e t e r i o u s  e f f e c t s  assocrated w i t h  

DLs which have rece ived  much a t t e n t i o n  are  t h e  e l e c t r i c a l  

breakdown o f  j u n c t i o n  devices a t  DLS~~-~', h igher  leakage 

cu r ren t s  i n  pn  junction^^^-^^-^^ (usual  1 y exp la ined i n  terms 

of recmmbination/gcneration centers )  , lower ing  o t  t r a n s i s t o r  

gains9 and poor performance of s o l i d  s t a t e  lasers5'. A b 

much l e s s  s t ud i ed  e f f e c t  i s  t he  shunt ing  o f  pn j u n c t l o n  ( o r  

a s o l a r  c e l l )  due t o  a DL th read ing  through i t .  Tn a recen t  

study on s i l i c o n  diodes where D L s  have been in t roduced 

b y  p l a s t i c  deformat ion, N i t e c k i  and Pohorylesi" assumed 

t he  p o s s i b i l i t y  o f  conduct ion a long DL5 t o  e x p l a i n  

t h e i r  photocapaci tance and dark cu r ren t -vo l tage  data a t  

l i q u i d  n i t r o g e n  temperature. Since t h e  l i n e  de fec t=  w e r e  

in t roduced by de+ormation they were d i s t r i b u t e d  thraugh out  

the  samples and, accord ing ta t h e  authors,  cons is ted  of 

0 

shor t  loops o r  segments (about 1000 A ) .  

The s h u n t ~ n g  o f  such a ju r rc t ion  by g r a i n  



2.4 The MIS Solar Cell - - - - - - - - - - - - - -- - 

Metal -insulator-semiconductor structures have 

become technalsgical ly very important durzng the past decade 

due tu the  diverse possible applications, for instance, 

salar cells and p h o t o d i ~ d e s ~ l * ~ ~ - ~ ~ ~ ~  , surf ace axi de 
 transistor^^^, imaging devices6&, switching devices6' and 

gas d e t e c t ~ r s ~ ~ * ~ ~ .  Consequently, the properties of the M I S  

structures have been under study for some time by a large 

number of workers. A major incentive for the use of the M I S  

structure is its simplicity of fabrication, where only low 

temperature processes are involved, compared to conventional 

pn junction solar cells where high temperature diqfusion 

bacindaries has been analysed by Morrison6". A model was 

presented to show that the solar cell performance can be 

degraded due to carriers conducting along grain boundaries 

if they possess a suitable sheet conductivity. A similar 

approach will be adapted in the course of the analysis in 

this thesis. However, the mathematical model will be quite 

different here partly due to the different physical 

conditions that give rise to different boundary conditions. 

The major difference will be the finite length of the 

defects considered which are primarily concentrated at the 

surface of the cell. 4s will b e  shown, comparing the 

studies of Nitecki and Pohorolyse and that of Morrison, this 

imparts an added advantage both experimentally and 

theoretically for observing carrier conduction along 

dislocations. 



processes have t o  be employed. 

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

0 
th:n ( < 30 A )  i n s u l a t o r  sandwiched between a metal and a  

semiconductur. F ig .  2-7 shows a  t y p i c a l  phys i ca l  s t r u c t u r e  

o f  such a  c e l l .  A s  w i t h  any o the r  t ype  o f  s o l a r  c e l l  t h e  

opera t ion  of an M I S  c e l l  r e s t s  on t h e  ex i s tence  o f  a  b u i l t  

ln e l e c t r i c  f i e l d  which can separate photoproduced 

e lec t ron -ho le  p a i r s  be fo re  they  recombine. F ig .  2-8a shows 

t he  band diagram f o r  an Al-Si0,-psi c e l l  a t  zero  b ias.  The 

e l e c t r i c  f i e l d  ( ~ r  t h e  band bending) i s  c rea ted by t o  t he  

d i f f e r e n c e  between t h e  work f u n c t i o n s  o f  t h e  metal and t h e  

semiconductor, and t h e  r e g i o n  where t h e  f i e l d  e x i s t s  i s  

ca i  l e d  t he  space charge r e g i o n  (SCR) . However, t he  f i x e d  

charges i n  t h e  i n s u l a t o r  a l s o  p l a y  an impor tan t  r o l e  i n  t h e  

e l e c t r o s t a t i c  c o n f i g u r a t i o n  o f  t h e  device. I n  f a c t ,  i t  1s 

now accepted t h a t  t h e  p o s i t i v e  charges i n  SiO, l a y e r  

augment t h e  f i e l d ,  enhancing t h e  vo l tage  t h a t  can be 

developed across t h e  s t r u c t u r e  when i l l um ina ted .  The f a c t  

t h a t  one ob ta i ns  a  lower vo l t age  i n  an n-Si s t r u c t u r e  than 

i n  a p-Si i s  expla ined by t h e  presence of these charges i n  

t h e  insulator6' .  

I n  t h e  p a r t i c u l a r  s t r u c t u r e  t h a t  we a re  i n t e r e s t e d  

i n ,  t h e  low work f u n c t i o n  o f  A1, 4 - 1  (=3.2 e V )  induces an 

i n v e r s i o n  l a y e r  a t  t h e  p-Si su r face  near zero  b i a s  ( a t  

e q u i l i b r i u m )  where t h e  Fermi l e v e l  o f  S i  (EFs) co inc ides  

w i t h  t h a t  o f  A1 (EFM) (Fig.2-8a). The e l e c t r o n  a f f i n i t y  o i  

S i  x i s  a l s o  3.2 eV, hence t h e  metal Fermi l e v e l  is 

almost a l i gned  w i t h  t h e  edge o f  t he  conduct ion band of 



C. s l h i  . T h e  e l e c t r o n  concent ra t ion ,  which i s  g i ven  by t h e  

Ferini -Dirac d i s t r i b u t i o n  i n  t h a t  i t  depends on t he  energy 

d i f f e rence  between t h e  conduct ion band and t h e  Fermi l e v e l  

of  t h e  semiconductor, i s  h i g h  a t  t he  surface. Th is  induced 

i n v e r s i o n  l a y e r  a c t s  l i k e  a source o f  e l e c t r o n s  so t h a t  t he  

M I S  s t r u c t u r e  can be e f f e c t i v e l y  considered as an n'p 

j unc t i on  prov ided t h a t  t h e  i n s u l a t o r  i s  t h i n  enough fur  

e l ec t r ons  t o  tunne l  through i t  w i thou t  hindrance" .&'-'". 

2.4.1 Current-Vol  tage C h a r a c t e r i s t i c s  

T h e  c a r r i e r  t r a n s p o r t  i n  MIS s o l a r  c e l l s  has 

rece ived  wide a t t e n t i o n  and has been anaiysed by many 

workers emphasisinq d i f f e r e n t  phenomena. The e f f e c t  oS t he  

sur face  state^''-^'-^^, t h e  e f f e c t  o f  t h e  ox ide  charges7", 

recombinat ion i n  t he  space charge region7", mu l t i - s t ep  

t u n n e l l i n g  through de fec t s  i n  t h e  insu la to r76 ,  back su r face  

f i e l d  and i n v e r s i o n  l a y e r   effect^^=*^^ are  some L 

among them. 

However, i t  is w e l l  es tab l i shed  t h a t  t h e  c a r r i e r  

t r a n s p o r t  between t h e  metal  and t h e  semiconductor is by 

quantum mechan~cal  tunne l i ng ,  and genera l l y ,  i t  i s  t r e a t e d  

us ing  t he  WKB a p p r o ~ i r n a t i a n ~ " - ~ ~ .  T h e  cu r ren t  t r anspo r t  ~n  

I t he  s t r u c t u r e  1s i n d i c a t e d  i n  Fig.2-8 where b )  a t  a  smal l  

forward bias (p-Si p o s i t i v e  w i t h  respect  t o  41 , c) a t  a 

I 
I h i gh  fo rward  b i a s  and d)  a t  reverse  bias (p-Si negat ive  w l t h  

respect  t o  A l l .  The e l e c t r o n  p a r t i c l e  cu r ren t  i s  always 

oppos i te  t o  t h e  d i r e c t i o n  of t h e  convent ional  cu r ren t  shown 

i n  Fig.2-8. T h e  d i f f e r e n c e  between t h e  metal Fermi energy, 



E+n a n d  t h e  e d g e  o f  t h e  v a l e n c e  b a n d ,  known as t h e  b a r r i e r  

h e i g h t  at,,, ( f o r  m a j o r i t y  carr iers)  is  r e l a t i v e l y  h i q h  i n  

this s t r u c t u r e .  S i m i l a r l y  a b a r r i e r  h e i g h t  f o r  t h e  

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

b e t w e e n  EFn a n d  t h e  e d g e  o f  t h e  c o n d u c t i o n  b a n d  Eca. The  

m a j o r i t y  car r ier  t u n n e l  c u r r e n t  J, is g i v e n  b y  

w h e r e  A," = 4nm,qk2 /h" ,  m, is t h e  e f f e c t i v e  h o l e  m a s s ,  k 

is t h e  B o l t z m a n n  c o n s t a n t ,  :<, is t h e  h o l e  a f f i n i t y  o f  S i ,  d 

is t h e  t h i c k n e s s  of  t h e  i n s u l a t o r ,  V is t h e  a p p l i e d  v o l t a g e  

a n d  T is t h e  t e m p e r a t u r e B 0 .  

Ey s t u d y i n g  t h e  c u r r e n t  t r a n s p o r t  p r o p e r t i e s  of 

Al-Sit) , -psi  s t r u c t u r e  b o t h  t h e o r e t i c a l 1  y  a n d  e x p e r i m e n t a l l y  

G r e e n  e t .  d l .& '  h a v e  shown t h a t  when d  < 20 A t h e  m i n o r i t y  

carr ier  c u r r e n t  d o m i n a t e s  t h e  d a r k  c u r r e n t - v o l t a g e  

c h a r a c t e r i s t i c s  s i m i l a r  t o  t h e  case o f  a n + p  j u n c t i o n .  

This c a n  b e  seen by t h e  e x p r e s s i o n  f o r  t h e  m a j o r i t y  sarrier  

c u r r e n t  t o o .  S i n c e  t h e  b a r r i e r  h e i g h t  f o r  m a j o r i t y  carr iers  

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

s u p p r e s s e d  d u e  t o  the e x p o n e n t i a l  t e r m s  i n  Eq.2-1. 

I f  the i n s u l a t o r  is s u f f i c i e n t l y  t h i n  t h e  c u r r e n t  

w i  1 i b e  p r e d o m i n a n t l y  c a r r i e d  b y  m i n o r i t y  car r ie r  

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

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

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

f o r  a o n e  s i d e d  j u n c t i o n  as 



where JCI = qD,n,JL,, D, and L, a re  t h e  m i n o r i t y  

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

d i f f u s i o n  l e n g t h  i n  p-Si, r e s p e c t i v e l y ,  and no i s  

t h e  equi 1  i br ium e l e c t r o n  concent ra t ion .  no can be expressed 

as no = niz'/Nn where ni i s  t h e  i n t r i n s i c  c a r r i e r  

concen t ra t i on  in p-S i  a t  room temperature and Na is i t s  

acceptor concent ra t ion .  

An M I S  s t r u c t u r e  can be c l a s s i f i e d  e i t h e r  as a 

m i n o r i t y  c a r r i e r  s t r u c t u r e  o r  a  m a j o r i t y  c a r r i e r  s t r u c t u r e  

accord ing t o  which t ype  o f  c a r r i e r s  dominates t h e  t ransport  

i n  the  dark7-. By s e l e c t i n g  a low work f u n c t i o n  metal and 

p -S i  o r  h i g h  work f u n c t i o n  metal  w i t h  n-Si one ob ta i ns  a 

m i n o r i t y  c a r r i e r  dev ice  wh i le ,  conversely,  a h i g h  work 

f u n c t i o n  metal w i t h  p-Si o r  low work f u n c t i o n  metal w i t h  n- L 

S i  renders a m a j o r i t y  c a r r i e r  device. It i s  of i n t e r e s t  t o  

no te  t h a t  t h e  r e s u l t i n g  m i n o r i t y  c a r r i e r  dev ices a re  

e l e c t r o n i c a l l y  quite s i m i  1  a r  t o  convent ional  pn junc t ions .  

The dark c u r r e n t  has t w o  o the r  p a r a s i t i c  

components: one be ing  t h e  recombination/genaration cu r ren t  

i n  t h e  space charge reg ion ,  J,,, g iven  by the Shockley-Noyce- 

Sah theorye2 as 

where JCo = qn,W/ 2, W is t h e  w id th  of t h e  SCR, and t i s  



t h e  m l n o r i t y  c a r r i e r  l i f e  t ime. The o the r  component is t h e  

recombinat ion cu r ren t  due t o  sur face s t a t e s  Jc4 which can be 

general  1 y expressed as75-"3 

where at i s  t h e  c a r r i e r  cap tu re  c ross  sec t i on  GC t he  

su r face  s ta tes ,  v t  i s  t h e  thermal v e l ~ c i t y  o f  c a r r i e r s ,  N t  

is t h e  dens i t y  af t h e  su r face  s t a t e s  per  u n i t  area and ns 

is t he  sur+ace concen t ra t i on  of e lec t rons .  e and vt  f o r  

bath e l e c t r o n s  and ho les  a r e  assumed t o  be t h e  same here. 

T h e  t o t a l  dark c u r r e n t ,  J, can be w r i t t e n  as 

and u s u a l l y  t h i s  is expressed as one exponent ia l  term by 

L 

i n co rpo ra t i ng  a  q u a n t i t y  c a l l e d  t h e  device q u a l i t y  +ac to r ,  n 

where n I:> 1. Then we have 

where Jad i s  t h e  s a t u r a t i n g  dark cu r ren t  dens i t y .  

When l i g h t  sh ines  on t h e  device t h e  photocur ren t  

due to m i n o r i t y  c a r r i e r s  will f l o w  i n  t h e  oppos i te  

d i r e c t i o n  t o  t h e  forward dark cu r ren t  (Fig.2-9). To o b t a i n  

good performance the fo rward  cu r ren t  o f  the celj should be 

kept minimum. The t o t a l  c u r r e n t  under i l l u m i n a t i o n ,  Jl -  i s  

i kt-en obta ined us ing  t h e  superpos i t i on  p r i n c i p l e  which 

k 



s ta tes  t ha t  t h e  i l l u m i n a t i o n  cu r ren t  dens i t y  of a  s o l a r  

c e l l  a t  a g i ven  b i a s  ( vo l tage)  i s  g iven by superposing t h e  

shor t  c i r c u i t  cu r ren t  (Jsc)  of t h e  dev ice  t o  t h e  dark 

cu r ren t  (Je) a t  the same b ias .  The va31d i ty  o f  t h i s  

principle has been examined by severa l  au thors  and has been 

iound t o  be good even i n  t h e  presence of recombination I R  

the SCRH4. Then i t  f 01 lows t h a t  

Usua l ly ,  f o u r  parameters a r e  de f ined  f o r  

cha rac te r i z i ng  s o l a r  c e l l  ou tpu t .  They are t h e  sho r t  

c i r r u i  t c u r r e n t  dens i t y  ( J s c ) ,  t h e  open c i r c u i t  vo l tage  

( V o c ) ,  t h e  f i l l  f a c t o r  (FF) and t h e  e f f i c i e n c y  ( T ) ) .  

The Jsc i s  t h e  cu r ren t  dens i t y  under i l l u m i n a t i o n  a t  sho r t  
L 

c i r c u i t  c o n d i t i o n s  which should i d e a l l y  be equal t o  t h e  

photogenerated cu r ren t  d e n s i t y  ( J P H )  , t h e  vo l t age  

measured a t  open c i r c u i t  c o n d i t i o n s  i s  V a c  and i s  

expressed by  

which is obta ined by s e t t i n g  JL = O i n  Eqn.(2-8). T h e  

FF is de f ined  as 



where V n p  and JnP a r e  the voltage and the current density 

at the particular paint on the current-voitage 

charac terl st ics where maxi mum power is generated (Fig. 2-9). 

The maximum conversion efficiency, of the devrce is then rl 
given b y  

where PIN is t h e  power density of the  incident light on the 

cell. 

Very highly efficient MIS c e l l s  have been 

fabricated using Si, the  highest reparted so far being 

17.6% at AM0 i 1 lumination by Godf rey and Greena'. The term 

AM0 refers to solar illumination. It is customary ta L 

express so la r  illumination in a i r  mass numbers (AM)  to 

describe the attenuation by t h e  atmosphere. The AMn 

i 1 1  umi nat i on corresponds to an average solar i l l umi n a t i  on 

when the sun is at a n  angle 0 t o  overhead where n = l/cosO. 

Hence, AM2 is when the sun is at hGO to averhead. The term 

AM0 is defined a s  the illumination just out side k h e  

atmosphere. 

2.4.2 The capacitance uf MIS structure 

The differential capacitance of an n'p junction is 

g i v e n  byB5 



where es is the permittivity of the semiconductor 

and NA is the acceptor density in the semiconductor. Eqn. (2-13) 

can be rewritten as 

A plot of 1/C2 vs. V (called a Matt-Schottky plot) will, 

therefore, be a straight line with a slope inversely 

praportlonal to Nn and an intercept of --Vbx + k T / q .  

Theref ore, capacl t y  measurement will enable detcrmrnation of 

the barrier height VbO since it is related to V b x  by 

where p = EFS - E y g a 6 .  

In an actual M I S  structure the oxide and surface 

states will add complications to this simple picture. 

Fig.2-10a shows the equivalent circuit f o r  an MIS structure 

which takes both of these into account. Cox is the capacity 

due to the oxide (insulator), C s c n  is the capacity due to 

the SCR. CS and R R  are the capacity and resistance 

associated with the surface states which are used to define 

a life t i m e  characterizing them by ts = KwCs. BV choosing a 

frequency, f which is large compared to l/ts one can avoid 
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the e f f e c t s  o f  t h e  s u r f a c e  s t a t e s  I n  p r a c t i c e  (Fiq.2-lob). 

T h i s  can h e  easily shown by  c a l c u l a t i n g  t h e  e q u i v a l e n t  

values f o r  a p a r a l l e l  c o m b i n a t i o n  of a r e s i s t a n c e  a n d  a 

capacitance a n d  t h e n  e x a m i n i n g  t h e l r  b e h a v i o r  a t  h i g h  

f r e q u e n c y .  The  c a p a c i t a n c e s  g i v e n  a b o v e  f o r  t h e  s y s t e m s  c a n  

b e  e x p r e s s e d  a s  f 01 l o w s :  

a n d  C o x  = e r > / d  (2-17) 

w h e r e  es a n d  en d e n o t e  t h e  p e r m i t t i v i t i e s  of t h e  

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

thickness o f  t h e  o x i d e  a n d  WscR, t h e  SCR t h i c k n e s s  g i v e n  by 

m 
F o r  a t h i n  ( 20 A )  o x i d e  t h e  i m p e d e n c e  d u e  t o  Cox is 

n e g l i g i b l e  c o m p a r e d  t o  t h a t  of  CSCR. H e n c e ,  at h i g h  

f r e q u e n c y  (-100 kHz)  t h e  M o t t - S c h o t t k y  p l o t  c a n  b e  u s e d  

t o  d e t e r m i n e  t h e  b a r r i e r  h e i g h t .  

C h a r l s o n  a n d  L i e n A i  h a v e  u s e d  t h r e e  i n d e p e n d e n t  

m e t h o d s  i n c l u d i n g  t h e  M o t t - S c h o t t k y  p l o t  t o  evaluate t h e  

a 
b a r r i e r  h e i g h t  i n  a n  MIS s t r u c t u r e  w i t h  d = 20 - 40 A ,  a n d  

t h e y  h a v e  shown t h a t  t h e y  a l l  y i e l d  n e a r l y  t h e  s a m e  v a l u e .  

I n  t h e  p r e s e n c e  o f  a n  i n v e r s i o n  l a y e r ,  as 

m e n t i o n e d  earl  ier ,  Shewchun e t .  d l .  h2 h a v e  shown t h a t  

Eqn.2-14 t a k e s  t h e  f o r m  



where V, = qNeWo/es with Wo being t h e  w i d t h  of the SCR at 

thermal equilibrium ( at zera bias). Furthermore, they show 

t h a t  the total w i d t h  o f  t h e  SCR a t  a bias V is given by 

The v a l u e  o f  t h e  surface potential needed t o  invert t h e  

s u r f a c e ,  V i m ,  is given bywa 

And since it h a s  been shown that the conduction band and 

t h e  metal (41) Fermi level are aligned with e a c h  other, an 

appl i e d  bias will mainly appear as an increment of t h e  b 

w i d t h  oS t h e  space charge region. Moreover, i t  is generally 

known that the thickness of the  inversion layer 1s quite 

small cornpar-ed t o  t h a t  of the 

c o n t r ~ b u t i o n  o f  the inversion 

capacitance can be neglected. 

the experimental 1 y determined 
- 

SCRB9. Hence, t h e  

layer t o  the device 

In this approximation, i +  

V, is larger than V.,, 

(given by Eqn. 2-21) one can ascertain that t h e  surface is 

inverted. 
L 
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line 

Fig.2-la The line charge of a 
charge region (DSCR) 

dislocation and the cylindrical space 
around it. R is the radius of the SCR. 

Fig.2-lb The potential of a dislocation has a logarithmic form. The 
inner cutoff point, r, is assumed to be few angstroms. 
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Fig.2-2 The half filled band (HFB) model. 
(a) A neutral dislocation. 
(b) A positively charged dislocation. 



Fig .2-3  The v a r i a t i o n  o f  t h e  m o b i l i t y  o f  a  Ge sample i s  shown 
schema t i ca l l y  b e f o r e  and a f t e r  deformation.  

(a )  llndeformed 
(11) Deformed . 
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Fig.2-4 The r e s u l t s  o f  O s i p l y a n l s  experiment a r e  i n d i c a t e d  s chema t i ca l l y .  
(a)  The v a r i a t i o n  of  c a r r i e r  d e n s i t y  wi th  t ime a f t e r  i r r a d i a t i o n  

o f  Ge sample w i th  neu t rons .  
- (b) The cor responding  v a r i a t i o n  of  microwave c o n d u c t i v i t y .  
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Fig .2-5  The band diagram o f  p - type  p o l y s i l i c o n  ( a t  p113) showing r e l a t i v e  
+2 + 3  

p o s i t i o n s  of  ( ~ e + * / F e + ~  EDTA, ~ e + ~ / F e + ~  cyanide and Fe /Fe 
aquo) redox couples  
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Fig.2-6 Reverse bias current-voltage characteristics for p-type 
polycrystalline with and without F~I'I EDTA in solution. 
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Fig.2-7 The structure of a metal - insulator - semiconductor 
(MIS) solar cell. 



Fig.2-8 The band diagram f o r  an  A1-SiO - p s i  MIS s r u c t u r e .  
X 

(a) A t  zero b i a s  
(b) A t  a  smal l  forward b i a s  
(c) A t  h igh  forward b i a s  
(d) A t  r e v e r s e  b i a s  

+bois  t h e  b a r r i e r  h e i g h t  a t  ze ro  b i a s .  The i n v e r t e d  s u r f a c e  
g ives  rise t o  a  mino r i t y  c a r r i e r  dev i ce  a t  r e v e r s e  b i a s  and 
a t  small  forward b i a s .  

The work f u n c t i o n  o f  A l ,  cpAl = 3 . 2  eV 

The e l e c t r o n  a f f i n i t y  o f  S i ,  X = 3 . 2  eV S  i 
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Fig.2-9 The current - voltage characteristics of a solar cell. 
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Fig.2-10 The equivalent circuit for an MIS structure. At higher 
frequencies, f > l / ~  (T= R C ) the circuit a) reduces 

S S 
to c). 



CHAPTER I X I  

EXPERIMENTfiL 

3.1 Generation of  d is loca t ions  

It i s  wel l  known t h a t  d is loca t ions  can be 

introduced i n t o  a c rys ta l  by p l a s t i c  d e f ~ r m a t i o n ~ . ~ ~ .  With 

s i l i c o n  t h i s  i s  ca r r i ed  out a t  temperatures > 700•‹C i n  a 

bending apparatus. However, great  care has t o  b r  taken t o  

avoid in t roduc ing impur i t i es  t o  the  sample because a t  these 

temperatures the  d i f f u s i v i t i e s  o f  the  impur i t i es  are high 

(such as Fe, Cu etc,).  Hence deforming the  samples has t o  be 

car r ied  out i n  a vacuum. 

Another method of  generating d is loca t ions  i s  

lapping the  sur f  ace of  the  sample w i th  an abrasive 

powder9I *92 .  This method minimizes the  problem of impur i ty  

d i f f u s i on  s ince i t  i s  ca r r i ed  out  a t  room temperature. Tho 

' 
d is locat ions so produced are i n  the  form of  loops since9' a 

d is loca t ion  has t o  s t a r t  and end a t  a surface (Fig.3-1). 

The exact morphology i s  not  wel l  known i n  t h i s  case but, 

presumably, i t  i s  a m i x  of both edge type as wel l  as screw 

type d is loca t ions  (see sect ion 1.1). This method i s  idea l  

f o r  studying d is locat ions w i t h  solar  c e l l s  since the 

generated d is locat ions are concentrated a t  t he  surface of 

the sample. I n  contrast,  p l a s t i c  deformation produces 

d is locat ions throughout the  bu l  k of the  sample. 



3.1.1. The depth of damage. 

A wealth of  evidence i s  found i n  the  l i t e r a t ~ r r ~ ~ - ~ ~  

which shows t h a t  the  depth of  damage produced by 

mechanically abrading a semiconductor i s  comparable t o  the 

diameter of t he  p a r t i c l e s  used f o r  lapping. Semiconductors 

such as Ge, S i ,  ZnO, T i O n ,  GaAs, InSb, Gap, InAs and GaSb 

have been invest igated w i th  po l i sh ing  powders such as 

diamond, Sic and A l z O 3  of  var ious s izes ranging from 0.3 t o  

70 p. 

There are a l a rge  number of  experimental techniques 

f o r  determining the depth of  damage but  they a l l  f o l l ow  the  

same basic method01 ogy. F i r s t  , a physical o r  chemical 

property (eg. I R  ref lectance, conduct iv i ty ,  x-ray l i n e  

broadening, etch ra te ,  photomagnetoelect r ic~ l  (PME) voltage) 
b 

of the  mater ia l ,  which has a d i f f e r e n t  value i n  the  

bu l  k than i n  the  damaged layer  i s  selected. The sample i s  

weighed and t ha t  selected property i s  measured, a t h i n  layer  

of the  surface i s  etched away, the sample i s  reweighed and 

remeasured. This sequence i s  repeated u n t i l  there i s  no 

fu r the r  change i n  the  measurement of  the selected property 

i nd i ca t i ng  the  undisturbed bulk  has been reached. Knowing 

the  density and the  surface area of  the  sample the  thickness 

of successively removed layers  can be calculated. Then a 

parameter representing the  selected property i s  p l o t t ed  

against t he  thickness of t he  incremently removed layer  and a 

curve s im i la r  t o  one shown i n  Fig.3-2 i s  obtained. The 



saturating point (point a) indicates the thickness of ths 

damaged region where the dislocations are found. 

3.1.2. Determination of density of dislocations. 

There are a variety of techniques for determining 

the density of dislocations in a sample, out of which 

"etch pit" counting was selected because of its 

simplicityge. In this standard method the sample is 

treated with a preferential etching solution which removes 

atoms at different rates in different crystallographic 

directions (Fig.3-3). The final result is the formation of 

etch pits where dislocations intersect the surf ace. Since, 

one-to-one correspondence has been establishedge between 

the dislocations and etch pi t e  the denri ty of dislocations 

can be determined by establishing the density of etch pits. 

This is usually done by counting the mtch pits after 

obtaining a scanning electron micrograph of ths prepared 

surf ace. 

3.1.3 Experimental. 

A11 experiments described in this thesis were 

carried out using p-type ( boron doped single crystal 

silicon wafers of <100) orientation, obtained from METEK 

(Silicon Material Division, California). The resistivities 

of the wafers were in the range of 2 - 10 ohm cm and their 
thicknesses were 525 +/- 25 pm. Initially, the wafers were 

cut into 1 em squares in such a way that the surface which 

has been polished by the manufacturer to a mirror-like 
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finish war kept intact, so that the starting materials were 

in principle of zero dislocation density. These cut pieces 

were degreased by rinsing, sequentially, in a series of 

cleaning 1 iquids, viz, trichloroethylrne, acetone, methanol 

and water. Then they were etched in 48% hydrofluoric acid 

for one minute, to remove their native oxide, and washed in 

distilled water. 

A slurry of polishing powder in water was prepared 

with agglomerate-+ ree alumina powder obtained f rom Bai kalox 

Corporation, California. The slurry was kept in an 

ultrasonic bath for about 10 minutes to make sure that the 

A1 203 particles were we1 1 dispersed without agglomeration. 

About 2 ml of the slurry was immediately transferred on to a 

clean glass plate and the shiny side of a cleaned silicon 

piece was hand lapped on this A 1 d 3  suspension for 1 

minute. The sample was thoroughly cleaned with deionized 

water after lapping, and the alumina particles still 

adhering to the surface were removed by ultrasonicating for 

about 3 minutes. This procedure was repeated with A1203 

powder of different sizes viz, 0.05 pm, 0.1 pm, 0.3 pm and 

1 pm to prepare samples with dislocations penetrating 

various depths into the sample surface. 

Dash etch9 which is composed of one part of HF, 3 

parts of HN03 and 10 parts of acetic acid was used for 

revealing the dislocations. A pilot experiment had to be 

done to determine a suitable etching period for the samples 

because etching for longer time will give an unrealistic 

value by joining more than one etch pit together while on 



the other hand, if  too shorter period of time is used the 
0 

dislocations will not be revealed at all. A 200 A thick 

gold layer was evaporated on the lapped surface of the 

samples to avoid imaging problems due to electrostatic 

charging when using the SEM for obsrevations. Qualitatively 

observing the SEM micrographs of damaged silicon samples 

obtained after etching them for various periods of time, it 

was determined that 20 second is the optimum etching period. 

3.2 Sample Preparation 

There are three major steps in fabricating an MIS 

solar cell namely, a) preparing an oxide layer of suitable 

thickness on the semiconductor, b) depositing a thin 

transparent metal film on the oxide and c) making electrical 

(ohmic) contacts to the top metal layer as well as the back 

side of the semiconductor. b 

3.2.1 The insulator and its thickness measurement. 

The oxide was grown thermally on silicon using a 

Lindberg furnace (2900 W )  and its thickness was measured 

el 1 ipsometricall y. The required thickness of the oxide layer 
0 

on the surface of silicon is < 20 A. Ellipsometry, baing a 
0 

very sensitive ( up to 1 A) and a non-destructive 

technique, is the standard method of determining the 

thickness of oxides in this range99. Gaertner model 

L116A-85F dual mode automatic ellipsometer at Microtel 

Research in Discovery Park, Burnaby was available for use. 



3.2.2 E l  1 ipsometry: theory. 

I n  e l l ipsometry one ex t rac ts  informat ion (thickness 

and op t i ca l  constants) about a f i l m  on a substrate by 

measuring the  po la r i za t i on  s t a t e  of a beam of l i g h t  of known 

po la r i za t i on  a f t e r  i t  has been re f l ec ted  from the  f i l m  

(Fig.3-4a). The s ta te  of po l a r i za t i on  of a beam of l i g h t  i s  

characterised by the amplitude r a t i o  and the  phase 

d i f ference between the  two component plane waves of the  

e l e c t r i c  vector i n t o  which the  po lar ized o s c i l l a t i o n  may be 

resolved (one i n  the plane of incidence, p and the  other i n  

the plane perpendicular t o  i t, s).  I n  general, r e f l e c t i o n  

causes a change i n  the  r e l a t i v e  phase of  the  two component 

plane waves and a change i n  the  r a t i o  of t h e i r  amplitudes. 

Two angles ca l l ed  e l l ipsomet r ic  parameters denoted by and 

are usual 1 y defined: A i s  the  chmge i n  phase of p and s 

components af t o r  r e f l e c t i on ,  and i s  the  arctangent of  the  
b 

fac to r  by which t h e i r  amplitude r a t i o  changes. 

I n  conventional n u l l  e l l ipsometry (CNE) the  

e l l ipsomet r ic  parameters A and w are usual ly  determined by 

arranging a l i n e a r l y  po lar ized l i g h t  t o  impinge upon the  

sample using a po la r i ze r  and f i nd i ng  an ex t i nc t i on  of  

re f l ec ted  l i g h t  by observing through another po la r izer  

ca l l ed  the  analyzer. A and w are simply re la ted  t o  the 

angles a t  which the  po la r i ze r  and analyzer are t o  be 

posi t ioned a t  a nulllOO. Using Drude's theory, one can 

obtain a r e l a t i o n  between A and i n  terms of  the  op t i ca l  

I constants of t he  ambient N,, f i l m  N+ and the  substrate Nz, 
h 
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th ickness d, angle of inc idence , and wavelength A of 

i nc iden t  monochromatic l i g h t  as99 

where p i s  a complex transcendental f unc t i on  which cannot 

be solved e x p l i c i t l y  f o r  d and N i  but  which can be 

s a t i s f a c t o r i l y  handled by a computer. 

I n  r o t a t i n g  analyzer e l l i psomet ry  (RAE),  as i n  t h e  

case o f  t h e  ava i l ab le  instrument,  t h e  i n t e n s i t y  o f  t he  

r e f l e c t e d  l i g h t  i s  measured through t h e  analyzer whi le  i t  

ro ta tes .  For l i g h t  of any p o l a r i z a t i o n  i n c i d e n t  on t h e  

r o t a t i n g  analyzer, t h e  i n t e n s i t y  o f  t h e  t ransmi t ted l i g h t  

has t h e  form (Fig.3-4b) 

where 9 i s  t h e  angle between t h e  t ransm i t t i ng  ax i s  of t h e  

analyzer and t h e  plane o f  incidence, and I, i s  the  average 

i n t e n s i t y  f o r  a f u l l  r o t a t i o n  o f  t h e  analyzerg9. The 

c o e f f i c i e n t s  a and b represent a l l  t h e  p o l a r i z a t i o n  

in format ion t h a t  i s  a v a i l a b l e  from t h e  measurement and they 

can shown t o  be r e l a t e d  t o  t h e  e l l i psomet r i c  parameters 

A and \II as 

a = cos2w (3-3) 

and b = sinz\l/cosA (3-4). 

By Four ier  t ransforming t h e  i n t e n s i t y  data from t h e  r o t a t i n g  

anlyzer one can ob ta in  t h e  c o r f f  i c i e n t s  a and b, and thereby 
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determi ne and using Eqn. 3-3 and 3-4. These parameters 

can be used w i t h  Eqn.3-1 t o  determine the  f i l m  thickness d 

and the  o p t i c a l  constants reso r t i ng  t o  numerical i t e r a t i o n  

rou t i nes  by a computerw9. 

3.2.3 Thickness measurement. 

The Gaertner L116A-8SF automatic e l l ipsometer i s  a 

r o t a t i n g  analyzer e l l ipsometer  where a monochromatic 6328 A 

He-Ne beam o f  l i g h t  i s  made t o  pass through a po la r izer  t o  

g ive  l i n e a r l y  po lar ized l i g h t .  The beam i s  re f l ec ted  from 

the sample which i s  placed on a l eve l l ed  sample stage and i s  

passed through another p o l  a r i  zer (anal yzer) t ha t  can be 

ro ta ted  a t  constant speed (Fig.3-4b). A s o l i d  s t a t e  

photodetector measures t h e  emerging l i g h t  f l u x  whi le the  

analyzer ro ta tes,  and a computer in ter faced t o  the  

instrument acquires the  data and performs the  necessary 
b 

calcu la t ions t o  ex t rac t  t h e  required parameters of  the  f i l m .  
0 

The accuracy o f  t he  measurement i s  about +/- 3 A 
0 

whi le the  r epea tab i l i t y  i s  +/- 1 A. The speed of measurement i s  

an impressive 30 seconds. A " thicness standard" of a SiOz 

f i l m  on S i  i s  ava i lab le  f o r  checking the instrument. 

3.2.4 Metal evaporation. 

The metal used f o r  both contacts was aluminum, and 

was evaporated using a vacuum evaporator f i t t e d  w i th  a 

l i q u i d  ni t rogen b a f f l e  and an o i l  d i f f u s i o n  pump. An out of 

commission b e l l  j a r  vacuum coater (Norton model 3115) w a s  

avai lable f o r  t h i s  study (Fig.3-5a). The complete system 
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i nc lud ing  d i f f u s i o n  pump and electro-pneumatic valves was 

overhauled and restored t o  operat ional  cond i t ion  so t h a t  i t  

was capable o f  achieving an u l t i m a t e  pressure of t o r r .  

A quar tz -c rys ta l -osc i l l a to r  th ickness monitor (Kronos model 

QH-310 was i n s t a l l e d  i n s i d e  the  b e l l  j a r  enabl ing one t o  

measure t h e  thicknesses of  deposited metal f i l m s  w i th  

0 
reasonable accuracy ( f 20 A).  A 1  was evaporated by p lac ing  

the metal p e l l e t s  on a s u i t a b l e  boat o r  w i re  basket and 

passing a h igh  cur rent  through i t  t o  melt  t he  p e l l e t s  by 

ohmic heating. The s i l i c o n  subst ra te  on which the  A 1  f i l m  i s  

t o  be deposited i s  kept a t  about 30 cm above t h e  boat, 

i n s i d e  the  vacuum t o  ensure a uni form deposit ion. 

Since the  f a b r i c a t i o n  o f  t h e  M I S  c e l l s  involved 

deposi t ing a t h i n  transparent metal l aye r  fo l lowed by 

forming a contact  f i n g e r  p a t t e r n  on the  metal layer ,  i t  was 

des i rab le  t o  evaporate both layers  wi thout  breaking the  

vacuum t o  minimize contamination. To achieve t h i s  a sample 
b 

holder w i th  a r o t a t i n g  mask system t h a t  could be manipulated 

mechanically from the  out  s i de  o f  t he  vacuum system was 

designed and mounted i n s i d e  the  b e l l  ja r .  A mechanical 

shut ter  f o r  c o n t r o l l i n g  metal deposi t ion on t h e  sample was 

a lso  i n s t a l  l e d  between t h e  source and the  sample holder. 

The mask arrangement (Fig.3-5a and b)  permits one t o  deposit  

three d i f f e r e n t  pa t te rns  successively of  t he  same metal, i n  

add i t i on  t o  a f i x e d  c i r c u l a r  pat tern ,  by evaporating t h e  

metal through them on t o  t h e  sample placed on the  holder. 

The masks which are made o f  A 1  d isks  ( 0.7 em dia. ) placed 

on s l o t s  machined on t h e  holder t o  f i t  them snugly could be 



eas i l y  interchanged. 

3.2.5 The M I S  fabr ica t ion .  

Metal-insulator-semiconductor ( M I S )  so lar  c e l l s  of  

Al-SiOn-psi s t ruc tu re  were fabr icated on damaged and 

undamaged s i  1 i con sampl es f 01 1 owi ng a s i  m i  1 ar  procedure 

reported by Olsen e t  a1 , Whenever a  c e l l  was fabr icated 

on a  damaged sample, an undamaged sample a lso was sub jected 

t o  the  same f ab r i ca t i on  process f o r  comparison. 
0 

A t h i c k  layer  of A 1  of  about 1500 A was f i r s t  

evaporated on t o  the  back of  t he  c e l l  and was al loyed a t  

520" C, i n  a  quartz tube placed i ns i de  the  Lindberg 

furnace, t o  make a  good ohmic contact. I n  the  same stmp, 

a t h i n  layer  o f  S i O a  was grown by passing h igh p u r i t y  A r  

and 02, a l te rna te ly ,  through the  tube. Argon was, f i r s t ,  

passed f o r  5 minutes, then 02 f o r  5  minutes fol lowed by A r  

b 

f o r  another 5  minutes. Then, a f t e r  tu rn ing  o f f  the furnace 

the sample was allowed t o  cool f o r  about 30 minutes i n  A r  

flow, a t  the  end of t he  quartz tube. The thickness of  the 

grown oxide layer  was measured by the  el l ipsometer, and 
0 

was found t o  be 17 +/- 3 A . Immediately, a f t e r  the 

ox idat ion step, a  t h i n  layer  of 99.999% pure A 1  of  

thickness of  50 A was evaporated on t o  the oxide from a  

tungsten wi re  basket i n  a  vacuum of 10-6 t o r r .  As the  f r on t  

contact, a  200 A t h i c k  f i nge r  pa t te rn  was then deposited on 

the metal layer ,  i n  the  same pump-down cyc le  of  the  

evaporator w i th  the  a i d  of  t he  r o t a t i n g  mask. To maximize 

the r ep roduc ib i l i t y  of the  c e l l s  by l i m i t i n g  the  number of 



steps i n  t he  f a b r i c a t i o n  procedure no a n t i - r e f l e c t i o n  

coat ing o r  contact pad were deposited. A Cu w i re  was 

attached t o  t he  back ohmic contact w i th  s i l v e r  dag f o r  

e l e c t r i c a l  connection as the  f i n a l  step o f  t he  c e l l  

f a b r i c a t i o n  procedure. A po in ted end o f  a spr ing  loaded 

phosphor bronze w i re  was employed t o  make e l e c t r i c a l  

connection t o  t he  f r o n t  contact. This procedure y ie lded M I S  

c e l l s  o f  good r e p r o d u c i b i l i t y .  Their e f f e c t i v e  area was 

0.37 cm". 

3.3 I -V ,  C-V Measurement 

The I - V  measurement of  a so la r  c e l l  invo lves 

determining the  cur ren t  across the  c e l l  a t  a given vol tage 

f o r  a range o f  vo l tage between the  f r o n t  and the  back 

contacts, which can be done e i t h e r  by p o i n t  by po in t  

reading o r  by continuous ramping of  t he  b i a s  voltage. The 

l a t t e r  method was selected i n  t h i s  study f o r  convenience 

and speed. The d i f f e r e n t i a l  capacitance of t h e  c e l l  a lso  

could be measured a t  t h e  same t ime by suparposing a small 

a.c. vol tage on t h e  d.c. b i a s  vol tage and using phase 

sens i t i ve  de tec t ion  w i t h  t h e  a i d  of  a lock- in-ampl i f ier .  

3.3.1 Theory. 

A n  e l e c t r i c a l  c i r c u i t  f o r  measuring the  I - V  

cha rac te r i s t i cs  f o  t h e  MIS s t r u c t u r e  was wired fo l l ow ing  one 

used f o r  photoelectrochemi c a l  studies. The c i r c u i t  diagram 

i s  shown i n  Fig.3-ba. The se t  up al lows one t o  determina 

the  capacitance of  t h e  MIS s t r u c t u r e  a t  a given frequency as 



we1 1. 

Fig. 3-6b shows the  schematic of  t he  re levan t  

e l e c t r i c a l  c i r c u i t  used f o r  measuring the  capacitance. Ths  

lock- in-ampl i f ie r  measures t h e  vol tage across the  small 

res is tance R. Hence the  a.c. cur rent  I, through the  MIS 

c e l l ,  shown as an RC c i r c u i t ,  can be ca lcu la ted by VL I~ /R  

and i s  equal t o  V,.,,/Z where V ,.,, i s  t he  a.c. vol tage 

across the  c e l l  and Z i s  t h e  t o t a l  impedence of  the  c e l l  a t  

t h a t  p a r t i c u l a r  frequency (see sect ion 2.4.2). Z i s  given by 

where j = (-1)"=, w = 2 f and f i s  t he  frequency a t  which 

the  measurement i s  c a r r i e d  out. Hence, I i s  given by 

which can be r e w r i t t e n  as 

where Ill = V1- ,, /R and 11 = V,. ,, wC. Hence, by measuring 

the  componsnt o f  cur rent  90" out of  phase w i th  t he  d.c. 

vol tage one can determine C by 

Measurements were c a r r i e d  out a t  a h igh  frequency 



(100 kHz) where the  dispersion of  capacitance due t o  the  

surface s ta tes  i s  neg l ig ib le .  It turns out t ha t  the  oxide 

capacitance C,, a lso  can be ignored compared t o  the  space 

charge region capacitance CsCR (see sect ion 2.4.2). By 

para1 1 e l  p l a t e  capacitance formula we obtain 

0 
f o r  an oxide of  thickness do, = 20 A, where, e,, and esi 

are the  d i e l e c t r i c  constants of  the oxids and S i  

respect ively.  Consequently, t he  measured capacitance of  the  

M I S  s t ruc tu re  can be j u s t i f i a b l y  approximated t o  tha t  of the  

space charge region of t he  semiconductor. 

3.3.2 Experimental. 

An IBM personal computer was inter faced t o  the 

analog outputs of  the DVM, t he  electrometer and the lock-in- 

ampl i f ie r  v i a  an A/D converter (Tscmar Labmaster) f o r  

acquir ing and recording data. A ve r sa t i l e  program (VIC.bas) 

w r i t t en  f o r  photoel cctrochemical work was su i  tab1 y 

modif ied and were used t o  aquire, d isplay and record data. 

This program al lows one t o  acquire data from three analog 

outputs (channels) simultansously and save them i n  a 

disket te.  Eqn.3-6 i s  w r i t t en  i n t o  the  program, so by 

prov id ing the  program wi th  the  actual values of the 

frequency, t he  area of 

across the  sample, the  

the  sample, 

capacitance 

and the a.c. voltage 

of the samplm i s  
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ca lcu la ted  and stored as 1/CZ vs. vo l tage along w i th  

corresponding I - V  data which can be subsequently p l o t t e d  on 

a  HP p l o t t e r .  

Once t h e  c e l l  was connected a t  t h e  sample termina ls  

as shown i n  Fig.3-6a the  ramp was se t  t o  s t a r t  from - l V  t o  

1V w i t h  a  100 s  per iod  so the re  i s  no detectable h y s t e r i s i s  

associated w i t h  the  I - V  measurement. Before connecting t h e  

sample, t h e  lock- in-ampl i f ie r  was zeroed i n  phase w i th  t h e  

d.c. vo l tage i n  t he  r e s i s t o r  a t  i t s  h ighest  s e n s i t i v i t y  ( 1  

p V  f u l l  sca le)  and then t h e  de tec t ion  was se t  t o  90" out  o f  

phase w i th  t h i s  a t  a  s u i t a b l e  s a n s i t i v i t y .  The a.c. vo l tage 

a t  100 kHz across t h e  sample was monitored and was se t  t o  a 

convenient value ( 5  mV) by ad jus t i ng  t h e  output  o f  t h e  

o s c i l l a t o r .  The I - V  and C-V measurement was s t a r t e d  by 

manually t r i g g e r i n g  t h e  ramp wh i le  i n i t i a t i n g  data 

a c q u i s i t i o n  by V I C .  bas program i n  IBM PC. 

3.3.3 L i g h t  source and sample holder. 

A 150 W Xe arc lamp (Or ie l  model 6253) was used as 

t he  source o f  i l l u m i n a t i o n  along w i th  AM2 ( O r i e l )  f i l t e r  f o r  

co r rec t ing  i t s  spectrum t o  match t h a t  o f  t h e  t e r r e s t r i a l  

so la r  i l l u m i n a t i o n  (Fig.3-7). A l i g h t  t i g h t  housing was b u i l t  

t o  contain t h e  sample holder and was coupled t o  t h e  arc lamp 

v i a  a  mechanical shu t te r  (Fig.3-8) so both t h e  dark and 

i l l umina ted  c h a r a c t e r i s t i c s  o f  t h e  sample could be measured. 

A py roe lec t r i c  detector  w i t h  a  chopper (Or ie l  model 7084 and 

7509) was avai 1  ab le  f o r  measuring t h e  i 11 uminat i  ng 

i n tens i t y .  By ad jus t ing  t h e  d is tance from the  lamp t o  t h r  
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sample a convenient i n t e n s i t y  comparable t o  standard so la r  

c e l l  measurement was obtained. Throughout t he  study the  

standard i n t e n s i t y  used was 100 mW em-= (AM21 unless s ta ted 

otherwise. 

A small c r yos ta t  was designed so t h a t  t h e  

c e l l  temperature could be var ied cont inuously from room 

temperature t o  t h a t  o f  l i q u i d  n i t rogen wh i le  i l l u m i n a t i n g  i t  

through a quartz window (Fig.3-9). The M I S  c e l l  i s  mounted on 

a t h i c k  Cu block i n s i d e  the  cryosta t .  The C u  f i n g e r  which i s  

i n  good thermal contact w i th  t he  c e l l  ensures t h a t  t he  

c e l l  temperature i s  kept constant dur ing measurement. A 

chromel-alumel thermocouple embedded i n s i d e  t h e  Cu f i n g e r  

was used t o  monitor the  c e l l  temperature. The design o f  t he  

c ryos ta t  a l lows i t  t o  be used f o r  car ry ing  out  four-probe 

r e s i s t i v i t y  measurement w i th  vary ing temperature as wel l .  

3.4 Hydroqen Passi v a t i  on 

I n  an e f f o r t  t o  study the  e f f e c t s  due t o  two 

major parameters associated w i t h  d is locat ions,  namely t he  

l i n e a r  dens i ty  o f  recombination centers and t h e  

conduct iv i ty ,  t h e  damaged samples were t rea ted  i n  an atomic 

hydrogen atmosphere a t  var ious temperatures. A plasma of  

atomic hydrogen was produced us ing a Tesla c o i  1 f 01 lowing 

Seager and Ginleyio2. The H* r a d i c a l s  produced by the  h igh  

frequency a l t e r n a t i n g  f i e l d  o f  t he  Tesla c o i l  a re  

very r e a c t i v e  and are considered as good candidates f o r  

making covalent bonds w i th  t h e  unsaturated dangl ing bonds on 

d is locat ions,  thereby a1 t e r i  ng t h e  above two parameters. 



3.4.1 Experimental. 

The d i s l oca t i ons  were passi vated i n  an apparatus 

shown schemat ical ly  i n  Fig.3-10. The damaged samples t o  be 

passivated were introduced i n t o  t h e  quartz tube a f t e r  

degreasing and cleaning. The tube was then evacuated and 

f i l l e d  w i t h  u l t r a  h igh  p u r i t y  (U.H.P. Linde) hydrogen. This 

was repeated several t imes t o  minimize t h e  presence of 

contaminants i n  t h e  system. The gases i n s i d e  t h e  tube were 

monitored w i t h  a quadrupole mass spectrometer. Then, t h e  

Tesla c o i l  was turned on and t h e  pressure o f  Hz was adjusted 

u n t i  1 an optimum (reasonably homogeneous) plasma glow was 

obtained i n s i d e  t h e  tube. The tube furnace enveloping t h e  

quartz tube i n  t h e  v i c i n i t y  o f  t h e  sample enabled con t ro l  o f  

t he  temperature a t  which t h e  plasma hydrogenation o f  

d i s l oca t i ons  was c a r r i e d  out. A thermocouple placed between 
b 

t h e  outs ide wa l l  o f  t he  quartz tube and t h e  heater monitored 

t h e  temperature. A t y p i c a l  passivat ion-run was c a r r i e d  out  

a t  a given temperature f o r  3 hrs, a t  t h e  end o f  which t h e  

furnace was turned o f f  and t h e  samples were l e f t  t o  cool  f o r  

a h a l f  an hour w i t h  t h e  plasma on. Once t h e  samples reached 

room temperature they were withdrawn from t h e  tube, cleaned 

again and used i n  f a b r i c a t i n g  M I S  c e l l s .  



Fig.3-1 Di s loca t ion  loops near  t h e  s u r f a c e .  

Fig.3-2 A p l o t  o f  t h e  measured 'parameter '  versus  t h e  t h i c k n e s s  o f  
t h e  increment ly  removed l a y e r .  (The depth  of t h e  damage i s  
i n d i c a t e d  by p o i n t  ( a ) . )  



dislocation line 

Fig.3-3 Formation o f  an e t c h  p i t  a t  a  d i s l o c a t i o n  due t o  
p r e f e r e n t i a l  e t c h i n g .  The e t c h i n g  r a t e s  a r e  d i f f e r e n t  
i n  d i f f e r e n t  d i r e c t i o n s .  
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Fig.3-4a Linearly polarized light reflected from a film on a substrate 

changes into elliptically polarized light. Ellipticity characterized 
by A and II, carries information about the film. 
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Fig.3-4b Schematic diagram of the rotating analyzer ellipsometer. 
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Fig .3 -5  (a) Schematic diagram of the vacuum evaporator. 
(b) The rotatable mask holder. 
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Fig.3-6a Schematic diagram of the electrical circuit used for 
measuring (I -V) / (C -V) . 
C1 = C2 = 1 2 . 2 p  



U C K  IN AMP r-7 
Fig.3-6b Measurement of capacitance with the lock-in-amplifier (LIA) 

at frequency f ( W = 2 T f )  with a constant V across the 
sample. 

a.c. 
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Fig.3-7 The spectral distribution of the Oriel light source compared to 
terrestrial sun (from the manufacturer of xenon arc lamp). 
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Fig.3-8 Schematic diagram of the system used for measuring the dark and 
the illuminat,ed characteristics of MIS solar cells. 
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Fig.3-9 Schematic diagram of the cryostat. 
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Fig .3-10  Hydrogen p a s s i v a t i o n  apparatus. 
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CHePTER I V  

RESULTS AND ANALYSIS 

4.1 M I S  C e l l  C h a r a c t e r i s t i c s  

4.1.1 Use o f  HF f o r  e t ch i ng  

I n  t h e  e a r l y  stages o f  exper imentat ion t h e  top  

l a y e r  ( 5 pm) o f  t h e  samples where poss i b l e  unintended 

damage might be s t i l l  present  was removed by e t ch i ng  it 

away i n  an e tchant  c a l l e d  t h e  p lanar  etch. A s  i t s  name 

i n d i c a t e s  t h i s  e tchant ,  composed o f  8% HF, 17% HN03 and 75% 

a c e t i c  a c i d  ( a l l  a c i ds  a re  i n  t h e  concentrated form) i n  

water, d i s so l ves  S i  equal 1  y  i n  a1 1 t h e  c r y s t a l  l og raph ic  

d i r ec t i ons l o3 .  The e tch  r a t e  was found t o  be about 

4-5 pm/min f o r  p-Si when t h e  s o l u t i o n  is s t i r r e d .  However, 

t h e  c e l l s  f a b r i c a t e d  on such s i n g l e  c r y s t a l  samples showed a L 

r a t h e r  l a r g e  v a r i a t i o n  i n  J -V  data. On c l ose  i nspec t i on  t h e  

etched sur faces  showed t h e  fo rmat ion  o f  a t h i n ,  patchy, 

w h i t i s h  l a y e r  t h a t  cou ld  n o t  be removed o r  c o n t r o l l e d  by 

convent ional  chemical means. Th is  has been observed 

p r e v i o u s l y  by o the r s  tooLo4. Use o f  c lean Nalgene conta iners ,  

t e f l o n  tweezers and de ion ized water (>I5 mega ohm d i d  no t  

a l l e v i a t e  t h e  problem. 

An elemental  survey done w i t h  a Scanning Auger 

Microscope (model SAM-PHI-595) on a p-Si sample etched i n  

t h e  p lanar  e t ch  f o r  1 min showed t h a t  t h e  wh i t e  l a y e r  i s  

associated w i t h  some k i n d  o f  f l u o r i d e  compound fo rmat ion  
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(see Fig.4- la  and b) where f l u o r i n e  was found t o  be absent 

on reg ions devoid of t h i s  l aye r .  Even w i t h  new batches of 

ac ids,  a f t e r  some t ime i n  s torage i n  t h e  lab,  t h i s  

problem occured i n t e r m i t t e n t l y ,  al though i t  was 

undetectable i n  t h e  beginning. HF a lone was never observed 

t o  form t h i s  t ype  o f  layer .  Hence i t  was decided t o  avoid 

use o f  t he  p lanar  etch. I t  was found poss ib l e  t o  do so, i f  

great  care  was taken no t  t o  handle t h e  top  sur face o f  t he  

S i  wh i l e  c u t t i n g  t he  samples. Th is  cou ld  be achieved by t h e  

use of a watch g lass  t o  ho ld  t h e  samples wh i l e  working w i t h  

them, and t a k i n g  enough care t o  handle the  samples o n l y  from 

the  edges w i t h  t e f  l o n  t i pped  tweezers. For removing t h e  

n a t i v e  ox ide p r i o r  t o  sample p repara t ion  10% HF was used. 

The r e s u l t s  o f  Fig.4-2a and b where w e  show t h e  i l l u m i n a t e d  

J -V  c h a r a c t e r i s t i c s  f o r  two batches o f  samples, one t r ea ted  

w i t h  t h e  p lanar  e tch  and t h e  o ther  t r ea ted  w i t h  10% HF, 

i n d i c a t e  t he  l a t t e r  pracedure y i e l d s  super io r  qua1 i t y  

sampl es. 

4.1.2 Ox idat ion  t ime 

Since t h e  e f f e c t  o f  damage an t h e  c e l l  

c h a r a c t e r i s t i c s  was t o  be s tud ied  we looked f o r  a sample 

f a b r i c a t i o n  procedure t h a t  g i ves  t h e  maximum diSference 

between a damaged and an undamaged sample. An i n i t i a l  

experiment f o r  f i n d i n g  such cond i t i ons  was c a r r i e d  out. 

Four se t s  o f  M I S  c e l l s  were prepared w i t h  both undamaged 

and damaged Si by o x i d i s i n g  them f o r  var ious  leng ths  

af t ime a t  500•‹C.  The th ickness of t h e  ox ide was measured 
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by ellipsometry on separate Si samples that were oxidised 

at the same time as the measured samples. The observed 

differences in the major solar cell parameters are 

indicated in Table 4-1. Oxidation as described in section 

3.2.5 was seen to be the best and was used throughout the 

study. 

4.1.3 General Cell Characteristics 

The MIS structures fabricated in the manner 

described in section 3.2.5 yielded solar cells with 

following parameters: Jsc = 11.4f 1.3 mA/cm2, 

Vos = 527214 mV, FF = 0.720.1 and 7% = 4.lf0.5 for 

illumination with A M 2  spectrum at the intensity set to 100 

mW/cmz. J-V characteristics of a cell are shown in Fig.4-3 

where both dark and illuminated cases are given. The 

variation of the short circuit current density, Jsc with 

illumination intensity is shown in Fig.4-4a and it 

indicates the conventional cell behavior. The variation of 

the other cell parameters with illumination (or with JBc 

which is proportional to the intensity) is plotted in Fig.4-4b. 

Using a photometer (Coherent Light) it was estimated 

that the reflection loss due to the metallised top layer of 

a cell is about 43%. If it is assumed that an anti- 

reflection coating would reduce the losses to a negligible 

level, a typical cell of ours without an anti-re+lection 

coating would yield the following parameters: JSC = 2022.3 

rnA/cm2, T) = 7.2 20.9 %. This relatively low value obtained 

for the efficiency, even after correcting for the reflection 
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l o s s e s ,  i n d i c a t e s  t h a t  t h e r e  are s e v e r a l  o t h e r  l o s s  

mechanisms. One o b v i o u s  p o s s i  b i  1  i t y  is t h e  seri es r e s i s t a n c e  

of t h e  ce l l  enhanced  by  t h e  s h e e t  r e s i s t a n c e  of  t h e  t h i n  A 1  

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

I n  sa lar  ce l l s  i t  is c u s t o m a r y  t o  employ m e t a l l i z e d  f i n g e r  

p a t t e r n s  t o  a v o i d  h i g h  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  a t  t h e  

f r o n t  c o n t a c t ,  and  t h e  s p a c i n g  be tween  t h e  f i n g e r s  i s  

t y p i c a l l y  i n  t h e  o r d e r  of 100 pme3. R e f e r r i n g  t o  Fig.4-3b,  

where  t h e  t o p  c o n t a c t  g e o m e t r y  of  t h e  MIS ce l l  is shown, o n e  

c a n  see t h a t  i n  t h i s  case t h e  p h o t o g e n e r a t e d  m i n o r i t y  

carriers are n o t  o p t i m a l l y  c o l l e c t e d  a t  a l l .  I n  a d d i t i o n  t o  

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

t o  t h e  h i g h  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  a t  non-op t imi sed  

s u r f a c e  s t a t e s  or a t  t h e  p e r i m e t e r  of  t h e  f r o n t  metal l a y e r  

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

s u r f a c e .  The l a t t e r  h a s  n o t  b e e n  i s o l a t e d  by  a t h i c k  o x i d e  

a s  we1 1. 

The Mot t -Scho t tky  p l o t  of  a  t y p i c a l  cel l  is  shown 

i n  F ig .4 -5  where  t h e  c a p a c i t a n c e  was measured  a t  100 kHz. 

I t s  i n t e r c e p t  y i e l d s  a v a l u e  of  0.80 e V .  The s l o p s  

i n d i c a t e s  a d o p i n g  l e v e l  of  No = 3 x 10is crn-=. Due t o  t h e  

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

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

used t o  d e t e r m i n e  w h e t h e r  t h e  s u r f a c e  is i n  f a c t  inverted. 

The v a l u e  of t h e  s u r f a c e  p o t e n t i a l  needed  f o r  d r i v i n g  t h e  

s e m i c o n d u c t o r  t o  i n v e r s i o n  f o r  t h i s  d o p i n g  l e v e l  is 0 .61  e V  

c a l c u l a t e d  by Eqn. 2-21. S i n c e  t h e  measured s u r f  ace 

p o t e n t i a l  f rom t h e  M o t t - S c h o t t k y  p l o t  is g r e a t e r  t h a n  t h i s  
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t he  semiconductor i s  found t o  be i n v e r t e d  as suggested by 

t he  work f u n c t i o n  d i f f e rences .  

4.1.4 Damaged Samples 

67 s e t  o f  i l l u m i n a t e d  J -V  c h a r a c t e r i s t i c s  o f  a  

s e r i e s  o f  damaged samples a r e  shown i n  F ig .  4-ba. Resu l t s  

f o r  samples w i t h  d i s l o c a t i o n s  o f  va ry ing  l eng ths  ( g r i t  s i z e  

used) from 0.05 p m  t o  1 pm, as w e l l  as an undamaged c e l l  

a re  shown. Table 4-2 g i ves  t h e  major c e l l  parameters 

averaged over a  l a r g e  number o f  samples. A1 1 t h e  c e l l  

parameters, v i z ,  t h e  open c i r c u i t  vo l tage,  Voc, t h e  sho r t  

c i r c u i t  current,Jsc,  t he  f i l l  f a c t o r ,  FF, and t h e  

e f f i c i e n c y ,  7 a re  observed t o  be p rog ress i ve l y  degraded 

w i t h  i nc reas i ng  g r i t  s ize.  A more i n t e r e s t i n g  r e s u l t  i s  

seen when one examines t h e  J -V  c h a r a c t e r i s t i c s  a t  reve rse  

bias.  I t  i s  found, o f  course t h a t  m i n o r i t y  c a r r i e r  

genera t ion  a t  t h e  d i s l o c a t i o n s  leads  t o  excess dark c u r r e n t  

a t  reve rse  b ias .  A l lowing f o r  t h i s ,  s u b t r a c t i n g  t h e  dark 

cu r ren t  f rom cu r ren t  under i l l u m i n a t i o n ,  i t  i s  found t h a t  

the  r e s u l t i n g  " s a t u r a t i o n  photocur ren t "  i s  independent o f  

the  presence o r  l eng th  of t h e  d i s l oca t i ons .  Fig.4-bb shows 

the ne t  photocurr-ent of these samples versus reverse  b i a s  

i n  a blown-up sca le  t o  b r i n g  ou t  the  d e t a i l s  ( t h e  

o r i g i n  o-f t he  n e t  Jph a x i s  i s  no t  zero bu t  10 mA cm-"). 

The range o f  g r i t  sizes we have used i n  t h i s  s tudy 

makes i t  p o s s i b l e  t o  have d i s l o c a t i o n  loops  which remain 

i n s i d e  10.05 p m ) ,  o r  span acr-oss (0.1 p m  - 0.3 p m ) ,  o r  

extend w e l l  beyond ( 1  p m )  t h e  space charge region.  I n  t h e  
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undamaged samples, t h e  w id th  of t h e  SCR, WSCR w a s  est imated 

by Eqn. 2-20 and was found t a  vary between 0.5 p m  and 0.8 p m  

from zero b i a s  t o  reverse  b i a s  at 1 V ,  r e s p e c t i v e l y ,  us ing  

reverse  b i a s  capaci tance data  a t  h i gh  frequency. With 

sur face damage, t h e  measured capac i t y  was t h r e e  t o  f o u r  

t imes h igher ,  i n d i c a t i n g  a s u b s t a n t i a l l y  t h i n n e r  space 

charge r eg i on  due t o  t he  added centers.  Hawever, a 

q u a n t i t a t i v e  i n t e r p r e t a t i o n  of t h e  capac i t y  f o r  a damaged 

sample is d i f f i c u l t .  

Another experiment was c a r r i e d  ou t  by success ive ly  

e t ch i ng  a 1 um damaged sample and f a b r i c a t i n g  an M I S  c e l l  a t  

t he  end o f  each etch. I n  Fig.4-7 t he  r e s u l t s  o f  t h i s  

experiment i s  shown where t h e  10% HF was used f o r  20 s f o r  

each etch. The gradual improvement o f  t h e  c e l l  

c h a r a c t e r i s t i c s  can be i n t e r p r e t e d  i n  terms of t h e  changes 

i n  t h e  su r face  r eg i on  ( i n c l u d i n g  t h e  space charge reg ion ,  

SCR) which i s  a f f e c t e d  by t h e  chemical t reatment.  It i s  well 

es tab l i shed  t h a t  t h e  e l e c t r i c a l  a c t i v i t y  o f  a  su r face  i s  

q u i t e  s e n s i t i v e  t o  even a minor chemical treatment83. The  

sur face recombinat ion v e l o c i t y  a t  su r face  s ta tes ,  as w e l i  as SCR 

recombinat ion-generat ion r a t e  i s  i n f l uenced  by such 

t reatments.  Gradual decrease i n  t h e  genera t ion  cu r ren t  

associated w i t h  t h e  sur face s t a t e s  i n  t h e  SCR 

exp la i ns  t h e  behavior o f  J - V  curves i n  Fig.4-7. Th is  

shows t h a t  one should use d i f f e r e n t  l eng ths  of d ~ s l o c a t i o n s  

r a t h e r  than d i f f e r e n t  d e n s i t i e s  of d i s l o c a t i o n s  t o  e x t r a c t  

t h e i r  e l e c t r i c a l  e f f e c t s  since t he  su r face  e f f e c t s  can 

presumably be kept  constant  by g i v i n g  i d e n t i c a l  chemical 



t reatments t o  samples o f  va r ious  damage s izes.  

4.2 Dens i ty  of d i s l o c a t i o n s  ---- 

The average value o f  t h e  dens i t y  o f  d i s l o c a t i o n s ,  

DDL determined by count ing  e t c h  p i t s  a f t e r  t r e a t i n g  t h e  

damaged samples w i t h  Dash e t c h  i s  a l s o  g i ven  i n  Table 4-2. 

The values obta ined f o r  bo th  0.05 p m  (average o f  7 samples) 

and 0.3 p m  (average o f  10 samples) cases seem t o  be rough ly  

equal a l though t h e  standard d e v i a t i o n  o f  t h e  l a t t e r  i s  

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

s i m i l a r i t y .  Two scanning e l e c t r o n  micrographs i n d i c a t i n g  t h e  

na tu re  o f  t he  observed e tch  p i t s  a re  shown in Fig.4-5. The 

sample shown i n  Fig.4-8a has been t r e a t e d  w i t h  t h e  Dash e tch  

f o r  20 s  w h i l e  t h a t  i n  Fig.4-8b has been etched f o r  more 

than 1 min. The undamaged samples were f r e e  o f  e tch  p i t s .  

These two micrographs show t h e  importance of  t he  

e tch ing  time. As t he  r e s u l t s  i n d i c a t e ,  DDL was found t o  be 

i n  t h e  order  o f  109 cm-" i n  a l l  t h e  samples measured 

inc reas ing  somewhat w i t h  i n c reas i ng  g r i t  s i z e  used f o r  

lapping.  

4.3 ANALYSIS - AND MODEL 

A 5  seen i n  t h e  exper imenta l  data, under reverse  

b ias ,  even i n  t h e  1 Prn damaged case t h e  photocur ren t  is 

on1 y moderate1 y  a f f ec ted  (F ig .  4-bb) . By comparison, i n  T i o r  

samples t h e  photocur ren t  i s  reduced by two o rde rs  o f  

magnitude i n  t h e  presence o f  even l e s s  s u r f  ace damage (0.3 

r m l 9 ' .  The i n s e n s i t i v i t y  o f  t h e  photocur ren t  t o  t h e  l eng th  
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o f  t h e  de fec ts  suggests t h a t  t he re  i s  a mechanism which 

domi nates over t h e  s i  mpl e recombi n a t i o n  a t  these deSects, 

f o r  i f  s imple recombinat ion were the dominant e f f e c t  o f  t h e  

d i s l o c a t i o n s  then t he  s a t u r a t i o n  photocurrent  would 

decrease as we l l  as t h e  o ther  s o l a r  c e l l  parameters. 

4 . 3 . 1  Recombination model 

The inadequacy o f  t h e  standard recombinat ion 

~nechanlsm f o r  exp la i n i ng  the reverse b i a s  data can be  shown 

f o r  t h e  spec ia l  case of t h e  1 p m  damaqed case by a simple 

ana l ys i s  o f  t h e  photocurrent  i n  terms o f  Shockley-Noyce-Sah 

(SNS) theoryR=. The i nve rs i on  l a y e r  makes t h e  ana l ys i s  

s impler s ince  t h e  s t r u c t u r e  can be t r ea ted  l i k e  a n'p 

j unc t i on  i n  t h e  b i a s  range o f  i n t e r e s t .  However, t h e  exact 

na tu re  o f  t h e  f r o n t  contac t  i s  no t  important  t o  see t h e  

e4 fec t  o f  recombinat ion on t h e  photocurrent  a t  reverse b ias .  

The standard d iode theory  can be app l ied  assuming t h e  M I S  L 

s t r u c t u r e  can be represented by a one-sided- junct ion (see 

Appendix I) where recombinat ion i s  descr ibed i n  terms o f  a 

s u i t a b l e  m i n o r i t y  c a r r i e r  l i f e  time. 

Ins tead o f  a un i fo rm semiconductor t h e  sample can be 

considered t o  be composed o f  two d i f f e r e n t  regions:  one, 

con ta in ing  t h e  damage, extending a l eng th  k! f rom t h e  

surface, charac ter ised by a m i n o r i t y  c a r r i e r  l i f e  time, td, 

and t h e  reg ion  beyond 1 ,  t h e  bu l k  o r  t h e  undis turbed 

ma te r i a l  w i t h  a d i f f e r e n t  bu t  h igher  l i f e  t ime  t, 

(td .<< t,). One has t o  account f o r  t h e  recombinat ion 

i n  t h e  damaged reg ion  beyond t h e  space charge reg ion  iSCR) 
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when c a l c u l a t i n g  t he  photocur ren t  s ince  t h e  w id th  o f  t h e  SCR 

i n  t h e  b i a s  range of i n t e r e s t  i s  l e s s  than t h e  t h e  depth o f  

damage when 1 = 1 pm. I n  a d d i t i o n  t o  t h a t ,  bo th  thermal and 

photo genera t ion  i n  t h e  SCR a l s o  have t o  be taken i n t o  

account (see Appendix I f o r  d e t a i l s ) .  

The r e s u l t i n g  curves o f  t h e  photocur ren ts  o f  a 1 p m  

damaged and an undamaged sample a re  shown i n  Fig.4-9 where 

f o r  simp1 i c i  t y  a constant  genera t ion  o f  e lec t ron -ho le  p a i r s  

has been assumed. The m i n o r i t y  c a r r i e r  l i f e  t ime  i n  t h e  

damaged r e g i o n  (td) was es t imated by f i t t i n g  the dark 

cu r ren t  da ta  w i t h  t h e  SCR genera t ion  component as shown i n  

the  Fig.4-9. 

The r e s u l t s  i n d i c a t e  c l e a r l y  t h e  photocur ren t  should 

be very  s e n s i t i v e  t o  damage i f  recombinat ion i s  t h e  domlnant 

e f f e c t  i n  t h e  samples. O f  course, t h e  curves can no t  be 

d i r e c t l y  compared w i t h  those obta ined exper imen ta l l y  s i nce  

t he  c a l c u l a t i o n s  a re  based on constant  photogenerat ion. 

However, i t  i s  ev ident  f rom t h e  shape and t h e  magnitude o f  

t he  ca l cu l a t ed  photocur ren t  t h a t  t h e  de fec t  s t a t e s  a t  the 

d i s l o c a t i o n s  should s t r o n g l y  reduce t h e  photocur ren t  if t h e  

c a r r i e r s  were o n l y  t o  be recomb~ned a t  them. Th is  is q u i t e  

con t r a r y  t o  t h e  exper imental  observa t ions  i n  Fig.4-&a and b. 



4.3.2 Dislocation Conductivity Model 

It will be shown that conduction of captured 

carriers along the dislocation levels provides a good 

explanation of experimental resul tsioS. For mathematical 

convenience, the dislocation loops are replaced with a 

uniform distribution of dislocation lines running 

perpendicular to the surface of Si (Fig.4-1Qa). The 

dislocations introduced to the sample wi 1 1  undoubtedly have 

a certain distribution with respect to their lengths. As 

discussed in section 3.1.1, experiments have shown that the 

effect of dislocations (on IR reflectivity, chemical etch 

rate, conductivity, x-ray 1 ine broadening and 

photomagnetoel ectri cal voltage) disappears when materi a1 is 

etched away to a distance 1 where 1 is the diameter of the 
particles used to produce the dislocations. For lack of a 

better value for dislocation length we have used the same 

value l! as the effective depth of penetration. Since 

we are not expecting a rigorous agreement between the model 

and experiments (see discussion in section 4.3.3.) this 

approximation should be satisfactory. The surf ace 

distribution of the dislocations is also assumed to be 

uniform for the simplicity of calculations even though the 

actual case is seen to be somewhat different from that 

(Fig. 4.8a). 

Fig.4-10b shows the band diagram of the call with a 

dislocation, with the plane of the paper parallel to the 

dislocation, where for clarity, the insulator layer ie not 

shown. It is known that dislocations in p-type materials have 
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donor  l e v e l s  i n  t h e  band g a p ,  which w e  w i  11 c a l l  t h e  d e f e c t  

l e v e l s .  Hence ,  a d i s l o c a t i o n  c a n  c a p t u r e  h o l e s  p r o d u c i n g  a  

p o s i t i v e  l i n e  c h a r g e ,  which is compensa t ed  by a n e g a t i v e  

c h a r g e  i n  a c y l i n d r i c a l  s p a c e  c h a r g e  r e g i o n  a r o u n d  i t .  F ig .4 -  

10c  is t h e  cross s e c t i o n a l  d i a g r a m  a t  AB of  F i g . 4 - l o b ,  viewed 

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

The model of Fiq.4-10 t h u s  i n c l u d e s  a s i n g l e  l e v e l  

of l o c a l i z e d  states, d u e  t o  t h e  d i s l o c a t i o n s ,  d e n o t e d  by  

E t ,  assumed t o  b e  n e a r  mid gap .  Ev and  Ev.d are t h e  

v a l e n c e  band  e d g e s  of t h e  b u l k  s e m i c o n d u c t o r  a n d  t h e  

d i s l o c a t i o n ,  r e s p e c t i v e l y .  EFPI and  EFs are t h e  Fermi 

l e v e l s  of t h e  m e t a l  and  t h e  s e m i c o n d u c t o r ,  r e s p e c t i v e l y .  Ei 

is t h e  d e p t h  of  t h e  d e f e c t  l e v e l s  g i v e n  by 

EL = Et - Ew,d. VO is t h e  o u t p u t  v o l t a g e  of  t h e  ce l l  

g i v e n  by  Vo = (EFM - Et=S)/q. E l e c t r o n s  f rom t h e  c o n d u c t i o n  

band and  h o l e s  f rom t h e  v a l e n c e  band c a n  b e  c a p t u r e d  a t  t h e  

d e f e c t  i e v e l s .  A s  i n d i c a t e d  b o t h  i n  Fig.4-10b and  4-10c 

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

tEv - Ewvd) t o  be c a p t u r e d ,  w h i l e  t h e  e l e c t r o n s  a s  t h e  

m i n o r i t y  carr iers  d o  n o t .  F u r t h e r ,  w e  a s sume  t h a t  t h e r e  is a 

c e r t a i n  c o n d u c t i v i t y  a l o n g  t h e  d i s l o c a t i o n  so carriers  c a n  

move a l o n g  t h e  p o t e n t i a l  g r a d i e n t  which is e s t a b l i s h e d  by 

t h e  c a r r i e r  movement i t s e l f .  Us ing  Ohm's l aw  t o  d e s c r i b e  

t h i s ,  w e  o b t a i n  

where ,  Jd is t h e  e l e c t r o n  c u r r e n t  ( i n  a m p e r e s )  a l o n g  t h e  
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d e f e c t  l e v e l s  and  Vd is g i v e n  b y ,  Vd= ( E t  - EFM) /q. H e r e  

s, t h e  s p e c i f i c  c o n d u c t a n c e  o f  t h e  d i s l o c a t i o n  which is 

assumed t o  b e  c o n s t a n t  o v e r  t h e  l e n g t h  of t h e  l i n e  d e f e c t ,  

has u n i t s  of  c m  ohm-=. The b e n d i n g  of  t h e  l e v e l s  on t h e  

d i s l o c a t i o n  as a f u n c t i o n  of x a s  s k e t c h e d  i n  Fig.4-1Ob is 

d e s c r i b e d  by e q u a t i o n  (4 -1 ) .  I n  s k e t c h i n g  Fig.4-10b w e  

assume t h e  d e n s i t y  of t r a p  l e v e l s  a t  t h e  d i s l o c a t i o n  is 

h i g h  enough t h a t  carrier e x c h a n g e  w i t h  t h e  m e t a l  makes t h e  

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

Fermi e n e r g y  t " p i n s "  t h e  Fermi l e v e l )  a s  shown. The 

d o u b l e  l a y e r  formed b y  t h i s  carrier e x c h a n g e ,  a few t e n t h s  

of a n g s r t o m s  t h i c k ,  is n o t  shown i n  F ig .4 - lob .  

The e q u a t i o n  of c o n t i n u i t y  of c a r r i e r s  y i e l d s  

a n o t h e r  r e l a t i o n ,  namely  

The g r a d i e n t  of t h e  c u r r e n t  a l o n g  d i s l o c a t i o n  is  e q u a l  t o  

t h e  n e t  r a t e  of  c a r r i e r  c a p t u r e  on t h e  d e f e c t  l e v e l s .  I n  

Eq. (4-2)  w e  i n d i c a t e  o n l y  t h e  m a j o r i t y  carrier ( h o l e )  

c a p t u r e  and  n e g l e c t  t h e  c a p t u r e  of e l e c t r o n s  a l o n g  t h e  

d i s l o c a t i o n .  T h i s  is p a r t i a l l y  j u s t i f i e d  by the f a c t  t h a t  

t h e  p h o t o p r o d u c t i o n  of  e l e c t r o n s  i n  t h e  damaged r e g i o n  of  

t h e  s a m p l e ,  which h a s  a  maximum d i m e n s i o n  of a b o u t  1 p n ,  is 

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

d i s t a n c e  of a  m i n o r i t y  ca r r i e r  d i f f u s i o n  l e n g t h  (L - 100  

pm). For  s i m p l i c i t y  of  t h e  a n a l y s i s  w e  m a k e  t h e  
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approximat ion t h a t  a l l  e l e c t r o n  capture  occurs a t  t h e  t i p  

of t he  d i s l o c a t i o n ,  and any e l e c t r o n s  no t  captured a t  t h e  

t i p  w i l l  reach t h e  metal i n  t h e  de fec t  f r e e  area between 

d i s l oca t i ons .  With t h i s  approx imat ion t h e r e  w i  11 be a  

quant i  t a - t i v e  e r r o r  i n  t h e  r e s u l t s ,  bu t  qua1 i t a t i v e l y  t h e  J - V  

curves w i l l  n o t  be s i g n i f i c a n t l y  a l t e red .  I n  Eq. (4-2),  k, 

is a r a t e  constant  g i ven  by 

where c i s  t h e  thermal v e l o c i t y  o f  t h e  holes,  u p i s  t h e  

capture  c ross  sec t i on  o f  t h e  t r a p s  f o r  ho les,  and pCJ is 

t h e  dens i t y  (per  u n i t  l eng th )  o f  t h e  t r a p s  occupied by 

e l ec t r ons  ( o r  unoccupied by ho l es ) .  pd i n  Eq. (4-2) i s  t h e  

dens i t y  o f  ho l es  i n  t h e  valence band a t  t h e  d i s l o c a t i o n ,  

g iven by 

where pb i s  t h e  dens i t y  o f  ho l es  i n  t h e  b u l k  s i l i c o n  and V 

i s  g i ven  by i nspec t i on  o f  Fig.4-lob. 

Also by i nspec t i on  (F ig.4- lob) ,  w e  o b t a i n  a  r e l a t i a n  between 

V and Vd 



where  p is EFS - Ev,  

The d i f f e r e n t i a l  e q u a t i o n s  (4-1)  a n d  (4-2)  

d e s c r i b e  the model and  w e  h a v e  t w o  b o u n d a r y  c o n d i t i o n s .  

F i r s t ,  as m e n t i o n e d  a b o v e  w e  a s sume  t h a t  t h e r e  is a h i g h  

enough d e n s i t y  of s ta tes  i n  t h e  d e f e c t  l e v e l s  t h a t  t h e  

Fermi l e v e l  of t h e  metal is p i n n e d  t o  t h e  d i s l o c a t i o n  l e v e l  

at t h e  s u r f a c e ,  i .  e . ,  a t  x = 0. Hence,  t h e  f i r s t  bounda ry  

c o n d i t i o n  is t h a t  (F ig .4-10b)  

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

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

s e c o n d  b o u n d a r y  c o n d i t i o n .  S i n c e  t h e  p h o t o c u r r e n t  is 

t h e  s a m e  f o r  t h e  damaged a n d  t h e  undamaged c e l l s  t h e  

m a g n i t u d e  o i  t h e  e l e c t r o n  ( m i n o r i t y  carr ier)  c u r r e n t  

d e n s i t y  a t  x = - 1 is t h e  same a s  t h e  p h o t o c u r r e n t  d e n s i t y  

(Jph) of t h e  undamaged cells .  I f  t h e  d i s l o c a t i o n  s p a c e  

c h a r g e  r e g i o n  (DSCR) has a r a d i u s  of r ,  t h e n  w e  h a v e  

as t h e  s e c o n d  bounda ry  c o n d i t i o n .  In  o u r  c a l c u l a t i c n s ,  r is 

assumed t o  b e  0.15 v m z 7 .  Us ing  t h e  bounda ry  c o n d i t i o n s  g i v e n  

by (4-7)  and (4-81,  t h e  d i f f e r e n t i a l  e q u a t i o n s  (4-1) and  

(4-2) a r e  s o l v e d  f o r  Jd ( x )  . Assuming t h a t  t h e  e l e c t r o n s  c a n  
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communicate with the metal readily through the 20 A thick 

insulating layer we can calculate the ~ o n t r i b u t i ~ n  to the 

photocurrent from one dislocation (Jdl by evaluating 

J ~ ( x  = 0) aS ~ O ~ ~ O W S .  

Substituting for Jd(x) in (4-2) by (4-1) and 

eliminating V using (4-6) yields 

where K = (qk,pb/Z P slexp ( - (El  - /kT)exp ( P V o )  and p = q/kT .  

By multiplying (4-9) with (1/2) (dVd/dx) and integrating, we 

obtain 

where C is an integration constant. 

Eqns. (4-1) and (4-10) yield 

We had the boundary conditions (4-7) and (4-8). Writing Jd ( x )  

at x = 0 as Jdl, we obtain 

where B = (qk,pb/2B s)exp(-(El- p ) / k T ) .  C can b e  evaluated 

using the second boundary condition, Eqn. (4-8). First, we 

should evaluate Vd (x = - 1 ) , which can be obtained from 
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solving (4-10). Rearranging Eqn. (4-10) and i n t e g r a t i n g ,  w e  

have 

where D i s  another i n t e g r a t i o n  constant. The LHS af (4-131 

depends on t h e  s ign of C. Eqn. (4-12)  which can be 

rearranged as 

c l e a r l y  shows t h a t  C can be e i t h e r  negative or p o s i t i v e  

depending on whether JZdl  is less or g rea te r  than s2E. 

Case I .  . - -- - 

If C > 0, i n t e g r a l  of  t h e  LHS of  Eq. (4-13) y i e l d s  

Using the  f i r s t  boundary condi t ion  (4-73, w e  evaluate I3 and 

the  second boundary condi t ion  (4-8) t h e n  y i e l d s  



which can be used t o  eva lua te  C, numer ica l l y .  

Case II& 

I f  C < 0, t h e  i n t e g r a l  o f  t h e  LHS o f  Eqn. (4-13) 

y i e l d s ,  w i  t h  C = abs(C1 , 

Using (4-7) and (4-8) as be fore ,  we o b t a i n  

J=, = PC tan2 ( B F g c  1 1 2  

where 6 = tan- ' ( (K - C)I'C)~'*. Eqn. (4-17) a l s o  can be so lved 

numer ica l l y ,  f o r  C which i n  t u r n  can be used i n  Eqn. (4-12) t o  

c a l c u l a t e  J d l .  When C = 0 w e  ge t  t h e  l i m i t i n g  va lue  of bo th  

cases. 

With t h e  above equat ions one can c a l c u l a t e  t h e  

va lues o f  C and i n s e r t  i t  i n  Eqn. (4-12) t o  ob ta i n  Jdl, t h e  

cu r ren t  reach ing  t h e  su r face  through t h e  d i s l o c a t i o n ,  as a  

f unc t i on  o f  vo l t age  Vo. 

The t o t a l  cu r ren t  o f  t h e  c e l l  can be thought a f  as 

be ing  comprised of two components, t h e  cu r ren t  a long 

d i s l oca t i ons ,  and t h e  c u r r e n t  supported by t h e  und is tu rbed 

reg ions  of t h e  sample. The l a t t e r  component can be 



described, by the  i d e a l  s i n g l e  c r y s t a l  so la r  c e l l  J-V 

c h a r a c t e r i s t i c s  t h a t  can be expressed i n  terms o f  t he  

photocurrent dens i t y  Jph and the  reverse sa tu ra t i on  dark 

cur rent  dens i t y  Jod. Then the  cur ren t  dens i t y  Jh of  an 

undamaged c e l l  i s  

Then the  t o t a l  cu r ren t  densi ty ,  J can be expressed as the  

sum of  the cu r ren t  through d i s l oca t i ons  and cu r ren t  

associated w i t h  the  undisturbed region. 

where a  i s  a geometr ical  f a c t o r  which represent  the 

e f f e c t i v e  area f o r  t he  cu r ren t  i n  t he  undisturbed reg ion  of  

the  c e l l  and Ddl i s  t he  dens i t y  o f  d i s loca t ions .  

4.3.3 Resul t s  and d iscussion 

Several s i  mpl i f  y i  ng assumptions were made in order 

that t h e  model be analyzable r e l a t i v l e y  eas i l y ,  namely, 

a) actua l  d i s l o c a t i o n  loops can be approximated by a uniiorrn 

d i s t r i b u t i o n  of l i n e  de fec ts  whose lengths  are  comparable t o  

the  s i z e  o f  t he  p a r t i c l e s  used f o r  lapp ing t h e  samples, b )  

t he  d i s l o c a t i o n  s ta tes  i n  the band gap can be represented by 

a s i n g l e  l e v e l ,  c) t he  Fermi energy of t he  metal i s  pinned t o  

t h a t  of the  d i s l o c a t i o n  s t a t e s  a t  the surface, d l  the  capture 

of the  e lec t rons  (m ino r i t y  c a r r i e r s )  predominanatly occurs a t  
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t he  t i p  of t h e  l i n e  de fec t ,  and e) t h e  i n s u l a t i n g  l a y e r  i s  

t h i n  enough so t h a t  i t  does n o t  pose any h indrance t o  t h e  

c a r r i e r  t r anspo r t  across i t. Consider ing these assumptions 

one expects t he  model t o  y i e l d  q u a l i t a t i v e  aggreement w i t h  

the experiments a t  best .  

Figs.  4-11 t o  4-14 show t h e  numerical  s o l u t i o n s  o f  

Eqns. (4-15,17,12,18 and 19). The v a r i a t i o n  o f  J d l  w i t h  t he  

l eng th  o f  d i s l o c a t i o n  (1) i s  shown i n  F igs.  4-1la and b 

where t h e  parameter (El - p 1 i s  assumed t o  be 0.3 and 0.5 

eV, r e s p e c t i v e l y .  The o ther  parameters used i n  t h e  

c a l c u l a t i o n s  a re  g iven i n  Table 4-3. Figs.4-12a and b show 

t h e  e f f e c t  o f  t h e  s p e c i f i c  conductance on t h e  J-V 

c h a r a c t e r i s t i c s  f o r  a f i x e d  l e n g t h  o f  d i s l oca t i ons ,  namely, 

= 1  pm. 

The t o t a l  J - V  c h a r a c t e r i s t i c s  o f  t h e  M I S  c e l l s  f o r  

t he  cases shown i n  F igs.  4-11 and 12 a re  i n d i c a t e d  i n  F igs.  

4-13 and 4-14, r espec t i ve l y .  The Eqn.(4-19) was used t o  add L 

t he  c o n t r i b u t i o n  o f  de fec t s  and t h e  contribution o f  de fec t  

f r e e  regions.  Figs.4-1Sa and b show the c e l l  parameters 

obta ined from t h e  c a l c u l a t i o n s  f o r  va r ious  leng ths  o f  

d i s l o c a t i o n s  when (El - p) = 0.3 eV and 

s = 1  x 10'lS cm ohm-l. The  exper imental  da ta  g iven 

i n  t h e  Table 4-11 are  a l s o  p l o t t e d  f o r  comparison. 

Figs.  4-lba and b show t h e  c a l c u l a t e d  v a r i a t i o n  oC 

t he  c e l l  parameters w i t h  Dax f o r  t h e  case o f  when = 1  pm. 

The J-V c h a r a c t e r i s t i c s  obta ined +rom the  model by 

vary ing  t he  l eng th  of t h e  d i s l o c a t i o n s  show t h e  s t rong  

ef i e c t  uf t h e  s u r f  ace damage on V,, and FF (F igs.  4 - l l a  and 



06 
b ) .  Furthermore, i t  i s  ev iden t  from Figs.  4 - l l . 3 , b  and 

4-13a,b t h a t  t h e  s a t u r a t i o n  photocur ren t  ( a t  reve rse  b i a s )  is 

actually ir.dependent o f  t he  l e n g t h  a1 though i t  i s  no t  

complete ly  shown in t h e  f i g u r e s  t h e  case of ,!= 1 p m  i s  t h e  same. 

The f a c t  t h a t  t h e  reve rse  s a t u r a t i o n  photacur-rent 

of t he  c e l l s  damaged us ing  va r ious  g r i t  s i z e s  does n o t  

depend on the g r i t  s i r e  ( t h e  depth o f  t h e  darnage) i r s  a vary  

impor tant  observa t ion  from t h e  experiments. I f  recombinat ion 

were t h e  impor tan t  r o l e  o f  t h e  d i s l u c a t i a n s  i n  degradirtg t h e  

diode, the s a t u r a t i o n  phatocur ren t  would be a f f ec ted  as 

much as t h e  open c i r c u i t  vo l tage.  A s  demanstrated i n  :.he 

mathematical model o f  the photodiode f o r  t h i s  spec i a l  case 

of a t h i n  l a y e r  o f  sur face damage, i f  conductance and 

shunt ing  i s  t h e  impor tan t  r o l e  o f  d i s l o c a t i o n s ,  t h e  

s a t u r a t i o n  photocur ren t  i s  unaf+ccted w h i l e  Voc i s  s t r o n g l y  

a f fec ted .  Because t h e  l a t t e r  agrees w i t h  exper imental  

observat ions,  we b e l i e v e  t h a t  t h i s  c o n s t i t u t e s  a p iece  o f  

 omp pel 1 i ng e v i  dence i n  favo r  o f  conduct ion a1 ong 

d i s l oca t i ons .  

In the case o f  canduct iny d i s l o c a t i o n s  t h e  model s h o w s  

why t h e  recombinat ion o f  m i n o r i t y  c a r r i e r s  captured by the  

d i s l o c a t i o n s  should increase w i t h  t he  l eng th  o f  t h e  line 

defec ts  , under farward b i a s  and be n e y l i g l  b l  e under 

reverse  b ias.  Th is  behavior i s  e x a c t l y  what we observe 

exper imenta l l y  and a r i s e s  due t o  the f a c t  t h a t  once t h e  

rninori t y  c a r r i e r s  i e l ec t r ans )  a r e  captured a t  t h e  

d i s l oca t i ons ,  t h e i r  movement along t h e  de fec ts  under reve rse  

b i a s  pe rm i t s  them t o  reach the sur face.  However, t h e  
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ma j a r i  t y  c d r r i e r  capture  on the d i s l o c a t i o n s  i s  exponen t i a l l y  

dependent on vo l  tage, and w i t h  a forward ~ l a s s e d  diode, w i  11 

r-ecumbrne bef o r e  they reach t h e  su r f  ace. Th is  wi 11 lead t o  a 

low ~ J O C  and FF. I f  t h e  d i s tance  1 t h a t  t he  m i n o r i t y  

e l ec t r ons  have t o  t r ave r se  be fo re  reach ing  the  sur face i s  

1  ong , then, t h e i r  1 i ke l  i hood o f  b e i n g  recomb1 ned increases, 

and V o o  and FF worsens. 

The e f f e c t  o f  t he  parameter (Ei - 11) i s  r e a d l l y  

,<een i n  F igs.  4-11 t o  4-14: El i s  t h e  depth o f  t h e  

de fec t  l e v e l s  l o r  d i s l o c a t i a n  s t a t e s )  and p is t h e  

d i f f e r e n c e  between t he  Fermi l e v e l  and t h e  t ap  of t h e  

valence band o f  p-type s i l i c o n .  A s e n s i t i v e  v a r i a t i o n  of 

t h e  cu r ren t  a long the  l i n e  de fec t s  w i t h  EL should be 

expected s i nce  accord ing t o  the model t h e  h o l e  capture  a t  

t h e  de fec t  l e v e l  v a r i e s  as exp(-(El - a t  a  g iven b i a s  

(see equa t i ons (4-2, 4-4 and 4-6) 1 . Hence 1  oweri  ng (Et - p ) 

should increase recombinat ion of e l ec t r ons  a t  t h e  

d i s l o c a t i o n s  g i v i n q  r l s e  t o  a lower J d l  a t  a g iven b ias.  

Th is  behavior  i s ,  i n  f a c t ,  d iscerned by examining 

Figs.  4-1 la and 4 - l i b .  Comparing t h e  exper imental  r e s u l t s  

(Fig.  4-ba) w i t h  t h e  t h e o r e t i c a l  curves (Figs.  4-13a and b 

showing t h e  ca l cu l a t ed  t o t a l  J - V  c h a r a c t e r i s t i c s )  one 

observes t h a t  ( E r  - p = 0.3 eV is more f avo rab le  f o r  an 

agreement between the model and data  t h a n  0.5 e V .  The 

acceptor  dens i t y  of t h e  samples being 3 x 10'" c m - ' ,  t h e  

va lue of p, ca l cu l a t ed  by = (kT/q) ln(Nv/Nu) i s  0.2 e V  

where Nv i s  t h e  e f f e c t i v e  d e n s i t y  o f  s t a t e s  i n  t h e  valence 

band uf S i .  Consequently, t h e  depth o f  t he  d i s l o c a t i o n  



l e v e l s ,  El is  f o u n d  t o  b e  0.5 e V .  T h i s  v a l u e  of El 

compares  v e r y  w e l l  w i t h  t h e  v a l u e  r e p o r t e d  by Mantovani  and  

Fenn inoF7  who s t u d i e d  t h e  r e v e r s e  b i a s  d a r k  c u r r e n t  uf 

S c h o t t k y  d i o d e s  p r e p a r e d  on d i s l o c a t e d  p-Si . They r e p a r t  

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

h a v e  m o s t  e f f e c t i v e  e n e r g y  l e v e l  f o r  t h e  

generatian/recombination p r o c e s s  a t  0.52 e V  a b o v e  t h e  t o p  of 

the valence band.  

The e f f e c t  of  t h e  s p e c i f i c  c o n d u c t a n c e ,  5 

on t h e  ce l l  c h a r a c t e r i s t i c s  is  a l s o  r e l a t i v e l y  s t r o n g  a s  

c l e a r l y  i n d i c a t e d  by t h e  v a r i o u s  c u r v e s  i n  F i g s .  4-12a,  b 

and  F i g s .  4-14a,  b. A s  i t  h a s  been  assumed i n  t h e  model ,  t h e  

m i n o r i t y  carriers c a n  s t i l l  r e a c h  t h e  b a r r i e r  e v e n  when t h e y  

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

c u r r e n t  s h o u l d  depend  on t h e  c o n d u c t i v i t y  of t h e  l i n e  

d e f e c t s .  F i g s .  4-12a and  b  r e f l e c t  t h i s  b e h a v i o r .  Comparing 

t h e  e x p e r i m e n t a l  J - V  c u r v e  f o r  1  um damage ( c u r v e  e i n  F i g .  

4-61 w i t h  t h o s e  i n  F i g s .  4-14a o r  b o n e  c a n  i n f e r  t h a t  a 

v a l u e  of t h e  o r d e r  of 10"-l'S c m  ohm-l f o r  s would g i v e  t h e  

closest  a g r e e m e n t  be tween  c a l c u l a t i o n s  and a b s e r v a t i a n r , .  A 5  

men t ioned  ear l ier  i n  s e c t i o n  2.2,  t h e  o n l y  v a l u e  of 5 

a v a i l a b l e  i n  t h e  l i t e r a t u r e  is 10- lo  c m  ohm-' a t  4 .2  K 

which was e s t i m a t e d  by  Labuschl".  The v a l u e  of 5 a t  t h e  

room t e m p e r a t u r e  e s t i m a t e d  b y  f i t t i n g  t h e  model t o  t h e  J - V  

d a t a  is  l o w e r  t h a n  t h a t  a t  low t e m p e r a t u r e .  

The c a l c u l a t e d  v a r i a t i o n  of t h e  cel l  p a r a m e t e r s  

(J.,, , r) , V,, and  FF) a g r e e s  q u i t e  w e 1  1  w i t h  t h a t  

a b s e r v e d  e x p e r i m e n t a l l y  a s  i n d i c a t e d  by  F i g s .  4-1Sa and  b  



when s = 1 x 1 W L 5  c m  ohm-I a n d  ( E i  - p) = 0.3 e V .  

The o n l y  d e v i a t i o n  s e e n  i n  t h e s e  r e s u l t s  is when 

k ! =  1 rm where  V,, and  FF are s i g n i f i c a n t l y  l a r g e r  t h a n  t h e  

e x p e r i m e n t a l  v a l u e s .  The f a c t  t h a t  t h e  r e s u l t s  f o r  t h e  

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

s i m p l i f y i n g  a s s u m p t i o n  u s e d  i n  c a l c u l a t i o n s  where  the 

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

i ts  end  ( x  = - ) , c o u l d  b e  r e s p o n s i b l e  f o r  t h i s .  A p a r t  f r o m  

t h i s  minor  d e v i a t i o n  t h e  si rnple model a d e q u a t e 1  y d e s c r i b e  

t h e  e f f e c t  of  d i s l o c a t i o n s .  

The s h u n t  c u r r e n t  a s  e x p r e s s e d  by Eqn. (4-12) 

i n d i c a t e s  a n  e x p o n e n t i a l  d e p e n d e n c e  w i t h  t h e  b i a s ,  

c o n t r a r y  t o  t h e  g e n e r a l l y  b e l i e v e d  l i n e a r  dependence .  I t  is 

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

d o m i n a t e d  by c o n d u c t i o n  a l o n g  d i s l o c a t i o n s  w i  11  b e  g r e a t e r  

t h a n  t w a ,  a c c o r d i n g  t o  Eq.4-12. 

C a l c u l a t e d  d e p e n d e n c e  of t h e  ce l l  p a r a m e t e r s  w i t h  

t h e  d e n s i t y  of d i s l a c a t i o n s ,  Ddl shows t h a t ,  a s  e x p e c t e d ,  

t h e y  d e g r a d e  w i t h  i n c r e a s i n g  Ddl. However, i t  is m o s t  

i n t e r e s t i n g  t o  n o t e  t h a t  t h e r e  is no  s i g n i f i c a n t  

d e t e r i o r a t i o n  when Ddl < 104 - i05 ~ m - - ~ .  T h i s  b e h a v i o r  

c l o s e l y  a g r e e s  w i t h  what is o b s e r v e d  i n  p r a c t i c e  b y  o t h e r  

a ~ t h o r s ~ ~ - + ~ ~ .  

A solar  ce l l  is u s u a l l y  r e p r e s e n t e d  by an  e q u i v a l e n t  

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

(shunt :  r e s i s t a n c e ,  RsH)  and  i n  series w i t h  another  r e s i s t a n c e  

(Ra). A c u r r e n t  s o u r c e  p a r a l l e l  t o  t h e  d i o d e  is  used  t o  

i n d i c a t e  t h e  p h o t o g e n e r a t e d  c u r r e n t  u n d e r  i l l u m i n a t i o n .  The 
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R s H  and t h e  Rs a re  gene ra l l y  est imated by i nve r se  s lopes o f  

t he  cu r ren t -vo l tage  c h a r a c t e r i s t i c s  o f  t h e  c e l l  as R~b-1 = 

(dI /dV)  -l a t  V >> 0 and Rs = ( d I / dV ) - *  a t  V <<  0. One must 

have t h e  Rs = 0 and REjH -00 f o r  an i d e a l  s o l a r  c e l l .  E i t h e r  

a  l a r g e  Rs o r  a  lower R s H  degrades t h e  f i l l  f a c t o r  y e i l d i n g  a 

poor c e l l .  The Hs alone does n o t  a f f e c t  t h e  open c i r c u i t  

vo l tage  (Voc) al though i t  w i l l  a f f e c t  t h e  s h o r t  c i r c u i t  

cu r ren t  (Jac) whi 1  e  t h e  RsH a1 one does no t  i nf 1  uence Jsc 

al though i t  w i l l  i n f l u e n c e  t h e  Voc. It seems a t  a  g lance t h a t  

a combinat ion o f  bo th  Rs and R s n  may produce t h e  degradat ion 

observed i n  t h e  J - V  data. However, when t h e  e f f e c t  o f  RS and 

RsH on J-V c h a r a c t e r i s t i c s  (as ca l cu l a t ed  by severa l  

authors8=) i s  examined i t  shows t h a t  unrea l  i s t i  c a l l  y  1  ow 

shunt r e s i s t a n c e  (o f  severa l  ohms ins tead  o f  severa l  hundred 

k i l l o  ohms i n d i c a t e d  by t h e  s lope  o f  t h e  reve rse  b iased 

c h a r a c t e r i s t i c s  measured) and a  very h i g h  s e r i e s  r e s i s t a n c e  

(o f  severa l  hundred ohms as opposed t o  j u s t  severa l  ohms 

i n d i c a t e d  by t h e  s lope o f  t h e  forward b iased c h a r a c t e r i s t i c s  

measured) a r e  needed together  t o  b r i n g  about t h e  changes in 

Voc and Jsc concu r ren t l y  as i n  t h e  experiments. Thus, t h e  

da ta  can n o t  be exp la ined i n  terms o f  such an equ iva len t  

c i r c u i t  w i t h  any phys ica l  s ign ib icance.  On t h e  o ther  hand, 

t h e  d i s l o c a t i o n  conduc t i v i  t y  model exp la i ns  the v a r i a t i o n  of 

the J-V da ta  a t  a more fundamental l e v e l  where one ran  

d i r e c t l y  r e l a t e  t h e  parameters i nvo lved  t o  t h e  s t r uc tu re .  

4.4 --.-- Conclusions 

The J - V  c h a r a c t e r i s t i c s  o f  t h e  MIS c e l l s  
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fabricated on p-type S1 containing dislocations of various 

lengths, showed that all of the cell parameters were 

progrt2ssively degraded w l  th increasing penetratr on of these 

line defects into the sample. However, the reverse 

saturation photocurrents were observed to be independent of 

the depth of the damage. This cambination suggests the 

degradation is due to conduction of captured carriers along 

the dislocation levels in the band gap. A simple model 

presented, assuming a certain conductivity along the 

dislocations, is used to explain the experimental data. 

The J-V characteristics calculated using the model seem to 

be very sensitive to the specific conductance, 5 o f  the 

dislocatians. An estimate of the value CIS s was made by 

fitting the theoretically calculated curves with the 

experimental curves. For the type of dislocations studied, 

s could be estimated to be about iO-15 cm ohm-l. To our 

knowledge, this is the first time that such a conductivity 

has been observed in a solid state semiconductor device at 

room temperaturelo5. It is of interest to note that the 

model predicts that with dislocation densities less than 

about 10" cm-' or so, there is no significant degradation 

due to dislocations, which agrees quite well with the 

observatiuns made by others. 
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Fig.4-la Auger survey spectrum on an unstained region. 
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Fig.4-lb Auger survey spectrum on t h e  su r face  a f  a s t a i n e d  area of  p-Si 
sample a f t e r  using t h e  p lanar  e tch .  
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Fig.4-2a The J - V characteristics of a batch of samples where the 
planar etch has been used. 
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Fig.4-2b The J - V characteristics of a batch of samples prepared without 
using the planar etch. 10% HF was used instead. This batch shows 
better reproducibility. 



TABLE 4-1 

O x i d a t a i o n  A V o c / V o c  Aq/q Ox i de 

t i m e  thickness 



- Voc = 0.549 V 
2 

Jsc = 10.8 mA/cm 

Illuminated 

V (Volt) 

Fig.4-3 J-V characteristics of an MIS cell. Both the dark and the 
illuminated cases are shown. Accounting for the reflection 
losses, this cell corresponds to an efficiency of 7.7% (AM2). 



\ 
dia. 7.8 

Fig .4-3b.  The t o p  v iew o f  t h e  M I S  c e l l .  
A l l  d i m e n s i o n s  a r e  i n  mm. 
A - p- type  s i l i c o n  
B - t h i n  ( 5 0  A )  c i r c u l a r  A 1  l a y e r  
C - t h i c k  A 1  c o n t a c t  pad 
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Fig.4-4a The short circuit current density versus the illumination 
intensity of an MIS cell (P124). This shows, as usual, that 
the Jsc is proportional to the light intensity. 
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Fig.4-4b The behavior  o f  t h e  c e l l  parameters  wi th  i l l u m i n a t i o n .  The 
open c i r c u i t  v o l t a g e  V t h e  e f f i c i e n c y  77%, and t h e  f i l l  

oc  ' 
f a c t o r  FF a r e  p l o t t e d  a g a i n s t  t h e  s h o r t  c i r c u i t  c u r r e n t  
d e n s i t y  JSc. 



V (Volt) 

2 Fig.4-5 A p l o t  o f  1 / C  v e r s u s  V (Mott-Schottky p l o t )  of an MIS sample 
(P56) .  The doping d e n s i t y  i s  c a l c u l a t e d  from t h e  s l o p e .  The f l a t  
band p o t e n t i a l  i s  g i v e n  by t h e  i n t e r c e p t .  



0. 2 
V ( V o l t )  

Fig.4-6a Illuminated J - V characteristics of cells damaged with 
various particle sizes (or lengths of dislocation loops). 

(a) undamged (b) 0.05 Pm (c) 0.1 )lm (dl 0.3 pm (el 1 pm. 



Table 4-2 Parameters o f  undamaged and damaged solar cells. 



Fig.4-6b The n e t  pho tocu r r en t  d e n s i t y  ( s a t u r a t i o n  p h o t o c u r r e n t ) , J  
ph 

o f  MIS c e l l s  o f  v a r i o u s  damage s i z e s  v e r s u s  r e v e r s e  b i a s  
p l o t t e d  on a blown up s c a l e .  J i s  ob ta ined  by s u b t r a c t i n g  

ph 
t h e  r e v e r s e  dark  c u r r e n t  from t h e  c u r r e n t  under i 1 lumina t ion .  
Note t h a t  t h e  o r i g i n  o f  t h e  J a x i s  i s  no t  ze ro  bu t  10 mA 

ph 



V (Volt) 

Fig .4 -7  The d a r k  ( d o t t e d  l i n e s )  and  i l l u m i n a t e d  ( s o l i d  l i n e s )  J - V 
c u r v e s  o f  1 pm damaged MIS c e l l  (P115D) p r e p a r e d  a f t e r  
s u c c e s s i v e l y  e t c h i n g  t h e  s u r f a c e  f o r  20 s i n  10% HF. 

( a )  The o r i g i n a l  1 p m  damaged sample (b) A f t e r  t h e  f i r s t  20 s 
e t c h  ( c )  A f t e r  t h e  second  e t c h  (d) A f t e r  t h e  t h i r d  e t c h .  



Fig.4-8a Scanning e l e c t r o n  micrograph o f  a sample damaged wi th  0.3 p m t h a t  
has been t r e a t e d  wi th  t h e  Dash e t c h  f o r  20 s .  This  shows t h e  
v a r i o u s  s i z e s  o f  e t c h  p i t s  and a l l  were counted.  



.8b Scanning e l e c t r o n  micrograph of a sample etched f o r  1 minute 
showing only t h e  l a r g e  p i t s .  A l l  small p i t s  have been removed. 
This  was not  used f o r  determining D but t h e  dens i ty  of p i t s  

d 1 
i s  reduced by about a f a c t o r  of  5. Hence t h e  e tch ing  time i s  
important .  



Fig.4-9 Ca lcu l a t ed  J - V  cu rves  u s ing  recombinat ion t h e o r y  a t  r e v e r s e  b i a s  
( s ee  Appendix I ) .  
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(a)  Photocur ren t  o f  an undamaged c e l l  
(b) Photocur ren t  o f  a  1 p m  damaged c e l l  
(c)  Dark c u r r e n t  of a  1 p m  damaged c e l l  accord ing  t o  t h e  SNS 
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Fig.4-lOa The MIS structure with mechanical damage. Dislocation loops 
are replaced by lines perpendicular to Si surface (not to 
scale). 
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l~inimum of valence band L, at the dislocation (E 
. v, 2 

Fig.4-lob The band diagram of the cell with dislocation in the plane of 
paper. The insulator layer is not shown. The dislocations are 
indicated as extending a distance /from the surface where / 
is much greater than the space charge region width. A double 
layer (not shown) makes the traps in the dislocation isoenergetic 
with E,,. 



'Fig.4-lOc Cross-sectional diagram at AB of Fig.4-lob viewed 
perpendicular to the surface of the cell. 



V (Volt) 

Fig.4-lla Calculated variation of the current along a dislocation (J ) d 1 
with its length(/) when the specific conductance, 

-15 
s =  10 cmohm-' and El - p = 0 . 3 e V .  

(a) 0.05 p m  
(b)  0.1 pm 
(c) 0.3 pm 
(dl 1 p m  



1.0 2.0 3.0 
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F i g . 4 - l l b  Calcu la ted  v a r i a t i o n  o f  t h e  c u r r e n t  a long  a  d i s l o c a t i o n  (J ) 
with  l e n g t h  ( d )  when t h e  s p e c i f i c  conductance, d l  

s = 10'15 cm ohm-' and El  - p = 0 . 5  eV. 

( a )  0 .05 p m  
(b) 0 . 1  p m  
(c) 0 . 3  p m  
(dl 1 Pm 



Table 4-3 Parameters used in calculations. 

Symbo 1 Numerical value 
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Fig.4-12a E f f e c t  o f  s p e c i f i c  conductance, s  on J - V  c h a r a c t e r i s t i c s  o f  a 
d i s l o c a t i o n  ( l eng th  = / =  1 pm) f o r  t h e  c a s e  of  E - p = 0 . 3  eV. 

1  

(a) 10-l4 cm ohm 
- 1 

(b) 5  x 10-Is  cm ohm-' 

(c )  10-Is cm ohm-' 

(d) 5  x 10-l6 cm ohm-I 



Fig.4-12b E f f e c t  of  s p e c i f i c  conductance, s on J - V  c h a r a c t e r i s t i c s  o f  a 
b 

d i s l o c a t i o n  ( l eng th  = f = 1 pm) f o r  t h e  ca se  of  E - p = 0.5 eV. 
1 

(a)  cm ohm-' 

(b) 5 x 10-Is  cm ohm-' 

(c) 2.5 x 10'15 cm ohm-' 
- 1 (d) 10- l5  cm ohm. 

(e )  5 x 10- l6  cm ohm-' 



V (Volt) 

Fig.4-13a Variation of the total J-V characteristics of MIS cell with b 

dislocations of length when El - p = 0.3 eV. 

(a) 0 p m  
(b) 0.05 p m  

(c) 0.1 p m  

(d) 0.3 p m  

(el 1 p m  



V (10-I Volt) 

Fig.4-13b Variation of the total J-V characteristics of MIS cell with 
dislocations of length / when El - = 0.5 eV. 



V (Vo l t )  

Fig.4-14a Variation of the total J-V characteristics of MIS cell with 
specific conductance, s of dislocations with a.fixed length 
of 1 pm when E - p = 0.3 eV. 

1 

(a) 10-l4 cm ohm-' 

(b) 5 x 10-Is cm ohm-' 

(c) 10-l5 cm ohm-' 
-16 . 

(d) 5 x 10 cm ohm-' 



Fig.4-14b Variation of the total J-V characteristics of MIS cell with 
L 

specific conductance, s of dislocations with a fixed length 
of 1 pm when El - y = 0.5 eV. 
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Fig.4-15a The variation of the short circuit current,J and the 
SC 
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efficiency, 77 with the length, j? of dislocations. Calculated 
variation is shown in dashed lines. 
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Fig.4-15b The variation of the open circuit voltage, Voc and the fill L 

- - 

factor, FF with the length, 1 of dislocations. Calculated 
variation is shown in dashed lines. 



Fig.4-16a Calculated variation of J and T ]  with the density of 
SC 

dislocations, Ddl. 



Fig.4-16b Calculated variation of Voc and FF with the density of 

dislocations, Ddl. 



CHAPTER V 

FURTHER STUDIES OF DISLOCATIONS 

5.1 Photoel ectrochemical -- data 

To f u r t h e r  v e r i f y  t he  r e s u l t s  obtained i n  M I S  

measurements, one ha l f  of several  batches of damaged samples 

prepared s i m i l a r  t o  those measured e a r l i e r  were sent t o  

D r .  W.P. Gomes i n  Un i ve rs i t y  af  Gent i n  Belgium f o r  

photoel ectrachemi c a l  (PEC) measurements. The other  ha1 f of  

the samples were re ta ined,  and were measured i n  the  MIS 

canf igura t ion.  To avoid a discrepancy o f  r e s u l t s  due t o  any 

t ime dependence o f  t he  p rope r t i es  of t he  d i s l oca t i ons  

int roduced by lapping, both type of  measurements were 

c a r r i e d  out a t  t he  same per iod  o f  t ime a f t e r  t h e i r  i n i t i a l  

p reparat ion ( lapp ing) .  

The PEC procedure i s  much s i  mpl e r ,  experimental 1  y. 

A n  ohmic contact  is made a t  t he  back s i de  of t he  s i l i c o n  . 
sample (damaged o r  undamaged) w i t h  Ga-In eu tec t i c ,  and the 

surface is masked w i t h  an epoxy so t h a t  when the  sample is 

immersed in t he  e l e c t r o l y t e  on ly  the  f r o n t  surface is 

exposed t o  t he  so lu t ion .  The e l e c t r o l y t e  used was 

NH4F w i  t h  o r  wi thout  a  K+Fe (CN) &/K3Fe (CN) a 

redox couple i n  water as discussed below. The cur rent -vo l  tage 

c h a r a c t e r i s t i c s  were measured us ing a  He-Ne laser as t he  

source of  l i g h t .  Their  measuring system allowed them t o  

ob ta in  a scanning l ase r  spot (SLS) map of  the  sample, which 

is e s s e n t i a l l y  a 2 dimensional d i s t r i b u t i o n  o f  the  ne t  

photocurrent w i t h  p o s i t i o n  o f  the sample su r f  ace. 
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A smal l  va r i a t xon  o f  t h e  sample p repa ra t i on  was 

in t roduced f o r  another experiment where, a f t e r  i n i t i a l  sample 

l app ing  i w i t h  0.3 pm powder) h a l f  o f  the sur face was masked 

w i t h  b lack  wax which i s  r e s i s t a n t  t o  a c i d  etch. The masked 

sample was etched i n  p lanar  e t ch  f a r  1 min which removed 

about 5 p m  o f  t h e  top  damaged l a y e r  o f  t h e  exposed reg i on  of  

t he  sample w h i l e  keeping t h e  o the r  h a l f  i n t a c t .  A f t e r  t h e  

e tch  t h e  wax was d i sso lved  away and t h e  sample was 

degreased, cleaned and was sent  t o  U n i v e r s i t y  o f  Gent f o r  

1 aser scanni ng measurements. 

F ig .  5-1 represents  a r e s u l t i n g  l a s e r  scanning map 

showing a case where (a )  a  s l i g h t  ca thod ic  p o t e n t i a l  was 

app l i ed  t o  t h e  sample compared t o  a case where (b)  a  h i g h  

ca thod ic  ( reverse)  p o t e n t i  a1 was appl ed. These measurements 

were made on a s i n g l e  sample, t h e  l e f t  h a l f  o f  which was 

po l i shed  w i t h  alumina g r i  t o f  0.3 pm. The n e t  

photocur ren t  vs. p o s i t i o n  over t h e  scanned area o f  t h e  L 

sample show d r a m a t i c a l l y  t h e  e f f e c t ,  ob ta ined i n  p rev ious  

M I S  measurements, t h a t  under a h i gh  ca thod ic  p o t e n t i a l  

( a t  reve rse  b i a s )  t h e  s a t u r a t i n g  photocur ren t  i s  

independent o f  t h e  presence o f  the sur face d i s l o c a t i o n  loc~ps. 

When a s l i g h t  ca thod ic  p o t e n t i a l  i s  p resent  t h e  

presence o f  d i s l o c a t i o n s  leads  t o  much lower photocurrent .  

I n  Figs.5-2 and 5-3 we show n e t  photocur ren t  vs. 

app l i ed  p o t e n t i a l  curves f o r  t h e  PEC and t h e  M I S  s o l a r  c e l l s  

on undamaged and damaged samples obta ined by s u b t r a c t i n g  t h e  

dark J - V  c h a r a c t e r i s t i c s  f rom those under i l l u m i n a t i o n .  I n  

Fig.5-2 we show t h e  r e s u l t s  where t h e  damage i s  produced by 
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0.05 pm and 0-1 pm grit sizes of alumina. In Fig.5-3 w e  show 

the results where the damage is produced by 0.3 pm and 1 pm 

diameter alumina grit. On both graphs are shown results for 

the damage-free silicon case. The voltage axis for PEC data 

must be normalized because with PEC solar cells the voltage 

is measured relative to a particular reference electrode 

and often the short circuit current. However, the reverse 

saturation photocurrent seems to be independent of the size 

of the particles used for polishing. The case of PEC solar 

cells is similar to that of M I S  cells but there are slight 

differences. A slight but systematic lowering of the 

phctocurrent with increasing damage size is observed in the 

PEC solar cells. However the lowering is small. The fact 

that the lowering of the saturation photocurrent of the Si 

which for our purpose is at an arbitrary potential. Thus 

there is no relationship between V = 0 on MIS solar cell and 

V = 0 (VS .  SSE) with the PEC solar cell. To normalize the 

curves we simply have adjusted V = 0 position so that for 

the undamaged cells the decrease in photocurrent curves 

start at the same place on the graphs for the two cases. 

The current axis is adjusted experimentally by ccmtralling 

the light intensity for the two types of measurements 50 

that the saturation photocurrent in both cases is in the 

order of 10 mA/cm2. 

It is seen that the the effect of the damage on 
b 

both the MIS and the PEC J-V characteristics is 

qua1 i tatively the same i. e, the forward characteristics are 

degraded lowering the open circuit voltage, the fill factor 
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PEC c e l l s  i s  small is r e a d i l y  appreciated when one r e c a l l s  

t h a t  i n  T i O z  PEC c e l l s  the  photocurrent i s  reduced by two 

orders of  magnitude i n  the  presence o f  even l e s s  damage (0.3 

pm)97 .  

I n  Fig. 5-4 i s  shown a  comparison o f  t he  M I S  and 

the PEC i l l u m i n a t e d  c h a r a c t e r i s t i c s  w i t h  i n  each case no 

oxide present a t  the surface of  the  sample. "No ox ide" means 

t h a t  the  sample was r i nsed  i n  HF j u s t  p r i o r  t o  the  ac tua l  

measurement o f  J - V  cha rac te r i s t i c s .  This has been shownlo7 

0 
t o  leave an ox ide of  10-15 A th ickness on the  sample. I n  the  

case of  t he  M I S  so la r  c e l l  t he  aluminum metal e lec t rode i s  

deposited over t h i s  area and hence the  oxide i s  not  expected 

t o  grow s u b s t a n t i a l l y  more. I n  t he  case of  t he  PEC sample 

a f t e r  t he  HF r i n s e  t he  sample i s  immersed i n  an aqueous 

s o l u t i o n  con ta in ing  potassium f errocyanide which i s  a  good 

s t a b i l i s i n g  agent f o r  t he  s i l i c o n l e e  and w i l l  mainta in the  

oxide w i t h  no f u r t h e r  growth as long as h igh  ho le  cu r ren ts  
L 

t o  the  su r f  ace are  no t  a1 lowed. I t i s  observed i n  t h i s  

comparison where t he  oxide is not  c a r e f u l l y  prepared t h a t  

the  FEC so la r  c e l l s  show a  s u b s t a n t i a l l y  b e t t e r  

c h a r a c t e r i s t i c  than the  M I S  s o l a r  c e l l s .  However, w i t h  an 

oxide, as i s  t h e  case i n  Fig.5-2 and 5-3, t he  M I S  s o l a r  

c e l l s  show c h a r a c t e r i s t i c s  o f  equal q u a l i t y  t o  those o f  PEC 

so la r  cellsiq9. 

It i s  observed i n  t he  PEC c h a r a c t e r i s t i c s  i n  the  

dark t h a t  t he  presence of  f e r r i c y a n i d e  i ons  i n  s o l u t i o n  has 

a s i g n i f i c a n t  e f f e c t  on t he  dark J - V  c h a r a c t e r i s t i c s  o f  t he  

ii diode. This was observed w i t h  Fe+T(EDTA) by Searsx9 bu t  was 
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no t  analyzed. Fig.5-5 shows the  r e s u l t s  af t h e  i n j e c t i o n  

curves associated w i t h  f e r r i c y a n i d e  as a f u n c t i o n  o f  t he  

l eng th  o f  t h e  d i s l o c a t i o n .  I t  a l s o  shows a curve  measured 

w i t h  t h e  deepest d i s l o c a t i o n  loops  ( those produced by 1 urn 

A l 2 O Z )  showing t h a t  t h e r e  i s  n e g l i g i b l e  excess cu r ren t  

w i thou t  the Fe(CN)-.=a i o n  present .  Th is  l a t t e r  curve i s  t o  

i n d i c a t e  t h a t  t h e  reverse  cu r ren t  does n o t  a r i s e  from b u l k  

e lec t ron -ho le  genera t ion  process (which wauld be independent 

o f  t h e  presence o f  t h e  Fe(CN)-xh i o n )  bu t  must r e s u l t  f rom 

t h e  i n j e c t i o n  of  c a r r i e r s  i n t o  s i l i c o n  from t h e  

f e r r i c yan ide .  I t  is observed t h a t  t h e  deeper t h e  d i s l o c a t i o n  

the h igher  t h e  reve rse  dark cu r ren t .  Fu r the r ,  t h e  shape of 

the  excess cu r ren t  as a f u n c t i o n  o f  vo l tage  depends on t h e  

l eng th  o f  t h e  d i s l o c a t i o n .  

5 . 1 . 1  Di scussi  on 

I n  Figs.5-2 and 5-3 abave, where t h e  r e s u l t s  w i t h  

M I S  and PEC s o l a r  c e l l s  a re  compared, i t  i s  shown t h a t  

indeed t h e  photocur ren t  does s a t u r a t e  e s s e n t i a l l y  t o  t h e  

same va lue  i n  the reverse  d i r e c t i o n  ( o r  a t  ca thod ic  

p o t e n t i a l )  independent o f  t h e  presence o f  a l a y e r  o i  

d i s l o c a t i o n s  a t  t h e  s u r f  ace. Qua1 i t a t i v e i y  t h i s  shows 

c l e a r l y  t h e  need f o r  conductance through t h e  d i s l o c a t i o n s ,  

because i + the  d i s l o c a t i o n s  were non-conducting and s imply  

recombinat ion centers,  most o f  t h e  m i n o r i t y  c a r r i e r s  

reaching t h e  d i s l o c a t i o n s  would be l o s t  regard less  o f  t h e  

app l i ed  b ias.  We no te  t h a t  t h e  depth o f  t h e  d i s l o c a t i o n s  ( 1  
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pm) is l a r g e r  t h a n  t h e  d e p t h  o f  t h e  s u r f a c e  s p a c e  c h a r g e  

r e g i o n ,  e x p e c t e d  t o  b e  a f e w  h u n d r e d  nm, so i n  t h i s  case 

e s p e c i a l  l y  t h e  d i s l o c a t i o n s  p e n e t r a t e  i n t o  t h e  buf k where  

t h e y  c a n  act as r e c o m b i n a t i o n  c e n t e r s .  The p h a t o c u r r e n t  

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

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

carriers,  is d e p e n d e n t  on t h e  l e n g t h  of t h e  d i s l o c a t i o n s  a s  

e x p e c t e d ,  as o b s e r v e d  e x p e r i m e n t a l l y  +ar b o t h  t h e  MIS and  

t h e  PEC so la r  ce l l s .  

The PEC r e s u l t s  showing  d a r k  i n j e c t i o n  c u r r e n t  f r a m  

+ e r r i c y a n i d e  s u g g e s t  s t r o n g l y ,  a g a i n ,  t h a t  t h e  d i s l o c a t i a n s  

must b e  c o n d u c t i v e .  F i r s t ,  i t  is c l e a r  t h a t  t h e  excess 

c u r r e n t  is a s s o c i a t e d  b o t h  w i t h  t h e  Fe(CN) '-36 i o n  and  t h e  

d i s l o c a t i o n .  I f  t h e  h o l e s  c o u l d  n o t  move t h r o u g h  t h e  

d i s l o c a t i o n  t h e  d i s l o c a t i o n  would t h e n  b e  a c t i n g  as a 

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

v a l e n c e  band.  T h i s  is c o n s i d e r e d  u n l i k e l y  f o r  t w o  r e a s a n s :  . 
F i r s t ,  s u c h  a s u r f a c e  p r o c e s s  would n o t  depend  on  t h e  l e n g t h  

of t h e  d i s l o c a t i o n ,  and  s e c o n d ,  t h e  d i s t r i b u t i o n  of energy 

l e v e l s  of t h e  + e r r i c y a n i d e  is s u c h  t h a t  i t  would b e  more i i k e l y  

t o  i n j e c t  h o l e s  d i r e c t l y  i n t o  t h e  v a l e n c e  band t h a n  v i a  t h e  

d i ~ l . o c a t i o n ~ ~ - = ~ .  I f  w e  a s s u m e  t h a t  t h e  c o n c e n t r a t i o n  o i  t h e  

d i  s l a c a t i o n  a t  t h e  s u r - f a c e  1s i n d e p e n d e n t  of t h e  p a r t i c l e  

size u s e d  f o r  l a p p i n g  and  t h e  o n l y  major d i f f e r e n c e  i n  t h e  

s a m p l e s  is the l e n g t h  of d i s l o c a t i o n  ( as i n d i c a t e d  by  

results i n  s e c t i o n  4.2) the r e s u l t  s t r o n g l y  s u g g e s t s  t h a t  

the h o l e s  d o  move a l o n g  the d i s l o c a t i o n .  
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5.1.2 Conclusions 

T h e  PEC measurements, of parallel MIS samples L J ~  t h  

sw4ac-e damage, showed several useful results. First, it 

showed f crr ther i ndi  cati @n af conductivi ty on di slacati ons, 

as indicated by the excess current associated wlth injection 

of tjoies by ferricyanide. The current due to such injection 

increased rapidly with the length of dislocation. The 

observation that the reverse saturation photocurrent is 

independent of the length of dislocatians in both types of 

solar cell5 lend further support to conducting 

dislocations1"". 

Second, it showed that although good PEC and good 

MIS solar cells show similar response to damage, the FEC 

cell is much less sensitive to an inferior oxide layer, in 

particular to silicon with no surface oxide. This 

characteristics of PEC cell has been suggested beCore, but 
b 

to our know1 edge it has not been experimental 1 y demonstrated 

by a direct comparison for the two types of cells. 

To distinguish between recombination at 

dislocations and shunting at dislocations would have been 

very difficult were it not for the unique conqiyuration in 

the surface dislocation loops and were it not for the unique 

characteristics of hole injection by f erricyanide ions in 

solution. 



5.2 Hfiro2en Passivation of Dislocations - .- . . - -- . - -- - - -- - -- -- - -- 

There have been many earlier studies of hydrogen 

passi vati on, particularly passivation of grain 

boundari e s l o ~  . 1 + 0 -  1 x 4  . However, Some recent studies using 
deep level transient spectroscopy (DLTS) have shown that 

dislocations introduced into n-type si 1 icon by plastic 

deformation can be effectively passivated by hydrogen as 

1 1 5 . 1 1 6 .  In general , it has been concluded in solar cell 

passivation studies that the major part of the improvement 

is in the open circuit voltage and in the short circuit 

current, although the results are somewhat irrepraducible 

from paper to paper+i'-1x3. 

It was anticipated that with the mathematical 

made1 for the effect of the dislocation loops one should be 

able to determine more accurately what parameters are being 

. 
improved during the hydrogen passi vati on treatments. A1 so, 

it was anticipated that using PEC cells with hole injection 

by ferricyanideio9, the interpretation should be simplified. 

We hoped to obtain a fairly clear-cut indication of whether 

the changes in resistivity of the dislocations or the 

density of recombination centers at the dislocations 

dominated the improvement associated with passivation. 

However, it wi 1 1  become clear later that the results are 

more camplex than anticipated. 



5.2.1 Model 

Fresumabl y, the major effect of hydrogen treatment 

on dangling bonds is +ormation of a cavalent bond between 

t h e  hydrogen atom introduced into the crystal and the 

dangling bond in the silicon I l i .  This, in principle, should 

remove dangling bond energy levels from the band gap, as is 

found to occur with dangling bond interface states between 

the silicon and the silicon dioxide. The removal of such 

dangling bond levels from the dislocations should have two 

effects: first, lowering the conductivity along the 

dislocations, second, lowering the density of recombination 

centers at the dislocations. 

A "high" conductivity along the dislocation has two 

effects according to the conductivity modelio": one under 

reverse bias, the other under forward bias. Under reverse 

bias the dislocations will tend to conduct minority carriers b 

to the surface. This will increase the saturation 

photocurrent because minority carriers captured at the 

dislocations will find their way to the surface and be 

counted as current. With a low conductivity dislocation, on 

the other hand, the minority carriers trapped at the 

dislocations can only recombine. Thus, passivating the 

dislocation (and lowering its conductivity) should have the 

effect of lowering the reverse bias saturation current and 

probably of lowering J,,, the short circuit current. Under 

forward bias on the other hand, the conducting dislocations 

will allow excess majority carrier current to flaw to the 
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surf ace along the dislocations. The model shows that at a 

given forward bias voltage, the forward current is greater 

in the case of a damaged sample (i .e., with dislocations 

present in the sample) than in an undamaged one. Thus, the 

passivation of the dangling bonds by hydrogen atoms 

(lowering its conductivity) should cause an increase in V,,, 

the open circuit vol tage. 

In Fig.5-6 we show the results of a numerical 

analysis of the model in chapter 4, where we analyzed with 

a simple model the effect of passivating the dislocations. 

In curve A we show the photacurrent-voltage curve f a r  a set 

of "typical" parameters (as found by fitting curves in 

chapter 4) for conductivity s, and the linear density of 

recombination centers p,, in damaged sample. In 

curve B we show the effect of decreasing the conductivity as 

would he expected by passivation (while leaving p, 

constant 1 .  As shown, simp1 y decreasing the assumed 

conductivity leads to the qualitative behavior as described 

in the preceding paragraph, lowering J,, but improving V,,. 

The influence of the passivation on recombination 

may, in the simplest model, be to decrease the density of 

recombination centers along the dr slocation. This decrease 

should cause an improvement in both the short circuit 

current (by lowering the recombination of minority carriers) 

and the open circuit voltage (by lowering the forward current). 

In Fig.5-6 comparing curves B and C we observe the behavior, 

as calculated with the quantitative model, when simply 

assuming a lower density of recombination centers in the 



model. 

Thus, by this model the passivation has two 

ef.fects: comparing curve A to curve b, accounting only for 

a conductivity decrease due to passivation it is seen the 

characteristics are somewhat degraded. However, as in curve 

C, adding in the expected improvement in recombination, the 

sllort circuit current characteristics are restored to closer 

to the original (damaged) values, and the open circuit voltage 

characteristics are substantially improved. In fact, 

experimentally we have not observed an overall decrease in 

the short circuit current as predicted by the model (compare 

curves A, be+ ore passivation, with C, af ter passivation) . 
Thus, the model with the parameters used overemphasizes the 

degrading effect of the conduction a1 ong di sl ocati ons. 

However, as it will be shown, a substantial lowering of both 

conduction and recombination center density is not properly 

reflected in the solar cell parameters, and the model helps . 
to explain why the improvements are not observed upon 

passivation to the extent that it could have been expected. 

Since it was anticipated that PEG measurements with 

hale injection would also be of assistance in interpreting 

results, passivated and unpassivated samples identical to 

those used for MIS measurements were again sent to 

University of Belgium where electrochemical measurements 

were carried out for comparison. The damaged samples were 

passivated as described in section 5.4. In cases where M I S  

and PEC characteristics were to be compared, the samples 

were taken from neighboring areas of a silicon wafer, and 



t h e  samples were pass i  vated together .  

5.2.2 Resul t s  and Di scussi  on 

Passi v a t i o n  o f  t h e  d i s l o c a t i o n s  should, o f  course, 

no t  on l y  a f f e c t  t he  photocur ren ts  bu t  a l s o  a f f e c t  t h e  dark 

cur ren ts .  The  dark cu r ren t  i n  t h e  reve rse  d i r e c t i o n ,  

dominated by t h e  Sah-Noyce-Shockley t ype  m i n o r i t y  c a r r i e r  

g e n e r a t i ~ n " ~ - ~ ' ~  a t  t h e  d i s l o c a t i o n ,  should be lowered by 

pass i va t i ng  t h e  dang l ing  bonds. The fo rward  c h a r a c t e r i s t i c s  

o f  t h e  d iode should be a l s o  improved by pass i va t i on  because 

w i t h  the  non-passi vated mate r i  a1 m a j o r i t y  c a r r i e r s  can 

r e a d i l y  f l o w  t o  t h e  sur f  ace a long t h e  d i s l o c a t i o n ,  whereas 

once t h e  d i s l o c a t i o n  i s  pass iva ted  t h e  m a j o r i t y  c a r r i e r  f l aw  

i s  much lower. Thus, examining t h e  dark J-V c h a r a c t e r i s t i c s  

of t h e  d iodes on pass iva ted  and non-passivated ma te r i a l  

g i  ve5 one an understanding o f  t h e  e f f e c t  o f  pass i va t i on  on 

both  recombinat ion and r e s i s t a n c e  associated w i t h  . 
d i ~ l o c a t i o n s ~ ~ ~ .  

I n  Fig.5-7, t y p i c a l  curves a re  shown f o r  t h e  dark 

J-V c h a r a c t e r i s t i c s  f o r  M I S  c e l l s ,  i n d i c a t i n g  t h e  e f f e c t  o f  

pass i va t i on  on t h e  reverse  and fo rward  d i r e c t i o n s  o f  t h e  

d iode c h a r a c t e r i s t i c s .  St rong e f f e c t s  a re  observed i n  bo th  

d i r e c t i o n s ,  suggest ing bo th  t h e  dens i t y  of recombinat ion 

cen te rs  and t h e  conductance a r e  s i g n i f i c a n t l y  lowered. 

Fig.5-8 shows t y p i c a l  J-V c h a r a c t e r i s t i c s  f a r  

i l l u m i n a t e d  s o l a r  c e l l s  w i t h  va ry ing  degrees o f  ddmagc, and 

a l s o  the  e f f e c t  o f  pass iva t ion .  I n  a l l  cases t h e  samples 

compared a re  made on adjacent  p a r t s  o f  a  single sz l i co r i  



wafer which have undergone i d e n t i c a l  t rea tments  except t h a t  

i n  one case the  sample has been sub jec ted  t o  a pass i va t i on  

treatment be fare  t h e  s o l a r  c e l l  i s  fab r i ca ted .  I t  i s  c l e a r  

t h a t  pass i va t l on  dues tend t o  improve t h e  c h a r a c t e r i s t i c s ,  

bu t  perhaps n o t  as e f f e c t i v e l y  as one would expect, 

cons ider ing  t h e  dramatic r e s u l t s  o f  Fig.5-7. 

I n  F ig .  5-9 we show a  summary o f  a l a r g e  amount o f  

da ta  showing how t h e  improvement i n  t h e  f i l l  f a c t o r  FF, t h e  

shark c i r c u i t  cu r ren t  dens i t y  J,,, and t he  open c i r c u i t  

vo l tage  V,,, depend on t h e  temperature a t  which t h e  sample 

i s  passivated. A l l  o f  t h e  samples s t ud i ed  a re  i nc luded  i n  

t h e  p l o t ,  l ead ing  t o  t h e  noted standard d e v i a t i o n  o f  t he  

data. The s c a t t e r  i n  t h e  data,  presumably, a r i s e s  i n  p a r t  

due t o  t h e  v a r i a t i o n s  i n  i n i t i a l  damaging o f  t h e  sample, 

and i n  p a r t  due t o  v a r i a t i o n s  i n  t h e  ac tua l  pass i va t i on  

t reatment  (These r e s u l t s  a r e  n o t  r e s t r i c t e d  t o  samples 

prepared o r  pass iva ted  toge the r ) .  However, i t  i s  c l e a r  

t h a t  t h e r e  i s ,  i n  general ,  an improvement i n  t h e  sample 

c h a r a c t e r i s t i c s  associated w i t h  t he  hydrogen pass iva t ion .  

And, as expected, pass i va t i on  improves t h e  c e l l  parameters 

w i t h  i n c reas i ng  temperature, s a t u r a t i n g  a t  h igher  

temperatures (Fig.5-9). 

Fig.5-10 shows t h e  ne t  photocur ren t -vo l tage curve 

w i t h  an MIS as compared t o  a  PEC s o l a r  c e l l  made from 

ma te r i a l  prepared " i d e n t i c a l l y " .  A s  be fo re  t h e  v o l  taqe a x i s  

f o r  t h e  PEC r e s u l t s  (normal ly  expressed as v o l t s  vs. SSE 

re fe rence  e l ec t r ode )  was ad jus ted  by s h i f t i n g  i t  so t h a t  

the J -V  c h a r a c t e r i s t i c s  f o r  an undamaged PEC c e l l  has t h e  



same V,, as the  corresponding MIS c e l l .  The a c t i v e  

e l e c t r o l y t e  i n  t he  PEC s t u d i e s  w a s  a potassium 

ferrocyanide/ferricyanide mix ture .  The PEC c e l l  f o r  bo th  t h e  

unpassi vated and passi  vated samples show an e x t r a  cu r ren t  

wave over t h e  MIS c e l l  r e s u l t s .  The unpassivated ma te r i a l  

shows a  ve ry  smal l  cu r ren t  wave. The pass iva ted  PEC s o l a r  

c e l l  has a very  s t rong  double wave c h a r a c t e r i s t i c ,  which i s  

d i f f i c u l t  t o  e x p l a i n  as i t  does no t  seem t o  appear i n  t h e  

M I S  s o l a r  c e l l  c h a r a c t e r i s t i c s .  Were i t  n o t  f o r  t h e  M I S  

r e s u l t s  one would assume t h a t  w e  have a  heterogeneous 

sur face w i t h  p a r t  o f  t h e  su r face  complete ly  pass ivated,  t h e  

o ther  p a r t  unpassivated. However, i f  t h i s  were the 

exp lanat ion  one would expect t h e  same r e s u l t  w i t h  t h e  MI5 

c e l l s ,  and t h i s  has n o t  been observed. 

I t  i s  observed i n  Fig.5-11 t h a t  t h e  dark 

c h a r a c t e r i s t i c s  o f  t h e  unpassivated sample show such a wave 

i n  t h e  same r e g i o n  o f  t h e  photocur ren t  o f  t h e  pass ivated 
. 

sample. I t  shauld be noted, as shown i n  p rev i ous l y  (see 

sec t i on  5.1.11, t h a t  t h e  dark c u r r e n t  i n  t h e  presence o f  

+ e r r i c y a n i d e  i s  due t o  h a l e  i n j e c t i o n  from t h e  Ser r i cyan ide  

ion .  I n  tu rn ,  we no te  i n  Fiq.5-6 t h a t  hydrogen pass i va t i an  

has an e x c e p t i o n a l l y  s t r ong  e f f e c t ,  lower ing  t h e  ho le  

i n j e c t i o n  i n  t h e  dark. By cornparing Fig.5-3 t o  curves A and 

B i n  Fig.5-11, i t  would appear t h a t  t h e  dark cu r ren t  a t  

nega t i ve  vu l  taqes may a r i s e  f rom m i n o r i t y  c a r r i e r  

generat ion,  w h i l e  t h e  wave o f  cu r ren t  (F ig.  5-1 1) a t  p o s i t i v e  

vo l tages  m a y  be associated w i t h  hole i n j e c t i o n  by 

f e r r i c yan ide .  



139 
A n  anomalous e f f e c t  (which may be a t t r i b u t e d  t o  

n e u t r a l i z a t i o n  of  boron acceptors by atomic hydrogen and 

thereby conver t i ng  t h e  p-type S i  i n t o  n-type) i s  shown i n  

Fig.5-12. For a few samples t h e  photocur ren t  under nega t i ve  

b i a s  w a s  ext remely low, a f t e r  pass i va t i on ,  and a 

photocur ren t  in t h e  p o s i t i v e  d i r e c t i o n  w a s  observed. Curves 

A and B i n  Fig.5-12 show such r e s u l t s  f o r  " i d e n t i c a l "  

samples as measured by PEC and M I S  techniques, r espec t i ve l y ,  

s h o ~ i n g  an excess photocur ren t  under forward b i a s  as 

observed by t he  PEC technique and t h e  very  law photocur ren t  

observed bo th  by t h e  MIS and PEC techniques i n  t h e  nega t i ve  

vo l tage  d i r e c t i o n .  Curve C shows another sample as measured 

i n  t h e  M I S  technique where t h e  t a t a l  sur face seems t o  have 

converted t o  i n t r i n s i c  o r  h igh- res is tance n-type as  

i nd i ca ted  by t h e  photocur ren t  i n  t h e  p o s i t i v e  vo l tage  

d i r e c t  i n n .  Such behavior  a f t e r  pass i  v a t i o n  w a s  r a r e ,  

occu r r i ng  i n  on l y  a few percent  o f  t h e  samples. 

Another comp l i ca t i ng  f e a t u r e  i s  t h e  occasional  

he terogene i ty  observed i n  the r i s i n g  p a r t  o f  the 

photocur ren t  - vo l tage  curves o f  bo th  t h e  damaged and t he  

pass i  vated samples. Such hcterogenei  t y  i s  shown i n  F i g .  5-13 

where we show a scanning l i g h t  spot phatocur ren t  p a t t e r n  a t  

-1.5 v o l t s  (SSE) f o r  a damaged sample. Such e f f e c t s  were 

sometimes observed a l s o  w i t h  pass iva ted  samples, The worst 

case o f  he terogene i ty  observed i s  shown; no rma l l y  t h e  SLS 

scans a re  f a r  more ur i i form than t h i s .  ( f o r  comparison see 

t h e  equ iva len t  SLS scans on t h e  "normal" damaged sample i n  

Fig.5-1). 
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The q u e s t i o n  a r i  5es w h e t h e r  hydrogen  d i  s s e l v e d  i n  

t h e  b u l k ,  r a t h e r  t h a n  t h a t  bonded a t  d i s l o c a t i o n s ,  c o u l d  

a f f e c t  t h e  r e s u l t s .  I t  h a s  been  shown i n  s t u d i e s  where  SIMS 

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

o b t a i n e d  a f t e r  h y d r o g e n a t i o n  of b o t h  S i  and  G a A s  s a m p l e s  

t h a t  a c c e p t o r  c o m p e n s a t i o n  ( n e u t r a l i z a t i o n )  i s  about 10 

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

a n g s t r o m s )  t h a n  i n  t h e  b u l k i i e .  However, t h e  s a m e  s t u d i e s  

h a v e  shown t h a t  a f t e r  a n e a l i n g  t h e  s a m p l e s  f o r  a few m i n u t e s  

a t  a t e m p e r a t u r e  less t h a n  600" C t h e  enhanced  c o m p e n s a t i o n  

d i s a p p e a r s  a1 t h o g e t h e r .  The re f  ore i n  o u r  s t u d i e s  where  t h e  

s a m p l e s  w e r e  a n e a l e d  f o r  a much l o n g e r  p e r i o d  of  t i m e  a f t e r  

hydrogen  p a s s i v a t i o n  t r e a t m e n t  t h e  e f f e c t  of s u c h  a 

c o n c e n t r a t e d  hydrogen  l a y e r  would b e  n e g l i g i b l e .  

5.2.3. C o n c l u s i o n s  

I t  is c lear  f r o m  t h e  e x p e r i m e n t a l  r e s u l t s  t h a t  

p a s s i v a t i o n ,  i n  g e n e r a l ,  d o e s  improve  t h e  v a r i o u s  

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

of t h e  s o l a r  c e l l  1 9 .  The model , however ,  d o e s  n o t  c l  earl y 

i n d i c a t e  w h e t h e r  hydrogen  p a s s i v a t i o n  s h o u l d  p r o v i d e  a n e t  

improvement  i n  a l l  t h e  so la r  cel l  c h a r a c t e r i s t i c s .  

D i f f e r e n t  v o l t a g e  r e g i o n s  of  t h e  c h a r a c t e r i s t i c s  c o u l d  show 

d i f f e r e n t  e f f e c t s ,  a c c o r d i n g  t o  t h e  model ,  and  t h e  e f f e c t s  

p r e d i c t e d  depend  on d e t a i l s  of  how t h e  removal  oS t h e  

d a n g l i n g  b o n d s  is assumed t o  a f f e c t  t h e  p a r a m e t e r s  of t h e  

model. The c o n c i . u s i o n  tt2at t h e  p a s s i v a t i a n  o f  d e f e c t s  

s h o u l d  s o m e t i m e s  i m p r o v e ,  s o m e t i m e s  d e g r a d e  solar ce l l  
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characteristics, may be the reason for the reasonable amount 

of scatter in the solar cell characteristics after 

passi vation. 

O f  course, if the hydrogen tends to neutralize 

acceptors and make the sample intrinsic or even slightly n- 

type 12" -1"Z  , this introduces even more complexity into the 
net effect to be expected from passivatian. 

It could be concluded that substantial work needs 

.to be dane in the area of passivation in order to be able t o  

interpret the results in terms of a detailed model of the 

effect of hydrogenation of dangling bonds in si 1 icon 

dislocations. 



u i m m  

Fig.5-1 Scanning Laser Light Spot (SLS) maps at two different 
bias voltages on a single sample, half of which was 
damaged with 0.3 pm diameter alumina. 
(a) slightly cathodic at -1 V (vs. SSE) 
(b) highly cathodic at -1.95 V (vs. SSE) . 
Electrolyte composition: 0.25 M NH4F + 0.1 1.1 K4Fe(CN)6 
+ 0.01 M K3Fe(CN)6 in H20. 



V (Volt) 

Fig.5-2 The n e t  pho tocu r ren t ,  J p h  v s .  v o l t a g e ,  V f o r  both t h e  PEC and 
t h e  MIS s o l a r  c e l l s  on damaged a s  wel l  a s  undamaged samples 
(V = 0  p o s i t i o n  of  PEC d a t a  i s  a d j u s t e d  so  t h a t  t h e  t h e  L 

dec rease  i n  pho tocu r ren t  i n  t h e  undamaged c e l l s  s t a r t  a t  t h e  
same v o l t a g e ) .  

MIS (dashed l i n e s )  : (a )  undamaged (c) 0.05 y m (e)  0 . 1  p m  
PEC ( s o l i d  l i n e s )  : (b) undamaged (d) 0.05 pm ( f )  0 . 1  yrn 
E l e c t r o l y t e  composition: 0.25 M NH4F + 0.01 M K4Fe(CN)6 
+ 0.01 M K3Fe(CN)6 i n  HZO. 



V ( V o l t )  

Fig.5-3 The n e t  pho tocu r ren t ,  Jph  v s .  v o l t a g e ,  V f o r  both t h e  PEC and 
t h e  MIS s o l a r  c e l l s  on damaged a s  wel l  a s  undamaged samples 
(V = 0 p o s i t i o n  of  PEC d a t a  i s  a d j u s t e d  so  t h a t  t h e  dec rease  L 

i n  photocurren t  i n  t h e  undamaged c e l l s  s t a r t  a t  t h e  same p l a c e ) .  

MIS (dashed l i n e s ) :  (a )  undamaged (c )  0 . 3  pm (e)  1 p m  
PEC ( s o l i d  l i n e s  : (b) undamaged (d) 0 . 3  p m  ( f )  1  pm 
E l e c t r o l y t e  composi t ion:  0.25 M NH4F + 0.01 M K4Fe(CN) 
+ 0.01 M K3Fe(CN)6 i n  H20. 

6  



Fig.5-4 Illuminated J-V characteristics of (a) a PEC and (b) an MIS 
solar cell fabricated on 1 pm damaged Si samples which were L 

given a HF rinse prior to measurement for removing the surface 
oxide layer. The voltage axis was adjusted for the PEC curves 
by shifting the zero (vs. SSE) the same way as for Figs. 5-2 
and 5-3. 
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Fig.5-5 The dark J-V curves  f o r  t h e  PEC c e l l s  wi th  va r ious  l eng ths  
o f  d i s l o c a t i o n s  showing t h a t  t h e  dark c u r r e n t  i s  due t o  
ho le  i n j  e c t i o n  by ~e (CN) i3 . . 
(a )  1 p m  wi th  K3Fe(CN)6 

(b) 0.3pm with K3Fe(CN)6 

(c) 0.05 p m  wi th  K3Fe(CN)6 

(d) undamaged wi th  K3Fe (CN) 

(e) 1 pm without  K3Fe(CN)6 

E l e c t r o l y t e  composi t ion f o r  ( a ) ,  (b) , ( c )  and (d) : 0.25 M 
NH4F + 0.01 M K4Fe(CN) + 0.01 M K3Fe(CN)6 i n  H 2 0 .  

6 
E l e c t r o l y t e  composi t ion f o r  ( e ) :  0.25M NH4F i n  H20. 
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Fig.5-6 Calculated J-V characteristics according to dislocation 
conductivity (DLC) model. With s = dislocation conductivity, L 

p u = linear density of dislocation states (recombination 
centers) , 

(A) s = 1 x 10-l' cm ohm-' 7 -1 
Pu 

= 3 x 1 0  cm . 
- 16 - 1 7 -1 (B) s = 5 x 10 cm ohm , pu = 3 x 1 0  cm . 
- 16 (C) s = 5 x 10 . cm ohm-', pu = 3 x 1 0  6 cm -1 . 
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Fig.5-7 Dark J-V characteristics of MIS cells with 1 P m  damage. 

(A) unpas sivated 

(B) passivated for 3 hr. at room temperature 

(C) passivated for 3 hr. at 450'~ 

(D) passivated for 3 hr. at 525'~. 
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Fig.5-8 Illuminated J-V characteristics of MIS solar cells with 
various damage and the effect of passivation. 
AM2 illumination set at 100 mW ~ m - ~ .  

Unpassivated samples (dotted lines): 

(A) 1 pm damage 

(C) 0.1 pm damage 
(E) undamaged sample 

Passivated samples (solid lines): 

(B) 1 pm damage + passivated at 525 OC 
(D) 0.1 pm + passivated at 525'~ 



Fig.5-9 The e f f e c t  o f  p a s s i v a t i n g  1 )Im damaged MIS c e l l s  a t  d i f f e r e n t  
t empera tu re s .  A t  t h e  extreme l e f t  o f  t h e  p l o t , t h e  c e l l  
pa rame te r s  (open c i r c u i t  vo l t age  Voc, s h o r t  c i r c u i t  c u r r e n t  Js?, 
and f i l l  f a c t o r  F F ) o f  t h e  unpass iva ted  c e l l s  a r e  shown f o r  
comparison. 
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Fig.5-10 The net photocurrent vs. voltage of MIS and PEC cells 
fabricated from unpassivated and passivated Si samples. 

L 

PEC cells (solid lines): 

(A) 1 Prn damaged 
(B) 1 pm damaged after passivating at 450'~ 

MIS cells (dotted lines): 

(C) 1 Pm damaged 

(D) 1 ym damaged after passivating at 450'~ 

Electrolyte composition: 0.25 M NH4F + 0.1 M K4Fe(CN)6 

+ 0.01 M K3Fe(CN)6 in H20. 
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Fig.5-11 The dark  c u r r e n t  o f  PEC c e l l s  w i th  1 Prn damage. 

(A) unpass iva t ed  

(B)  p a s s i v a t e d  a t  450 '~.  

E l e c t r o l y t e  composi t ion:  0.25 M NH4F + 0 . 1  M K4Fe(CN)6 

+ 0.01  M K3Fe(CN)6 i n  H 0. 
2 
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Fig.5-12 The anomalous J-V characteristics of passivated samples. 

(A) The net photocurrent of 0.3 p m  damaged PEC cell 

(B) The total J-V of MIS cell made from the same sample 
in (A) 

(C) MIS cell (1 Prn damaged) with a pronounced anomaly 



Fig.5-13 The scanning laser spot (SLS) map of a damaged (0.3 pm) . 
sample showing heterogeneity. The sample is held at -1.5 V 
(vs. SSE) . 
Electrolyte composition: 0.25 M NHqF + 0.1 M K4Fe(CN)6 

+ 0.01 M K3Fe (CN) in H20. 



CHePTER V I  

TEMPERATURE DEPENDENCE OF CELL PARAMETERS 

6.1 MIS s t r u c t u r e  - as an n+g --- j u n c t i o n  

A s  d i  ~ c u s s e d  i n  Chapter 2, A1 -SiOx-psi s t r u c t u r e  

resembles a n'p j unc t i on  due t o  t h e  i n v e r s i o n  of t h e  

semiconductor sur face owing t o  t h e  low work f unc t i on  o f  FI1. 

The  dominance o f  m i n o r i t y  c a r r i e r s  over t h e  t r anspo r t  

p r o p e r t i e s  o f  t h i s  s t r u c t u r e  has been exper imen ta l l y  

es tab l i shed  by Tarr  and Pulfreyiz3. I n  view o f  t h i s  

evidence i t  would appear t h a t  t h e  dependence of t he  s o l a r  

c e l l  parameters under i l l u m i n a t i o n  w i t h  temperature af t h i s  

s t r u c t u r e  should a l s o  be s i m i l a r  t o  t h a t  o f  a n'p j unc t ion .  

6.1.1 Resul t s  and D i  scuss i  on 

To v e r i f y  t h i s ,  dark and i l l u m i n a t e d  

c h a r a c t e r i s t i c s  were recorded f o r  severa l  M I S  s t r u c t u r e s  

(undamaged) a t  d iS fe ren t  temperatures i n  t h e  range 

100 - 200 K. The c e l l s  were measured by mounting then on a 

Cu f i n g e r  in a c r yos ta t  designed f o r  i l l u m i n a t i n g  throuqh 

a quar tz  window where t he  c e l l  temperature cou ld  be 

c o n t r o l l e d  us ing  l i q u i d  N2. A xenon arc  lamp a long w i t h  MI2 

( O r i e l )  f i l t e r s  were used as t h e  i i g h t  source. A l l  t h e  c e l l s  

measured showed a  s i m i l a r  behavior ,  and r e s u l t s  f o r  a 

r e p r e s e n t a t i v e  sample w i  11 be presented. A1 1  low 

temperature measurements were conducted a t  an AM2 

i l l u m i n a t i o n  i n t e n s i t y  o f  50 mW rm-'. 

Fig.6-1 shows t h e  dark J-V c h a r a c t e r i s t i c s  a+ a  
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t y p r c a l  c e l l  (F'I(30) a t  d i f f e r e n t  t e m p e r a t u r e s ; .  A s  w e l l  known 

f o r  MIS d i o d e  ~ k a r a c t e r i s t i c s ' ~ ~ ,  t h r e e  d i s t i n c t  r e g i o n s  are  

a p p a r e n t ,  o n e  a t  low b i a s  ( r e g i o n  A ) ,  o n e  a t  mid b i a s  

( r e g i o n  31, a n d  o n e  a t  h i g h  b i a s  ( r e g i o n  C). A 1 1  t h r e e  

r e g i o n s  are  c l e a r l y  s e e n  a t  a l l  t e m p e r a t u r e s .  More 

i m p o r t a n t l y ,  t h e  i n t e r e s t i n g  r e g i o n  f o r  so l a r  ce l l  

a p e r a t i o n ,  i . e . ,  the mid b i a s  r e g i o n  w h i c h  is d o m i n a t e d  by  

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

b e h a v i o r  i n  t h e  s e m i l o g a r i t h m i c  p l o t  e n a b l i n g  one t o  ex t rac t  

the d i o d e  p a r a m e t e r s  ( i d e a l i t y  f a c t o r ,  n  a n d  r e v e r s e  

s a t u r a t i o n  c u r r e n t ,  J,) . T a b l e  6-1 show t h e  p a r a m e t e r s  

o b t i i i  n e d .  

T h e  t e m p e r a t u r e  v a r i a t i o n  of  V,,, J,,, FF a n d  TJ 
a+ t h e  MIS cel l  are shown i n  F ig .6 -2 .  T h e  g e n e r a l  b e h a v i o r  is 

q u i t e  s i m i l a r  t o  t h a t  o f  a c o n v e n t i o ~ i a l  pn j u n c t i o n  c e l l  I;". 

The V,, a n d  t h e  J,, v a r y  l i n e a r l y  w i t h  T w h i l e  t h e  FF a n d  

t h e  become s u b 1  i n e a r  a t  v e r y  l a w  T. However ,  w e  c a n  
L 

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

licear r e g i o n s  b y  

w h e r e  M is t h e  m e a s u r e d  p a r a m e t e r  (=  V,,, J,,, FF or 7 1 ,  

Mu is t h e  v a l u e  of t h e  p a r a m e t e r  a t  G K o b t a i n e d  b y  l i n e a r  

e x t r a p o l a t i o n ,  a, is t h e  t e m p e r a t u r e  c o e f f i c i e n t  f o r  t h e  

m e a s u r e d  p a r a m e t e r ,  a n d  T  is t h e  t e m p e r a t u r e  i n  K. 

E x p e r i m e n t a l l y ,  i t  w a s  f o u n d  t h a t  t h e  avoc = - 2.032 

Q.19 mV ,'-I. T h i s  v a l u e  c o m p a r e s  v e r y  w e l l  w i t h  t h a t  for  a 
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pn j u n c t i o n  c e l l " " ,  which i s  about - 2 t o  - 3 mV K l. The 

repo r t ed  f o r  a Schottky b a r r i e r  c e l l  where a 

c a r e f u l l y  prepared i nsu l a to r  i s  absent i s  2 . 3  mV tC l. The 

open c i r c u i t  v o l  taqe can be g i ven  by  (see Eqn.2-9) 

I n  Eqn. (6-2) n, J,, and J,, a l l  vary w i t h  temperature. 

However, one can use Eqn. ( 6 - 2 )  t o  c a l c u l a t e  V,=, as a 

f u n c t i o n  o f  temperature w i t h  t h e  exper imental  1  y obta ined 

va lues o f  o t he r  parameters. Th is  was c a r r i e d  ou t  and t he  

r e s u l t  i s  shown as t h e  dashed l i n e  i n  Fig.6-2 i n d i c a t i n g  an 

e x c e l l e n t  f i t  t o  t he  V,, data. The value f o r  avoc obta ined 

from Eqn. (6-2) i s  2.07 +/-  0.15 mV K-.'. I t  i s  w e l l  known1z5' 

i n  pn j u n c t i o n  work t h a t  t h e  e f f e c t  o f  t he  i l l u m i n a t i o n  

i n t e n s i t y  on t h e  temperature dependence o i  most o+ t he  cell 

parameters shou ld  no t  have a  much s i g n i f i c a n c e  w i t h i n  
L 

c e r t a i n  l i m i t s ,  and the  temperature dependence o f  V,, i s  

l a r g e l y  determined by the v a r i a t i o n  o f  t h e  i n t r i n s i c  c a r r i e r  

dens i t y  n i  w i t h  temperature. 

kle measure a~,, = .0114 .001 rnA cm-'" V - I  1 

~ F F  = - 0.0007f .0002 K - I  and all = - 0.01 f_ .002 %K- ' .  

The l a t t e r  two parameters a r e  f o r  near- room temperature r r g ron .  

Table 6-2 shows the corresponding values f o r  a n'p 

s i  i i c on  s o l a r  c e l l  f nr- comparison, obta ined from Ref. 125 

where r e s u l t s  f o r  var ious  i l l u rn i na t i on  i n t e n s i t i e s  a re  

r epo r t ed  + o r  n"p s t r u c t u r e s  w i t h  s i m i l a r  base r e s i s t i v i t y  as 

t he  p-Si used i n  t h i s  study. I t  can be see11 t h a t  t he  



t e m p e r a t ~ w - e  c o e i f  i c i e n t s  f o r  t h e  t w o  t y p e s  o f  c e l l s  are 

q u i t e  s i m i l a r .  

4s i t  h a s  b e e n  shown p r e v i o u s l y ,  f o r  a S c h o t t k y  

b a r r r e r  cellLz7, t h e  p o s i t i v e  t e m p e r a t u r e  c o e f f i c i e n t  of  J,, 

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

c o e f J i c i e n t  w i t h  t e m p e r a t u r e .  T h e  n e g a t i v e  t e m p e r a t u r e  

c o e f f i c i e n t  o f  t h e  s i l i c o n  b a n d  g a p i z A  may a l s o  c o n t r i b u t e  

by  r e d u c i n g  t h e  u s e f u l  w a v e l e n g t h  r a n g e  b y  0 . 0 4  um when T is  

l o w e r e d  t o  1 0 0  K f r o m  300 K .  

S i n c e ,  q = FF VacJ,c/P,n w h e r e  P X n  is t h e  

i n p u t  power  d e n s i t y ,  w e  c a n  w r i t e  

Eqn. (6-3) s h o w s  t h a t  a d e p e n d s  o n  a1 1 t h r e e  a t h e r  
1 

c a e f f  i c i e n t s .  T h e  t e m p e r a t u r e  c o e f f i c i e n t  of  t h e  FF i s  

n e g a t i v e  a n d  v e r y  s m a l l  w h i l e  t h a t  of  q is a l s o  n e g a t i v e  a n d  
. 

1 ess t h a n  t h e  l o w e s t  pub1  i s h e d  v a l u e  f o r  a si 1 i c o n  ce l l  lZ5. 

Krawyczyk et .  a l .  lz9 , h a v e  f o u n d  a ,  t o  b e  -0.05 t o  -0.1 % K - I  

0 

f o r  a n  MIS s t r u c t u r e  w i t h  t h e  i n s u l a t o r  t h i c k n e s s  > 20 A ,  

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

j u n c t i o n  ce l l  is -0.060 - 0 . 0 6 4  %K-' i'"-LZS . I n  t h i s  s e n s e  

t h e  MIS s t r u c t u r e s  w e  h a v e  s t u d i e d  c a n  almost b e  c o n s i d e r e d  

as  c o n s t a n t  e f f i c i e n c y  d e v i c e s l Z o .  



6.2 E f f e c t  o f  Temperature on Damaged C e l l s  ------- - --- 

When s i m i l a r  measurements were c a r r i e d  out  on M I S  

c e l l s  w i t h  damage, a p e c u l i a r  d i f f e r e n c e  i n  t h e i r  cu r ren t -  

vo l tage  c h a r a c t e r i s t i c s  was observed. The behavior  o f  t he  

s lope o f  t he  dark o r  i l l u m i n a t e d  c h a r a c t e r i s t i c s  a t  h i g h  

forward b iasses was seen t o  be d i f f e r e n t  (Fig.6-3). Fig.6-4 

shows t h e  temperature v a r i a t i o n  o f  o the r  c e l l  parameters f a r  

a 1 p m  damaged M I S  c e l l  (Pi 11A). The ana l ys i s  of temperature 

v a r i a t i o n  o f  these parameters i s  complicated because c f  t h e  

m a n y  v a r i  ab le5 involved.  However, by cons ide r ing  a l e s s  

obvious behavior  one can draw some conc lus ions  about t h e  

cu r ren t  along d i s l o c a t i o n s  a t  h i g h  forward val tages. 

By d e f i n i n g  a parameter c a l l e d  t h e  d i f f e r e n t i a l  

res i s tance ,  rd as t h e  i n v e r s e  s lope  o f  t h e  cu r ren t -vo l tage  

data a t  h igher  ( > >  Voc) fo rward  b i a s  and p l o t t i n g  t h i s  w i t h  

L 

temperature f o r  bo th  undamaged and damaged c e l l s ,  t h e  e f f e c t  

o f  t h e  d l s l o c a t l a n s  cou ld  r e a d i l y  be seen (Fig.6-5). It i s  

seen t h a t  f o r  t h e  undamaged c e l l  rd i s  almost a constant  

wh i l e  f o r  t h e  damaged sample i t  increases w i t h  decreasing 

temperature. 

By d i f f e r e n t i a t i n g  Eqn.4-19 w i t h  respect  t o  Vo 

us ing  Eqn.4-12, f o r  Vo >> Voc where C i s  neg lec ted  

compared t o  t h e  exponent ia l  term and rear rang ing ,  we o b t a i n  

where rdd and rud are  t h e  exper imen ta l l y  determined 



d i f f e r e n t i a l  r es i s t ances  o f  damaged and undamaged c e l  ls, 

r espec t i ve l y .  Eqn. (b-4) a1 lows one t o  determine t h e  

behavior o f  J ~ I  w i t h  temperature. With da ta  i n  Fig.6-5 and 

us ing  Eqn.6-4 t h e  v a r i a t i o n  oC J d l  w i t h  T can be obtained, 

and t h i s  i s  p l o t t e d  i n  Fig.6-6. Th is  shows t h a t  t he  

magnitude o f  t h e  c u r r e n t  a long d i s l o c a t i o n s  I n  h i g h  forbvard 

b i a s  increases w i t h  temperature. Th is  behavior  i s  n o t  

s u r p r i s i n g  s i nce  t he  number o f  ho les  a c t i v a t i n g  t o  t h e  DL 

s t a t e s  w i l l  be lower a t  lower temperatures lead ing  t o  a 

1 ower cu r ren t .  

Comparing Eqn.6-4 w i t h  Eqn.4-12 one might see an 

apparent i ncons is tency  i n  temperature dependence of J d I .  

However, when one r e a l i z e s  t h a t  t h e  constant  0 i n  Eqn.4-12 

has a term which i s  exponen t i a l l y  dependent on T, i n  

a d d i t i o n  t o  o the r  terms, and t h a t  t h e  exptqV,/kT) 

term a lone does n o t  determine t h e  temperature behavior  o f  

L 

J d l  t h i s  apparent i ncons is tency  i s  removed. 

The mechanism v i a  which t he  c a r r i e r s  a re  conducted 

a long t he  d i s l o c a t i o n s  i s  a l s o  of importance. Thermally 

a c t i v a t e d  hopping a long t h e  d i s l o c a t i o n  s t a t e s  o r  t unne l i ng  

from one occupied s t a t e  t o  the  nex t  unoccupied s t a t e  o r  a 

combination thereof  cou ld  g i v e  r i s e  t o  a d.c. conduc t i v i t y .  

Presumably, t h e  b a r r i e r  between two s t a t e s  does no t  depend 

on t he  temperature. Hence i t  i s  q u i t e  l i k e l y  t h a t  the  tunnel  

cu r ren t  a long t h e  l i n e  de fec t  i s  no t  very s e n s i t i v e  t o  

temperature. However i f t h e  conduct ion a r i s e s  predomi n a n t l  y 

due t o  hopping one would expect a l a r g e r  temperature 

s e n s i t i v i t y .  Exper imen ta l l y  J m L  i s  observed t o  be 



temperature dependent. I f  we assume t h e  c a r r i e r  

dens i t y  i s  cons tant  t h i s  would suggest t h a t  t h e  c a r r i e r  

t r anspo r t  a long d i s l o c a t i o n  s t a t e s  i s  predominant ly  due t o  

hopping conduct ion. 

6.3 S e n s i t i v i t y  - - - of M I S  t o  h u m i d i t y  

I n  t h e  course of observa t ions  i t  was found t h a t  t h e  

reverse  cu r ren t  o f  t he  M I S  c e l l s  respond t o  t h e  v a r i a t i o n  of 

humid i ty .  More i n t e r e s t i n g l y ,  i t  was observed t h a t  t h e  

response depends, and i n  f a c t ,  increases w i t h  t h e  damage i n  

t he  c e l l s  almost by an order  o f  magnitude. Fig.6-7 shows 

t h e  reverse  cu r ren t  o f  a  s e r i e s  of  c e l l s  sub jec ted  t o  a 

sequence o f  evacuat ing the a i r  i n  the  sample ho lder  and then 

exposing t h e  sample t o  room a i r  where t h e  reve rse  b i a s  was 

he ld  constant  a t  - 4.0 V. I n t r o d u c t i o n  o f  d r y  A r  o r  N= d i d  

no t  produce any such v a r i a t i o n .  Moreover, a  thermocouple 

kept i n  con tac t  w i t h  t h e  sample d i d  no t  show any 

s i g n i f i c a n t  decrease o f  temperature when t h e  system was 

pumped ou t  by a r o t a r y  pump. Hence, i t  can be concluded 

t h a t  t h e  shown v a r i a t i o n s  a r e  i n  f a c t  due t o  t h e  presence o r  

absence o f  moisture.  

Fig.6-8 shows t h e  t h e  response obta ined by a 1 p m  

damaged sample kept  i n  a r i g  used f o r  measuring t he  response 

of gas sensors w i t h  a f l o w  o f  Nz bubbled through water t o  

vary t he  humid i t y  i n s i d e  t h e  chamber. The r e l a t i v e  

humid i ty ,  RHX a t  each measurement w a s  measured separa te ly  

us ing  a d i g i t a l  hygrometer ( C o l e  Palmer 3309-50). 

Conventi onal hum1 d i  t y  sensors have 
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humid i t y  absorbing d i e l e c t r i c s  which y i e l d  a good variation 

o f  t h e  capaci tance o r  conductance of t h e  s t ruc turez3 ' .  

However, i n  t h e  case o f  damaged samples t h e  improved 

response i n d i c a t e  a  mechanism t h a t  i n vo l ves  d i s l o c a t i o n s  as 

we1 1. Temporary r e v e r s i b l e  pass i va t i on  by p ro tons  cou ld  

g i v e  r i s e  t o  such a behav ior  as i n d i c a t e d  by t h e  

i l luminated charac ter1  s t i c s  f o r  f o u r  c yc l es  o+ exposing and 

removing mois ture  f rom t h e  chamber a l though other'33 

exp lanat ions  a r e  a l s o  q u i t e  poss ib le .  Th is  r e s u l t  i s  

analogous, a l though ve r y  much a t  a lower scale,  t o  what 

was observed i n  hydrogen pass i va t i on  s t ud i es  (see Fig .  3-81. 

6.4  -- Pass iva t ion  - i n  t h e  presence o f  CO 

&nother i n t e r e s t i n g  observa t ion  made du r ing  t h e  

exper imentat ion was t h a t  i f  CO was used i ns tead  of HZ, t h e  

improvements ob ta ined i n  pass i va t i ng  t h e  damaged M I S  c e l l s  
L 

were almast i d e n t i c a l  t o  those from H2 pass i va t i on  (see 

sec t i on  5.2). 

Since CO a l one  cannot sa tu ra te  t he  dang l ing  bonds 

i n  t h e  d i s l o c a t i o n s  (due t o  i t s  r e l a t i v e l y  l a r g e  molecular 

s i z e ) ,  t h i s  apparent p a s s i v a t i o n  by CO can be brought about 

by the p roduc t ion  o f  Hz v i a  t h e  chemical r e a c t i o n  of CO w i t h  

mois ture  as, 

CO + H20 = C02 + H z .  

To e s t a b l i s h  t h i s  mechanism, an at tempt  was made t o  

remove mois ture  from t h e  quar tz  tube by baking i t  a t  525•‹C 

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

was inco rpo ra ted  i n t o  t h e  pass i va t i on  apparatus. However, 



t h i s  d i d  no t  produce any no t i ceab le  e f f e c t  on t h e  r e s u l t s .  

Th is  indcates  e i t h e r ,  water i s  no t  complete ly  

removed from t h e  walls o f  t h e  quar tz  tube o r ,  t h e  o x i d a t i o n  

takes p lace  predominant ly  on t h e  sample sur face i t s e l f ,  

where t h e  n a t i v e  ox ide  (S i02)  is known t o  be hygroscopic.  

Fu r the r  s t u d i e s  have t o  be made t o  e s t a b l i s h  a satisfactory 

mechanism f o r  t he  observat ions.  

6.5 Conclusions 

To conclude, we have shown t h a t  t h e  s i l i c o n  M I S  

(Al-SiOz-psi s o l a r  c e l l s  w i t h  a c a r e f u l 1  y prepared t h i n  

i n s u l a t o r  ( < 20 A )  l a y e r  have a s i m i l a r  temperature 

dependence as t h e  convent i o n a i  n+p j u n c t i o n  c e i  1s i n  the 

range 100 - 300 k:. T h i s  suppor ts  t he  t h a t  t he  

above two c lasses  of s t r u c t u r e s  are  e l e c t r o n i c a l l y  

equ iva len t .  By anal y s i n a  t h e  temperature v a r i a t i o n  o f  

L 

cur ren t -vo l  tage c h a r a c t e r i s t i c s  o f  damaged samples i t  i s  

shown t h a t  t h e  cu r ren t  a l ong  d i s l o c a t i o n s  a t  h i gh  forward 

vo i  tages increase w i t h  temperature. 
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Fig.6-1 The dark current-voltage curves of an MIS cell (P100) at 
different temperatures. Three distinct regions ( A , B  and C) 
are indicated for this undamaged cell at 295 K. 



TABLE 6-2 

C e l l  a 
J s c  

-2 -1 
type  V K - ~  Acn K 

10-4 K -1 

n-p s i a )  -2.2 1 . 3  - 8 - 4 

MIS - ( 2 . 0 3 f  0.18) (1.1 ? 0.1) -(7 f 2) - ( l . o f  0 .2)  

a )  From Ref.125:for c e l l s  with s i m i l a r  base r e s i s t i v i t y ,  and a t  

same i l lumina t ion  i n t e n s i t y  a s  p resen t  work. 

b)  For room temperature region.  
2 

c )  A1-SiO - p s i  c e l l s :  e f f e c t i v e  a r e a  0.376 cm. 
X 



Fig.6-2 The v a r i a t i o n  of t h e  open c i r c u i t  v o l t a g e  Voc, t h e  s h o r t  
c i r c u i t  c u r r e n t  J s c ,  t h e  f i l l  f a c t o r  FF, and t h e  e f f i c i e n c y  
T-I of an  urndamaged MIS s o l a r  c e l l  w i th  tempera ture .  

The dashed l i n e  i s  c a l c u l a t e d  us ing ,  

v 
0 C 

= n(kT/q) ln(Jsc/Jo)  . 



TABLE 6-1 

a) These parameters a r e  obtained from dark J ( V )  after 

cor rec t ing  f o r  the s e r i e s  res is tance  as J ( V )  - IH,. 



V (Volt) 

Fig.6-3 The dark current-voltage curves of a 1 pm damaged MIS cell 
(P111A) at different temperatures. 



1 rrn damaged 

0 
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Fig.6-4 The variation of the open circuit voltage Voc, the short 
circuit current Jsc, the fill factor FF, and the efficiency 
q of a 1 pm damaged MIS solar cell with temperature. 
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Fig.6-5 The temperature variation of the differential resistance, 
rd of an undamaged and a damaged MIS cells. 



Fig.6-6 The calculated variation of the current along a dislocation 
at V>>Voc, with temperature. . 



Time ( m i d  

Fig.6-7 The v a r i a t i o n  of t h e  r e v e r s e  c u r r e n t  of undamaged and damaged 
c e l l s  a t  a cons t an t  b i a s  ( a t  -4.00 V)  f o r  a  s e r i e s  of . 
exposures  t o  room a i r  ( R  = 13%) a f t e r  evacuat ing  t h e  
sample con ta ine r .  

H 

The depth of  damage i n  each sample i s  i n d i c a t e d  i n  pm 
below t h e  curve.  The arrows p o i n t i n g  up ( 1 ) i n d i c a t e  
t h e  s t a r t i n g  t ime of  evacuat ion  of  t h e  c o n t a i n e r  and 
t h e  arrows p o i n t i n g  down ( I ) i n d i c a t e  t h e  exposure of 
t h e  sample t o  room a i r .  A l l  t h e  curves  except  t h a t  of  
1 pm have been o f f s e t  by v a r i o u s  amounts a long  I r e v  a x i s  
t o  show them i n  one s c a l e .  



Fig.6-8 The response  ( t h e  change i n  t h e  r e v e r s e  da rk  c u r r e n t )  o f  a 
1 pm damaged sample vs .  t h e  r e l a t i v e  humidi ty ,  . R~ 
A i r  was bubbled through water  t o  change t h e  RH i n s i d e  t h e  . 
c o n t a i n e r .  



V (Volt) 

Fig.6-9 The i l l u m i n a t e d  J - V  curves  of  a  1 pm damaged sample t h a t  
has  undergone s e v e r a l  c y c l e s  of evacuat ion  and exposure b 

t o  room a i r .  

(a) A t  equ i l i b r ium wi th  room a i r  ( exposed - wet) 

(b) Under vacuum ( 30 m i l l i  Torr  - dry )  

The arrows i n d i c a t e  t h e  v a r i a t i o n  o f  t h e  curves  obta ined  
a t  t h e  end o f  each c y c l e .  



CHFSPTER V I I  

CONCLUSIONS 

The exper imental  r e s u l t s  obta ined i n  t h i s  t h e s i s  

suggest t h e  p o s s i b i l i t y  o f  a  d.c. c o n d u c t i v i t y  along 

d i s l o c a t i o n s  i n  a d d i t i o n  t o  s imp le  recombinat ion o f  

c a r r i e r s  a t  them. 

A model t h a t  accounts f o r  t h e  e f f e c t  o f  t h e  

d i s l o c a t i o n  space charge r e g i o n  i n  c a r r i e r  capture  a t  t he  

de fec t s  was developed assuming captured c a r r i e r s  can be 

conducted a long t h e  1 i n e  defects .  The model successfu l  1  y  

exp la i ns  t h e  cu r ren t -vo l tage  data  we have observed f o r  t he  

damaged M I S  c e l l s  whereas t h e  assumption o f  recombinat ion a t  

t h e  de fec t s  a lone i s  shown t o  be inadequate f o r  c l a r i f y i n g  

t he  data. Furthermore, t h e  para1 l e l  photoelect rochemical  

measurements c a r r i e d  ou t  elsewhere on our samples, where i t  

L 

w a s  found t h a t  ho les  were i n j e c t e d  i n t o  t h e  d i s l o c a t i o n  

l e v e l s  by f e r r i c y a n i d e  i o n s  i n  s o l u t i o n  l end  s t r ong  support  

t o  t h e  hypothes is  of c a r r i e r  conduct ion a long d i s l oca t i ons .  

I n  view o f  t h e  above evidence i t  is concluded t h a t  t he re  is 

a d.c .  c o n d u c t i v i t y  assa r ia ted  w i t h  d i s l o c a t i o n s  rn Si. From 

comparison of theo ry  and experiment we es t ima te  t h a t  t h e l r  

s p e c i + i c  conductance ( i .e. ,  r es i s t ance  per  u n i t  l eng th )  t o  

be i n  t he  order  of lO-lS cm ohm-I. Th is  va lue  is very  low, 

bu t  h i g h  enough t o  be an e f f e c t i v e  "shunt"  across a 

j unc t ion .  The d i s l o c a t i o n  cu r ren t  was shown t o  vary 

exponen t i a l l y  w i t h  t he  app l i ed  vo l tage  which makes i t  

exper imenta l l y  d i f f i c u l t  t o  i s o l a t e  i t  from t h e  we1 1 known 
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recombinat ion cu r ren t  t h a t  has a very  s im i  l a r  dependence. 

P a s s i  v a t i  on of d i  s l  ocat  i ons by atomi c  hydrogen was 

measured and shown, genera l l y ,  t o  improve t h e  

c h a r a c t e r i s t i c s  of t h e  damaged M I S  c e l l s .  From t h e  model i t  

cou ld  be concluded t h a t  pass i va t i on  causes a lower ing  o f  

e i t h e r  t h e  dens i t y  of recombinat ion cen te rs  o r  t h e  d.c. 

c o n d u c t i v i t y  o f  t h e  d i s l o c a t i o n s ,  and probab ly  both. 

However, i t  was no t  poss i b l e  t o  separate t h e  s p e c i f i c  

c o n t r i b u t i o n s  o f  t h e  two variables due t o  t h e  compl ica t ions  

in t roduced by acceptor n e u t r a l i z a t i o n .  

The undamaged M I S  (Al-Si0,-psi c e l l  s were shown 

t o  be very s i m i l a r  t o  corresponding n*p j u n c t i o n  c e l l s  i n  

s t ud i es  o f  t h e  temperature dependence o f  t h e  s o l a r  c e l l  

parameters i n  t h e  range o f  100 t o  300 K. The e f f e c t  o f  

temperature on t h e  damaged c e l l s  were a l s o  s tudied.  These 

a l lowed one t o  ob ta i n  t h e  temperature dependence o f  t h e  

L 

current along d i s l oca t i ons .  The v a r i a t i o n  observed seems t o  

suggest a hopping mechanism b u t  f u r t h e r  s t ud i es  a re  

necessary t o  c l a r i f y  t h e  t r u e  mechanism o f  t h e  observed 

d i s l o c a t i o n  conduc t i v i t y .  



A P P E N D I X  I 

A1 .  The photocurrent - calculated - by SNS theory 

As shown in Fig. A 1  the semiconductor in the MIS 

diode can be considered to have two different regions 

characterized by two different minority carrier life times 

(and two corresponding diffusion lengths) when mechanical 

damage is present. The life times (and diffusion lengths) 

are denoted by to (Ld) and to (L,) for the damaged 

and the undamaged regions, respectively. The above 

life times are related to the diffusion lengths by 

Ld.0 = (Dntd ,=I l." (Al) 

where D,, is the minority carrier diffusion coefficient. 

Since the mobilities of the two regions are not 

significantly different from each other at room temperature 

one can use the same D, for both cases. For simplicity of 

calculations emphasizing the effect of recombination on 

photocurrent the MIS structure is represented as a one- 

sided-barrier. The insulator is assumed to be thin enough 

such that it pose no significant hindrance to carrier flow. 

The effect of the surface states is also ignored. The 

estimated value of the surface recombination current Js 

according to Eqn.2-4 is in the order of l W 1 3  A cm- " with a 

high density of surface states, Nt = 1013 crn-=. 

Since the presence of the oxide layer will tend to reduce 

the density of surface states their contribution to the 

rerambination current can be neglected as well. 

The current under i 1 1  umi nati on is convenient? y 



separated i n t o  severa l  components, namely, t h e  cu r ren t  due 

t o  a)  t h e  photogenerated m i n o r i t y  c a r r i e r s  ( e l ec t r ons )  

d i f f u s i n g  i r om  t he  bull: ( o r  quas i -neut ra l  r eg i on )  (Jnd), 

b) t h e  phatogenerated c a r r i e r s  (JPsc=) i n  t h e  space charge 

reg ion ,  and c) t h e  t he rma l l y  generated c a r r i e r s  (JtScR) i n  

t he  SCH. It is assumed, as usual ,  t h a t  a l l  t h e  m i n o r i t y  

c a r r i e r  d i f f u s i n g  through t h e  quasi -neutra l  r e g i o n  t o  t h e  

edge of t h e  SCR a re  swept away by t h e  e l e c t r i c  f l e l d  

present.  Then t h e  t o t a l  photocur ren t  dens i t y  Jph can be 

w r i t t e n  as 

JD, = Jod + J ~ G C F :  + J t s c H  (6x2). 

The SCR photogenerat ion cu r ren t  i s  s imply  g iven 

by 

J"GCH = qGWsow (A;) 

where W s C w  i s  t h e  w id th  o f  t h e  space charge r eg i on  and 

G is t h e  photogenerat ion r a t e  which i s  assumed t o  be 

a constant  f o r  s i m p l i c i t y .  The SCR thermal genera t ion  

cu r ren t  i s  g iven by t h e  SNS theoryBz as 

JtscR = qn i  W S C R / ~ ~ ~  (44) 

where n, i s  t h e  i n t r i n s i c  c a r r i e r  dens i t y  o f  S i  a t  room 

temperature, and W s c w  i s  g i ven  by 

WSCR = ( (2e,./qNa) (Vbl - V ) )  ( A 5 1  

which is t he  same as t h e  Eqn.2-18. 

The d i f f u s i o n  component Jnd can be c a l c u l a t e d  b y  

s o l v i n g  the  cu r ren t  equat ion and the  m l n a r i t y  c a r r i e r  

c o n t i n u i t y  equat ion i n  one dimensionw5 as f 01 lows. 

Current  equation: 

Jrr d = qD,, (dn/dx ) 



C o n t i  nui ty equation: 

(l/q)idJ,,d/dx) + G - U = c) 

where LJ is the carrier recombinatiun rate, which can be 

expressed as  

using an appropriate minority carrier li+e time t, 

In (48) n is the density of electrons in the sample under 

i 1 lun~ination and n,, is t h a t  a t  thermal equi 1 i b r i u m .  

t = t, in the bulk ( x  <- ) and t = td in the damaged 

region ( - [ <  x < - WSC,~, ) .  

The second-order differential equation resulting 

from combining ( A 6 1  with ( A 7 1  is solved subject to the 

following boundary conditions: considering the two regions 

a) x < -1 and b )  - f  < x < - W o c e .  

I. n ( x )  is continuous across x = - [ . 
11. J n d ( x )  is c o n t i n u o u ~  across x = - 9 .  

111. n (x  = - WsC-) = no(x = - WGCR) exp  (qV/kT). 

The third condition is the one corresponding to 

the standard low-in jection assumption which is val l d  even under 

A M 0  illumination. 

A f  trr some algebraic manipulations one obtains 

J,, = ( q D , , / L d )  (Fi - F2F3) / F4 ( A 9 )  

w h e r e  

F1 = G(t"-td)Ld 

P2 = n,(exp(qV/kT) - 1 )  - G t d  

F3 = Ldcosh y - L d s i n h  y 

F4 = L,,cosh y - L,sinh y and 

y = ( P - w!;c:'*) / L d .  



I t  is t a  be noted t h a t  by changing t h e  parameters 

a p p r ~ p r i  a t e l  y i n  (A9) one can recover  t h e  convent ional  

e s p r e s s i  on f o r  one-si ded- junct i  onB5. S e t t i n g  1 = - W s c a ,  

t,, = td = t and L, = L~ = L i n  (A9) r e s u l t s  

where J, = ( q D , / L ) .  

The t o t a l  photocurrent of t h e  damaged c e l l  i s  then 

given by (42) w i t h  (49) , ( A S i  and (A41, and t h e  

photocur ren t  oS an undamaged c e l l  is o b t a i n e d  us ing  ( A 1 0 1  

jnstead o f  ( A 9 ) .  td was found t o  be 2.6 x l ( F L L  5 by f i t t i n g  

Eqn.iA41, which descr ibes the  genera t ion  cu r ren t  due t o  the 

defec t  l e v e l s ,  t o  dark J-V data o f  1 u m  damaged sample. 

Fa l l ow ing  parameters were used i n  t h e  

c a l c u l a t i o n s  s h o w n  i n  F ig .  4-9: 

L,, = 100 pm 

V e x =  0.85 e V Q 7  

The above c a l c u l a t i o n  i s  +o r  a constant  volume r a t e  

of e lec t ron -ha le  p a i r  generat ion, G ( ~ r n - ~  s-I) and i t  i s  

g iven by Jph = qGL, .  I f  the quantum e f i i c i e n c v  i s  assumed t n  

be u n i t y ,  Jph = qNph where Nph ( 2 x 1017cm-= s - + )  is t h e  

usable photon f l u x  per  second (E 3 Eo) i n  AM2 i l l u m i n a t i o n .  

Then we have GL, = Nph which is rough ly  t h e  case f o r  t h e  

above value of G. 
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Fig.A-1 The band diagram of the MIS cell in one-sided-junction approximation. 
The damaged region extending a length /from the surface can be 
characterized by a minority carrier life time Td while that of the 

undisturbed bulk material beyond C, is T (T~ < < T ) . The case 
0 0 

where& >WSCr, the width of the space charge region, is considered. 
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