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me prcgran was a one year effort to study the effects of interfacial 

barriers in crystalline si l icon solar cells. And as specified in the 

work statement the effort was directed toward the investigation and use 

of such techniques as Angular Ftesolved Aclger Parameter Spectroscopy 

(ARAPS) and Impedance Spectroscopy in initially characterizing n-type Si 

doped to levels carm~nly used for n+p solar cells, 

solar cells supplied by JPL. 

eventually si 

I n  the performance of this effort Stanford University was supposed tm: 

1 .  

2. 

3. 

Procure the necessary equipnent for impedance measurements and 

establish capability canparable to that presently used at Stanford 

Research Institute. 

Investigate the chmical structure of Si02/si interfaces w i t h  ARAPS 

for n-type S i  having carrier concentrations greater than 1018m-3. 

Measure the canplex impedance so as to determine the interface state 

density throughout the bandgap for Si02/Si interfaces and relate w i t h  

non-stoichianetric configurations or impurities fowd i n  the Si02 

layer by ARAPS. 
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4. Provide a l l  data  and four ( 4 )  samples of Si02/Si, which have been 

characterized by techniques outlined in  paragraphs ( 2 )  and ( 3 ) ,  f o r  

independent measurements of surface recanbination velocity.  

5. Extend the ARAPS and Impedance Spectroscopy techniques rn no mre 

than twelve (12) samples of Si  in te r faces  w i t h  pass iva t i rg  layers  of 

S i N x  or other d ie lec t r ics .  

6 .  Improve Si02/Si interface propert ies  so as to reduce surface 

recanbination veloci ty  by process optimization, using the 

density-of-states measured by impedance spectroscopy as a measure of  

improvement and establish re la t ionships  between Si02/Si, SiNJSi, ar 

other  interfaces  and surface recanbination velocity.  

7. Provide personnel to support Project Integrat ion Meetings and Program 

Review Meetings. 

Tasks ( 1 )  and (7) were accanplished as a matter of rou t ine  m p l i a n c e .  

m v e r ,  b e t e e n  the start of the contract and the del ivery of the 

solar t ron ?feasurement System there was a s i x  months in te rva l .  

addi t ional  t w o  w e k s  were required to set up the equipnent to begin da t a  

taking. As the X-ray photoelectron spectraneter w a s  already operational 

work was immediately s tar ted on task ( 2 )  

accunplished using XPS is a p a r t i a l  r e f l ec t ion  of that (XPS is an acronym 

for x-ray photoelectron spectroscopy). 

were l e f t  to accanplish tasks ( 3 1 ,  ( 4 ) ,  (5) and ( 6 )  - a f a i r l y  

unrealistic anount of time. 

An 

and the vas t  anount of work 

However f ive  and one half  months 

?he work effort was rest ructured to provide 
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the  mst meaningful information with the limited time and funds 

available.  

too much vas asked to be done in one year. 

for a t  least tm years or more. 

One of the major criticisms of the progran as a whole is t h a t  

The contract  should have been 

I n  this section instead of j u s t  l i s t i n g  the major accanplishments fran 

t h i s  one year e f f o r t ,  those tasks t h a t  were canpleted in  section 1 w i l l  

be indicated and the major accanplishments mted. 

ccmpleted . 
(1  ) and (7)  were 

Task (2) was accanplished ard the  work performed contributed to an 

understanding of Si02/Si interfaces that was previously lacking and is 

considered a major accanplistnnent. me r e s u l t s  of this study have been 

published (-1. Phys. u t t . 4 7  - (10) 1064 (1985)) and only an out l ine  of 

t h i s  mrk is presented here. 

I n i t i a l  state e f f e c t  is a measure of the valence charge densi ty  around 

the  atan and is influenced by changes in  the atomic oxidation state. 

Si-Si02 systen the i n i t i a l  state e f f e c t  may be exmined usirq XPS by 

taking the difference in the k ine t i c  energies of the core leve l  

Si2p(Si02) a d  01s (Si02) peaks. 

usual one electron orbital state designations. 

charging e f f ec t s  and the matrix effects cancel ou t  because the di f fe rence  

i n  energies is taken for  two elements in  the same mediun. 

the AE(Si2pOls) for  13 to 200i thick Si02 grown mer Si ,  fused silica, 

Fbr 

The 2p and 1s designations are t h e  

The electrostatic 

Table I lists 
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and t m  c rys t a l l i ne  polymorphs of Si02, namely a-Quartz a-Cristobalite. 

Note AE(Si2pOls) is the same i.e., 429.7eV for a l l  the sanples in Table 

I. 

up to 13; frm the interface and is also chemically the same as the bulk 

forms of SiO?. 

These da ta  show t h a t  the thermal oxide is chemically uniform a t  least 

Note t h a t  AE(Si2pOls) f o r  a-Quartz having a Si-0-Si 
L 

bridging bond angle of 144" is 

Si-0-Si bridging bod angle of 

Grunthaner and m wxkers that 

interface leads to a change in  

equal to that of aa i s toba l i t e  having a 

148+1 - O .  It has been proposed by 

the strain in S O 2  near the Si-Si02 

the charge t ransfer  in S i 4  bond due to a 

var ia t ion  i n  Si-0-Si bond angle. 

structure induced charge t ransfer  e f f e c t  is rather small (<O.leV). 

Our results indicate  tha t  this 

Final state e f f e c t  i n  the Si-Si02 systen can be examined by a n a l y z i q  the  

core leve l  Auger parmeter  for Si. Auger parameter, a is defined as: 

( 1 )  
a = %ugerrninUS KEphotoelectron 

where 
= Kinetic energy of the Auger peak 
= Kinetic energy of the photoelectron peak 

mAuger. 
KEphotoelec tron 

f ie Auger paraneters for Si in  Si02, aSi(Si02) and i n  substrate S i ,  

a 

Si2p peaks. 

of the m e d i u n  surrounding the core hole. 

electrostatic chargrilg e f f ec t s  and the energy referencing. 

(Si) were determined bymasur ing  the k ine t i c  energies of S i  KLL and 

Auger parameter provides a measure of the screening energy 
S i  

It is independent of the  

Table  I shows 
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(Si0 ) fur thermal oxides on Si  ranging in  thickness f r m  13 to 200i, 'si 2 

an3. fur the Si02 polymorphs. 

a (Si02) dllong thermal oxides and between thermal oxides and between 

s i 0 2  polymorphs shows that the screening energy a t  the Si-Si02 interface 

is essent ia l ly  equal to that i n  bulk Si02. 

a l l  forms of crys ta l l ine  and anor@ous Si02 is the Si04 tetrahedron and 

the inter te t rahedral  (Si-0-Si) angle defines the various forms of Si02. 

So Si nearest-neighbors for all forms of Si02 are the same. 

observation w i t h  the results on the Auger parameter for Si ,  it is 

Lack of any s igni f icant  v a r i a t i m  for 

S i  

The basic structural uni t  f o r  

Linking this 

concluded that the screening energy is provided predaninantly by the S i  

nearest-neighbors and the long range screening e f f e c t s  in Si02 ard in S i  

are negligible. 

observations but d i f f e r s  with Wagner's conclusions. 

This r e s u l t  supports  the Grunthaner et &.Is 

The above conclusim is also supported by considering the thermodynanics 

of Si02 formation. 

f o r  Si02 is parti t ioned by the following defining equation in to  enthalpy 

of formation, AH; and ent row of formation AS;. 

The standard Gibbs free energy of formation, AG; 

AG; = mi  - Tis; 

Equation 2 provides a measure of the re l a t ive  contribution to the driving 

force for Si02 formation. 

thermochemical tables for a-Quartz, a-Cristobalite, B-Cristobalite it is 

canparing values of AH; and TAS> from 

3und that 94% of the driving force is due to enthalpy and only 6% is due 
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to entropy. 

Si04 t e t r a h e d m  ard only 6% of the driving force is used in varying 

Si-0-Si bond angle. 

Clearly most of the driving force is consuned in  forming 

Hence the thermodynamic da ta  emphasizes the daninant 

role played by S i  nearest-neighbors and lends credence tn the  earlier 

conclusion tha t  the st ructure  induced charge t ransfer  effects are ra ther  

mall. 

T A B L E  I 

S A M P L E  
~~ 

IS sio2/p-si 
(800°C) 

23i  S i02/pSi  
(800°C) 

5 0 i  sio2/psi 
(800°C) 

50; S i02/pSi  
( 1000"c) 

90; sio2/psi 
( 1000"c) 

120; sio2/psi 
( 1000"c) 

200i sio2/psi 
( 1000'c) 

a-Quartz 

a x r i s t o b a l i t e  

msed S i l i c a  
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EXIT 
ANGLE 

15" 
60 " 

15" 
60 " 

15" 
45" 

15' 
45' 

15" 
45" 

15" 
45" 

15' 
45" 

15" 
45 " 

15" 
45" 

15" 
45" 

AE( Si2pOl  s) 
(eV) 

429.7 
429.7 

429.7 - 
429.7 
429.7 

429.8 
429 . 8 

429 . 7 
429 . 7 

429.7 
429.7 

429.7 
429.7 

429.7 
429.7 

429.7 
429.7 

429.7 
429.7 

-7- 

225.6 
225 . 5 

225.4 
225.4 

225.3 
225.3 

225.4 
225 . 4 

225.3 
225.3 

225 . 3 
225.3 

225 . 3 
225.3 

225.5 
225.5 

225.2 
225.2 

225 . 2 
225 . 2 

aSi( SiO,) a ( S i )  

229 . 3 
229 . 3 

229 . 4 
229.4 

229 . 4 
229 . 3 

229 . 3 
229 . 3 

229 . 4 - 
- - 
- - 
- 
- - 
- - 



Task (3)  . The Si-Si02 interface was examined by Impedance Spectrosw 

(IS) .  IS da ta  taken over a frequency range fran 10 mHz to 10 MHZ allows 

determination of slow and f a s t  in te r face  states. Unfortunately the 

samples f ran  JPL did not m e e t  the  requirements f o r  analysis  because IS 

requires  an MIS (Metal-Insulator-Semiconductor) s t ruc tu re  but the J ~ L  

sanples hid  a p/n+ junction i n  series w i t h  the  MIS structure. 

Consequently in  the forward bias case the t o t a l  capacitance was dcminated 

by the current  (i) through the sample 

In the reverse biased case the total capacitance was daninated by the 

junction capacitance. Both these cases prevented probing of the n+/SiO, 

in te r face  a d  thus we were unable to determine the in te r face  state 

densi ty  a u l d  not be determined under those conditions. However a simple 

tgnperature cell in which the sanple could have been cooled continuously 

f ran  roan to l iquid nitrogen temperatures muld have provided a means for 

get t ing  around the high ca r r i e r  concentration l imitat ion.  This was not 

attempted because of time limitations.  

Task ( 4 ) .  This task was not attempted because of the lack of total 

success f a r  task (3 ) .  

Task (5). Exanination by XPS was made of the CVD f i lms of S i l i con  

Oxyritnides (Si0 N ). It was found that S i  in S'O N is bonded in a 

canplex way W 0 and N. The fib. was depth prof i led by angle-resolved 
X Y  X J  
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XPS and a gradient was observed in 0 and N mncentrat ion frm the surface 

to the bulk of the film. The results showed that the surface of the fi lm 

is enriched with 0 and is depleted of N. 

The results on Si-Si02 and Si-Si0 

tool i n  exmining bonding m f i g u r a t i o n s  and also i n  determining the 

canposition a d  the concentration p r o f i l e s  in these films. 

used i n  an ef fec t ive  way to m n i t o r  the effects of CVD processing 

parameters m film stoichianetry and microstructure. This was an 

important result. 

systems show t h a t  ]Bs is a useful 
x% 

XPS can be 

Task (6) . This was not attempted because of lack of the. 

There are j u s t  two recarmendations be made involving this mrk.  

1. Extend the impedance spectroscopy measurements to l iquid nitrogen 

tanperatures tm overcane the high carrier concentration obtained a t  

roan temperature. 

2. U s e  XPS and ARAJ?S to monitor fi lm s t ruc ture  of SiNx passivating 

layers . 
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