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ABSTRACT 

Fabrication techniques and improved a-Si:H film processing have been 

achieved to produce a shirt c i r c u i t  current density of 7 . 5  m ~ / c m ~  and open 

2 c i r c u i t  voltage of 740 mV on large area (2cm ) a-Si c e l l s  by the deposition 

of an inexpensive semitransparent metal (Cr) as  a top electrode on a N-I-P 

s t ruc ture .  This corresponds to  a 2% efficiency using AM1 illumination., A 

voc of 830 mV and f i l l  fac tor  of 0.54 have also been separately obtained. 

A r e l a t ive ly  simple and inexpensive deposition technique using a one pump- 

down vacuum system, A1 gr id  and t h i n  metal f i lm s t ruc ture  have been applied 

t o  reduce t h e  cost  Of a-S1:H cell fabricat ion.  

A SEM s tudy  of a-S i .fi1111 yua1.i Ly st-IUWS the suts t t -a te  texture t o  great ly  

influence the fi lm morphology. This i n  turn serves t o  influence the uni- 

formi t y  of photovol t a i c  response on completed so lar  ce l l  s .  

The s tudies  of optical transmittance of various thin metal films pro- 

z c t e  the u t i l i z a t i o n  of Cr and Cu as a top electrode. Cr and Cu a r e  promis- 

ing materials f o r  N-I-P a-Si:H films. In P-I-N f i lms,  Vo, of Pd c e l l s  i s  

l a rge r  than Cr ce l l  s while JSc of Cr c e l l s  i s  be t te r  than Pd c e l l s .  Optical 

s tudies  of our t i - S j  fl lms give an absorption coef f ic ien t  in ayreeslrnl: w i  l t i  

other  workers. 

For a P-I-N s t ruc tu re ,  Cr gives Voc = 550 mV whereas Pd gives Voc % 650 mV 

s ince Pd has a higher mm giving a be t te r  ohmic contact t o  P-Si. For a N-I-P 

s t ruc tu re ,  Cr gives Voc = 800 mV whereas Pd gives V 3 750 mV 'since Cr has 
OC 

a lower mm giving a be t te r  ohmic contact t o  P-Si. When considering a N-I 

s t ruc ture ,  the higher mm of Pd gives increased Voc over Cr since the I-layer 

i s  somewhat n-type. 



Dark and illuminated I-V characteristics show that current conduction 

mechanisms and recomination pheonomena are not the same under dark and 

illuminated conditions. Furthermore, spectral response analysis and re- 

verse illuminated saturation current under different illumination levels 

show photoconductivity and collection efficiency to be a function of i l -  

lumination level. Significant differences in spectral response on ob- 

served when comparing P-I-N, N-I-P and I-N structures. A Schottky barrier 

lowering effect is proposed to explain some spectral response data. The 

importance of the top junction region to carrier collection is also dis- 

cussed. 

i i i  
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. 1.  INTRODUCTION AND RESEARCH STATEMENT 

1-1 Introduction 

During the past year,  the direct ion of our work has been focused on 

five.fundamenta1 conditions fo r  e f f i c i e n t  photovoltaic energy conversion. 

Five 'basic  requirements to  improve- photovol t a i c  performance are:  1  ) large 

optical absorption, 2 )  reasonable col lect ion eff ic iency,  3)  large bui l t -  

in-potential , 4)  low resis tance,  and 5 )  good fi lm uniformity. Three para- 

meters determining the efficiency of so lar  ce l l  s ,  short  c i r c u i t  current 

density ( JSc ) ,  open c i r c u i t  voltage ( V o c )  and f i l l  fac tor  ( F F )  a r e  con- 

t ro l l ed  by those f ive  conditions. 

A s igni f icant  f ract ion of photons must be absorbed in the thin Si 

film. More than 95% of the v i s ib l e  portion of an AM1 solar  spectrum will 

be absorbed in an a-Si film of 1  um thickness. Photogenerated electrons 

and holes due t o  absorbed photons must be collected by conducting mater- 

i a l  a t  the t z p  and bottom of a - S i  films thxugh d r i f t  and  diffusion pro- 

cesses.   he operating voltage of so lar  ce l l  s i s  strongly control led by 

a  buil t- in-potential  . Buil t - in-potent ials  a1 so determine the depletion 

width and amount of d r i f t  f i e l d .  Since the major conduction mechanism 

in a-Si so lar  c e l l s  i s  a d r i f t  process rather  t h a n  the  diffusion of min- 

o r i  t y  ca r r i e r s  ,[' ,2s31 'which i s  the dominant conduct-ion mechanism in 

s ingle  or  poly-cyrstal l i ne  so lar  ce l l  s ,  the buil t- in-potential  will 

strongly inf l  ucence the short  c i r c u i t  current density. Series res i s -  

tance must be small to  reduce the loss  of output voltage during opera- 

t ion  of photovo'l t a i c  devices. 



Short c i r c u i t  current density i s  d i r ec t ly  controlled ,by conditions 

1 and 2.  Open c i r c u i t  voltage i s  re lated to  conditions 3 and 5. Series 

res i s tance  and fi lm uniformity control f i l l  fac tor .  The d r i f t  f i e l d ,  

which i s  re lated t o  the bui 1  t-in-potential  , a1 so controls the f i  11 fac tor  

in  a-Si so la r  c e l l s .  This phenomena i s  s imilar  to  the f a c t  t ha t  in s ingle  

c rys ta l1  ine Si "ce l l s ,  f i l l  fac tor  i s  controlled by diffusion,  1engt.h. (41 

The relat ionships between ce l l  parameters and t h e  f ive  conditions have 

not been ident i f ied  fu'lly b u t  some possible fac tors  a re  substrate  temperature, 

subs t ra te  material and surface f in i sh ,  doping parameters, dimensions or  ce l l  

s t ruc tu re  (thickness of N-I-P l aye r s ) ,  back contact ( subs t ra te )  and f ront  

contact (S.B. metal, A I R  coating and gr id  s t ruc ture) .  

The spec i f ic  goals of our research a re  l i s t e d  below: 

1.) Ident i fy conduction mechanisms\ in. a-Si ce l l  s. 

2 )  Optimize the  in te r fac ia l  layer t o  obtain a  stable 'and h1g.h 

"OC 

3) Investigate hole trapping e f fec t s .  

4 )  Investigate surface-state  behaviour. 

5) Study diffusion length data and recombination data as a  
function of fabricat ion parameters . 

6) Identify the  contribution of dell  parameters to thi? 
fundamental requirements o f  a-Si solar  ce l l  s. 

7 )  Improvc Jsc and rr as  result o r  (1 )  - ( 3 )  dbove. 



1-2. Research Statement 

Uniform and reproducible films a re  important requirements f o r  a-Si 

so lar  c e l l s .  Our films a re  mainly supplied by John Coleman of Plasma 

Physics Corporation. Different glow discharge environments f o r  P-I-N, 

N-I-P and I-N structures  hav'e been applied by John  olem man and d i f f e ren t  

types of Schottky bar r ie r  metals have been deposited on .these films. 

Film studies  have been performed through X-ray scan and SEM analysis  

to  investigate qual i ty  of these films. The ef fec t ive  optical absorption 

coeff ic ient  of P-I-N layers and of undoped layers has been obtained. 

Cleaning procedures fo r  a-Si films have been established. A newly de- 

signed mask makes i t  possible to  t e s t  fo r  film uniformity, the e f f ec t  

of c e l l  area on photovoltaic performance, and degree of optimization of 

the A / R  coating. A one pump-down vacuum process has been used fo r  

depositing several materials.  

To characterize collection and recombination mechanisms,'spectral 

response analysis a t  various illumination levels  under forward bias. and 

reverse conditions have been performed. Standard photovol t a i c  t e s t s  f o r  

voc, Jsc  and FF a r e  made on a l l  c e l l s .  These data a re  then related to  

the fabricat ion process i n  order to  determine an optimum process for  

film deposition and f o r  f inal  device design. I-V-T, C-V-f, and G-V-f 

data a re  being obtained to  evaluate conduction mechanisms and bui l t - in  

potent ials .  The goal of t h i s  study i s  t o  r e l a t e  processing variables 

t o  conduction mechanisms in an e f f o r t  t o  optimize so lar  ce l l  design. 



2. FILM AND SUBSTRATE STUDIES 

2-1. Qua1 i t y  and U n i f o r m i t y  o f  a-Si F i lms 

i ... 

Uni form a-Si f i l m  q u a l i t y  and th ickness have been major  obs tac les  i n  

producing good and c o n s i s t e n t  a-Si s o l a r  c e l l s .  SEM a n a l y s i s  and X-ray 

scan have been performed t o  i n v e s t i g a t e  a-Si f i l n i  q u a l i t y .  A-Si f i l m s  w i t h  

many cracks and p inho les  (F igure  1-a) have shown very  i n c o n s i s t e n t  and poor 

p h o t o v o l t a i c  performance o r  have been shorted, probably due t o  t h e  coarse 

s t r u c t u r e .  Improved p h o t o v o l t a i c  response has been obta ined f rom a-Si 

f i l m s  having b e t t e r  u n i f o r m i t y .  We show t h a t  7.5 m~/cm' 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  ( i n t e r n a l  c u r r e n t  = , I  1.5 m~/cm') and 803 mV open c i r c u i t  

v o l t a g e  have been produced from t h e  improved f i l m s  ( ~ i ~ u r e  1-b).  An SEM 

p i c t u r e  c l e a r l y  shows t h a t  q u a l i t y  and uniformity o f  t h e  f i l m  i s  n o t  q u i t e  

s a t i s f a c t o r y .  

Since a - S i  :H s o l a r  c e l l s  a r e  t r u l y  t h i n  f i l m  devices ( th i ckness  o f  t h e  

f i l m  i s  l e s s  than 1  u ~ n ) ,  t h e  roughness o f  an unpol i shed subs t ra te  sur face 

can be e a s i l y  on t h e  o rde r  o f  t h e  f i l m  thickness..  U n i f o r m i t y  o f  t h e  a-Si i s  

ve ry  impor tan t  t o  performance compared w i t h  t h i c k  f i l m  c e l l s ,  A un i fo rm 

s t r u c t u r e  can be seen i n  a-Si f i l m s  deposi ted on a . h i g h l y  po l i shed  s t a i n -  

l e s s  s t e e l  subs t ra te  shown i n  F igu re  1 -c. An X-ray scan a1 so i n d i c a t e s  

t h a t  t h e  th ickness o f  an a-Si f i l m  on an unpol ished po l i shed  s t a i n l e s s  s t e e l  

i s  n o t  uniform. X-ray scan data f o r  a  v o i d  area show t h e  presence o f  e le -  

ments commonly found i n  a  s t a i n l e s s  s t e e l  subs t ra te  meaning t h a t  s h o r t i n g  

w i l l  occur i n  devices made from t h i s  s t r u c t u r e .  To improve t h e  photovol  t a i c  

performance o f  a-Si s o l a r  c e l l s ,  t h e  na tu re  o f  t h e  subs t ra te  i s  very  impor- 

Ldnt.  Inere  cou ld  a l s o  be an ox ide  l a y e r  on the  sur face o f  t h e  subs t ra te  



Figure l - a .  SEM Micrograph o f  a-Si F i lm Deposited on Unpolished 
Stain1 ess Steel  . (1 000X) 

~ i ~ u r e  l - b .  SEM Micrograph o f  Improved a - ~ i  F i lm Deposited on a 
Unpol ished Stainless Steel having a Better surface. 
(30OOX) 
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Figure 1-c. SEM micrograph o f  a-Si f i l m  an  polished s t a i n l e s s  s t e e l  (3000X).  



which can change the  contact  resistance. Pol ished and chemical ly cleaned 

s ta in1  ess s tee l  as a  substrate may s i g n i f i c a n t l y  improve our e x i s t i n g  photo- 

v o l t a i c  response. 

The growth k i n e t i c s  o f  a-Si :H f i l m  and contact  res is tance can be a1 - 
te red  by t he  proper t ies  o f  the  substrate. a-Si :H f i l m s  have been deposited 

on s ta in less  s tee l  and Mo substrates under i d e n t i c a l  glow discharge environ- 

ments. Nei ther  substrate was pol ished bu t  f i l m s  on a Mo subst ra te  show 

a more uni form s t ruc tu re  (Figure 2-a) except f o r  some columnar growth. 

Roughness and pin-holes can be seen on a-Si :H f i lms on s ta i n l ess  s tee l  sub- 

s t r a tes  as shown i n  Figure 2-b. Figures 3-a and 3-b show mope de ta i l ed  

in format ion on the  surface s t ruc tu re  by u t i l i z i n g  a  Y-mode scan o f  the  SEM. 

Photovol t a i c  measurements a lso i n d i c a t e  t he  improvement i n  qual i t y  and 

un i f o rm i t y  o f  a-Si:H f i l m s  on the  Mo substrate. A s i g n i f i c a n t  increase o f  

f i l l  fac to r ,  from 0.35 on s ta in less  s tee l  substrate t o  0.45 on No substrate, 

was observed wh i le  JSc and Voc were almost the same. 

F i lm  qual i t y  a1 so a f f e c t s  t he  diode qual i t y  f a c t o r  (n) and shunt 

resistance. Shunt res is tance has been very low and the  diode qual i t y  

f a c t o r  n  i s  more than 5 i n  poor q u a l i t y  f i lms probably due t o  pin-holes 

o r  non-uniform thickness o f  the f i l m .  The e f f e c t  o f  shunt res is tance 

due t o  poor qual i ty of f i l m  w i l l  be discussed l a t e r .  



I 

Figure  2-a. SEM micrograph o f  a-Si  fi lm on unpolished Mo (5000X). 

F I g u r r  2-b. SEM micrograph of a-S1 f i l m  #on unpol ished s ta in1  e r r  s t e e l  (5000X). 



Figure 3-a. SEM l i n e  scan o f  sample I n  Figure 2-a. (5000X). 

, I  ' 

SEM 1 tne scan o f  sampl e 1 n Figure 2-b (5000X). 



2-2. Thickness o f  a-Si:H Films 

The measurement of f i l m  thickness i s  probably the f i r s c  szep t o  charac- 

t e r i z e  a-Si :H f i h s .  An accurate evaluat ion o f  depositSon, r a t e  
P I  , --1 I . , - 1 ,  

;;,>-,&$:&f 3: ,I-&$ , 

absorption c o e f f i c i e n t  (a) i s  dependent on the estimation o f  f i l  

A widely used technique t o  measure t h i n  f i l m  thickness u t i l i z e s  the i n te -  

ference e f fec t .  The r e f r a c t i v e  index o f  samples must be known i n  the i n te -  

ference measurement. Since the r e f r a c t i v e  index o f  a-Si:H f i l m s  i s  not wel l  

established, we have used an SEM measurement rather  than the fnteference 

e f fec t .  

There i s  a sharp boundary between substrate and f i l m  near the edge of 

t he  sample due t o  the deposit ion procedure used i n  a-Si work. We examined 

t h i s  sharp boundary by t i l t i n g  the  sample and using a magnif icat ion o f  

3000-5000X. Thickness of the sample i s  eas i l y  obtained by, 

- - ~ S E M  
'S Magnif icat ion x cos(90°-t i l ted angle) . 

This very Simple and nondestructive t e s t i n g  provides a measurement o f  th ick -  

ness o f  t h i n  f i l m  devices. Deposition r a t e  i s  then easily obtained from 

thickness. Some SEM p ic tu res  of t h i s  boundary are shown i n  Figure 4. 

Figures 4-a and 4-b show the edge view f o r  deposit ion times o f  1 hour and 

2 hours, respect ively.  Thicknesses o f  0.5 ~m and 1.0 um are cnlcula.ted 

from these f igures. 

2-3. Opt ical  Properties,. o f  a-$1 ;H Films 

The op t i ca l  absorption and bandgap energy are very important parameters 

t o  determine the photovol taic 

shor t  c i r c u i t  current  densf ty 

a-Si:H f i lms.  Information on the  absorption coef f ic ient  i s  essent ial  t o  

analyze the current  co l  1 ect ion mechanisms from the spectral response data. 

10 . 



Figure 4-a SEM micrograph showing a-Si f i l m  edge f o r  1 hour deposit ion (5000X). 

Figure 4-b. SEM micrograph showing a-Si f i l m  edge f o r  2 hours deposit ion (5000X). 



The UV-visible absorption coe f f i c i en t  f o r  discharge-produced a-Si:M f i lms  are 

calculated from transmittance data obtained by a GCAlMcpherson, EU-700 series, 

double-beam scanning spectrophotometer, equipped w i t h  a recorder and d i g i t a l  

con t ro l  1 er . 

The absorption coe f f i c i en t  was calculated by u t i l  i z i n g  

where 

T = Transmittance 

a ( ~ )  = Absorption Coef f ic ient  

D = Thickness o f  Sample. 

The thickness o f  samples was calculated from the deposit ion r a t e  obtained 

by SEM measurement as ou t l ined i n  the previous section. Three d i f f e ren t  

samples were tested having f i l m  thicknesses o f  0.15 urn, 0.3 pm, 0.45 pm. These 

samples were composed o f  an undoped layer  deposited on glass w i t h  a sirhztrate 

temperature of 250' C. A l i n e a r  va r ia t i on  of vs hv was observed and 

op t i ca l  energy bandgsp around 1.65 eV was obtained as showr~ i n  Figure 5. 

An American Instrument Model PM-2 spectrophometer was used t o  confirm t h i s  

resu l t .  Figure 6 shows a a vs hv o f  a a-Si:H and s ing le  c r y s t a l l i n e  s i l i c o n  

f o r  comparison. 





Figure 6. Absorption Coefficient in- Undoped a - S i .  



FABRICATION OF SOLAR CELLS O N  a-'Si : H  

Most of our a-Si:H f i lms were provided by John Coleman of Plasma Physics . . 

Corporation. We have invest igated t he  qua l i t y  and uniformity of these  f i lms 

and have measured the  f i lm thickness a s  out l ined in  Chapter 2. We have fab- 

r i c a t ed  s o l a r  c e l l s  u t i l  iz ing various e lect rodes  p r io r  t o  t e s t i n g  and ana lys i s .  

2 Large area (200 cm ) a-Si :H f i lms were formed on various subs t r a t e s  

( s t a i n l e s s  s t e e l ,  Cr, Al, Mo) u t i l i z i n g  a d.c. glow discharge decomposition 

of s i l a n e  w i t h  doping by phosphine o r  d ibor ine  t o  form n o r  p type layers .  

A flow r a t e  of 200 cclmin of 5% s i l a n e  i n  helium and a pressure of 2 Torr 

were maintained in t he  system. The subs t ra tes  were held a t  various tem- 

peratures (200-350" C) on t he  cathode using a res i s tance  heater .  The de- 

posi t ion time of 1 hour leads  t o  a undoped f i lm thickness  of approximately 
, .  

0 

0.5 pm, corresponding t o  our average deposit ion r a t e  of around 1.5 A s-' 

f o r  a subs t r a t e  temperature of 250" C.  The a-Si:H f i lm c e l l  s t r u c t u r e  

cons i s t s  of a few hundred angstroms of boron o r  phosphorous doped layer ,  
. . 

0.5 - 1 pm of undoped layer ,  and a few hundred angstroms.of phosphorous o r  

boron doped layer .  

a-Si silrns have been exposed t o  a i r  more than 48 hours before fab- 

r i c a t i on .  These f i lms are clcaned i n  acetone and deionized water then 

blown dry using a dry N2  steam. Three d i f f e r e n t  types of a-Si : H  s o l a r  

c e l l  s have been fabr ica ted ,  Schottky b a r r i e r  s t r u c t u r e  (-I-~-substrate) , 

P-I-N and N-I-P-substrate s t r uc tu r e .  These s o l a r  c e l l  s ha've a s t r u c t u r e  

of g r i d  metal/electrode (Schottky ba r r i e r  metal in  case  of I -N-~ubs t r a t e  

structure)/a-Si ':H f i lms lmeta l  subs t r a t e  a s  seen in Figure 7. 30-100 of 

variuus meta r s ( p a ,  cr,  cu, H t ,  Hg j  were evaporated t o  make a semitrans- 

parent ,  highly conductive layer  f o r  r ec t i f y ing  con tac t s  ( i n  t h e  case o f '  



I 7- 30 - 50 A OF VARIOUS METAL 

0 

+ + 100 - 500 A P /N LAYER 

. . 

0 

- 600 A N+/P+ LAYER 

S . S .  

i 
5000 A AR GRID 

0 

50 A CU 
0 0 

.30 - 50 A OF VARIOUS METAL 300 - 600 A N+ LAYER 

! 
j ,/''&-. 
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P-I-N o r  N-I-P f i l m s )  and Schot tky  b a r r i e r  meta l  ( f o r  I -N f i l m s ) .  When 
0 

us ing  C r ,  Pd and Hf  f i lms ,  about 50 A o f  Cu were depos i ted  over  t h e  i n i t i a l  

meta l  t o  reduce t h e  sheet r e s i s t i v i t y  o f  t h e  t o p  e lec t rode .  Al though t h e  

work f u n c t i o n  o f  Cu i s  low, o p t i c a l  t ransmiss ion  a b i l i t y  i s  ve ry  h igh  and 

sheet  r e s i s t i v i t y  i s  a l s o  q u i t e  good. 

O p t i c a l  t r ansmi t tance  and r e s i s t i v i t y  o f  t h e  t h i n  meta l  f i l m s  were 

measured by d e p o s i t i n g  t h e  t h i n  metal f i l m s  s imu l taneous ly  on Corning 

precleaned micros1 ides .  I n t e r n a l  c u r r e n t ,  which i s  w i d e l y  used t o  determine 

t h e  q u a l i t y  of  a-Si:H s o l a r  c e l l s ,  can be obta ined q u i t e  r e l i a b l y  f rom t h e  

ex te rna l  c u r r e n t .  The t o p  l a y e r s  a r e  depos i ted  i n  one pump-down us ing  a  

spec ia l  vacuum system, - T h i s  vacuum system inc ludes  a  spec ia l  f i x t u r e  per -  

m i t t i n g  t h e  use o f  s i x  d i f f e r e n t  subs t ra tes ,  s i x  d i f f e r e n t  masks and s i x  

d i f f e r e n t  evapora t ion  sources. A  th ickness  mon i to r  and s u b s t r a t e  heater  

a r e  a l s o  i nc luded  i n  t h e  system. A  minimum th i ckness  of ,3O W C r  and 50 

C51 Pd i s  requ i red  t o  d e p o s i t  a- cont inuous f i l m . -  

A  newly designed mask, shown i n  F igu re  8, i s  used t o  f a b r i c a t e  11 d i f -  

2 2 f e r e n t  c e l l s  w i t h  a c t i v e  areas from 0.04 cm t o  2 cm . Some advantages o f  

t h i s  mask a r e  t h a t  u n i f o r m i t y  and q u a l i t y  o f  each f i l m  can be s tud ied  and 

t h e  e f fec t  o f  a rea  on photovol  t a i c  performance ( i  .e. f i l l  f a c t o r )  can a l s o  

be analyzed. An A / R  c o a t i n g  ,has n o t  been appl l e d  t o  a1 1 cel.1 s  so .  t h a t  com- 

pa r i son  o f  c e l l s  w i t h  A/R c o a t i n g  and w i t h o u t  A/R c o a t i n g  prov ides  in fo rm-  

a t i o n  about i t s  i n f l uence  on JSc.  A 20 ~ 2 5 %  i nc rease i n  Jsc w i t h  A / R  coat -  

i n g  was observed. An opt imized A/R c o a t i n g  can be expected t o  g i v e  a  

50 s 60% increase i n  Jsc. 



Figure 8. Diagram of Sample and Mask. 
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4. PERFORMANCE OF a-Si:H SOLAR CELLS 

More than 80 c e l l s  have been fabricated,  tested and analyzed during the 

course of the present work. The c e l l s  have been characterized on the basis 

of the.measurements including both dark and illuminated I-V charac ter i s t ics ,  

var iat ion of short  c i r c u i t  current density and open c i r c u i t  voltage a t  d i f -  

fe rent  illumination levels .  Performance data fo r  pertinent c e l l s  a re  l i s t e d  

i n  Table I .  The photovoltaic measurements were performed under AM1 illumin- 

at ion a t  room temperature. AM1 illumination environment was simulated by 

an ELH lamp f o r  which the in tens i ty  was adjusted by cal ibrat ing the short  

c i r c u i t  current fo r  a NASA-Lewis standard P-N junction s i l i con  so lar  c e l l .  

2 2 Jsc = 7.5 mA/cm (internal  short  c i r c u i t  current = 11.5 mA/cm ) 

voc = 745 m V ,  and an efficiency of 2% were produced on a large area ce l l  
2 0 0 

( 2  cm ) which u t i l ized  inexpensive materials such as  30 A Cr and 50 A Cu 

as top electrodes on N+-I-P+-stain1 ess s tee l  s t ruc tu res .  ~ran,smi t tance '  (T,) 
:I 

of the top electrode was 66% and r e s i s t i v i t y  (p  i;: ) was 110 a / [ ] .  Voc > 800 mV 

and FF > 0.5 were produced separately on other c e l l s  w i t h  Cr a s  a top 

electrode. 

As discussed in Chapter 3 ,  three d3fferent type of c e l l s  were studied; 

Schottk.~ bar r ie r ,  P-I-N and N-I-P. Voc of Schottky bar r ie r  c e l l s  w i t h  Cr 

and Pd a re  20-50% higher than previously reported r e su l t s .  The slope 

of nVoC/n$,, i s  almost the same a s  in previously reported r e su l t s .  I t  i s  

c l ea r  tha t  a high'work function metal i s  desired t o  produce a high V and 
OC 

Jsc in Schottky bar r ie r  type cel l s u t l l  l z l n g  ur~rlogrd a - S i  : I l .  Schottky 

bar r ie r  a'-Si:H c e l l s  thus f a r  have required very expensive materials as 

6 S L ; I V I L ~ Y  ~ ~ ~ e t d i  t o  V of more than 550 m V .  
OC 

[ 6 y 7 1  The highest Yo= 
- - 

previously reported on a Schbttky barr ier  ce l l  i s  803 mvE8]  using a P t  



C e l l  # Fi lm # -- 

PHOTOVOLTAIC PERFORMANCE AND PROPERTIES OF a-Si:H SOLAR CELLS 

MEP.SURED AT AM1 (100 rn~,'c;n~) A N D  28" C .  

TABLE I 

. C e l l  m A 
~,(.nill) J~~ Conf igurat ion  Tr ('%I ~ r n  Vo, (mV) 

Cr-N- I-P-SS 6 €1 340 3 . 5  788 

W-N-I-P-SE 37 60 3.1 762 

E f f  (%) 

* Very h e a v i l y  doped N l a y e r  (10% PH3/SiH4) 

2 ** Best c e l l  made thus f a r  and o n l y  one w i t h  an a n t i r e f l e c t i o n  coat ing .  (P.rea = 2 cm ) 



e lec t rode .  The s t a b i l i t y  o f  Schot tky  b a r r i e r  c e l l s  i s  n o t  y e t  w e l l  esta.bl ished. 

Our main e f f o r t  now invo l ves  P-I-N o r  N-I-P s t r u c t u r e s  t o  u t i l i z e  t h e  

advantages o f  a  h i g h  b u i l t - i n  p o t e n t i a l .  Advantages o f  P-N j u n c t i o n  c e l l s  

over  Schot tky  b a r r i e r  t ype  c e l l s  l i e  i n  t h e  f a c t  t h a t  j u n c t i o n  p r o p e r t i e s  

can be e a s i l y  c o n t r o l l e d  con t i nuous l y  d u r i n g  t h e  f i l m  depos i t i on ,  p o s s i b l y  

g r e a t e r  s t a b i l  i ty["l and a  l a r g e  i n h e r e n t  b u i l  t - i n - p o t e n t i a l  ( g r e a t e r  than 

1.1 eV). [11,121 F a b r i c a t i o n  o f  t h e  a-Si:H P-I-N j u n c t i o n  s t r u c t u r e  i s  r e l a t i v e l y  

s imp le  and does n o t  r e q u i r e  any c o s t l y  processing,  u n l i k e  c r y s t a l l i n e  o r  

p o l y c r y s t a l l i n e  devices.  Metal  work f u n c t i o n  o f  t h e  t o p  e l e c t r o d e  p a r t i a l l y  

c o n t r o l s  t h e  V o c  V ' o f  P-I-N c e l l s  u t i l i z i n g  a  h ighe r  work f u n c t i o n  meta l  
OC 

(Pd) i s  sma l l e r  than  Voc of c e l l s  w i t h  i d e n t i c a l  f i l m s  when u s i n g  l ower  work 

f u n c t i o n  meta l  (Cr ,  A l ,  Cu, Ag). V o f  N-I-P c e l l s  us ing  a  h ighe r  work 
0 C 

f u n c t i o n  meta l  (Pd) i s  l a r g e r  than Voc o f  c e l l s  u t i l i z i n g  lower  work f u n c t i o n  

meta l  ( C r ) .  T y p i c a l ,  va lues o f  Voc a r e  760 mV on C r ,  Cu and A1 c e l l  s  and 

700 mV on Pd c e l l s  u t i l i z i n g  P-I-N f i l m s .  Voc= 600 mV f o r  Pd c e l l s  and 

540 mV f o r  C r  c e l l s  on N-I-P f i l m s  were t y p i c a l .  

P h o t o v o l t a i c  performance and p r o p e r t i e s  o f  t h i n  meta l  f i l m s  o f  C r  and 

Pd on i d e n t i c a l  a-Si:H f i l m s  a r e  l i s t e d  i n  Table I. Thickness o f  C r ,  Pd 
0 0 0 

and Cu a r e  30 A + - 5%, 40 A + - 5% and 50 A + - 10% r e s p e c t i v e l y .  Tm and Jsc 

o f  Cr c e l l s  a r e  g r e a t e r  than  those o f  Pd c e l l s .  FF i s  a lmost  independent 

o f  p r o p e r t i e s  o f  e lec t rodes  and v a r i e s  w i t h  f i l m  p r o p e r t i e s  and subs t ra te .  

Mo subs t ra tes  were used on c e l l s  47 and 50. Voc o f  Pd o r  Cr-N-I-P-Mo 

dev ices  i s  a lmost  t h e  same as Voc us ing  a  SS subs t ra te ,  b u t  FF u s i n g  a  

Mo s u b s t r a t e  i s  improved by 25-50%. A ve ry  h e a v i l y  doped n - l a y e r  

(10% o f  pH3 i n  SiH4) was used on c e l l s  54 and 55. V when u s i n g  C r  on a  
OC 



very  heav i l y  doped n- layer  i s  almost the same as Voc when using C r  on a  less  

h e a v i l y  doped n- layer  (1% of pH3 i n  SiH4). VOc when using Pd on a heav i l y  

doped n- layer  i s  b e t t e r  than f o r  a  more l i g h t l y  doped n-layer. This phenomena 

i s  s i m i l a r  t o  s i n g l e  c r y s t a l l i n e  s i l i c o n  where heav i ly  doped n-type mate r ia l s  

form a  .good ohmic contact .  There was no t  a  s i g n i f i c a n t  change o f  JSc 

when us ing  very heav i l y  doped n-a-Si as a  top  layer .  The v a r i a t i o n  o f  

doping i n  the  top  S i  l a y e r  by using 1  5% and 10% pH3 i n  SiHq does not 

s i g n i f i c a n t l y  change Voc, Jsc and FF i n  C r  c e l l s .  

Va r i a t i on  of Vo, w i t h  top  electrodes corresponds t o  saniconductor 

theory.  The m e t a l l i z a t i o n  process cannot assure an ohmic contact  i n  a-Si:H 

s o l a r  c e l l s  s ince the  heat treatment t o  make an a l l o y  would cause deh.ydro- 

genation. The Schottky e f fec t  may occur i n  metal a-Si:H f i lms  due t o  a poor 

ohmic contact .  An energy band diagram of N+-I-P+ metal so l a r  c e l l s  i s  shown 

in r i g u r e  9. 

- 
'bi - Vbi due t o  p-n j unc t i on  - 

"bi due t o  metal - S . C  (4-1 ) 
e f  f 

Vbi due t o  metal - S.C = q  + - (EF - EV) BP (4-2) 

then V = Vbi due t o  p-n j unc t i on  - Eg + q(+, - x )  - ( E ~  - E ~ )  (4-4)  
bi e f f  

where $m = work f unc t i on  o f  metal 

x = e l ec t ron  a f f i n i t y  

E encrgy handgap o f  a-Si 
9 

As seen, Vbi increases w i t h  metal work f unc t i on  i n  N - I - P  metal s t ruc tu res  
e f f  

and decreases w i t h  work f unc t i on  i n  P - I - N  metal structures. 
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Solar generated current density i s  dependent on transmittance of t o p  

metal layers, absorption coefficient in the S i ,  width of the depletion region, 

and recombination centers. Internal current ( I i n t )  defined by ?&Tm must be 

computed with great care since Tm and p vary greatly with thin film deposition m 
conditions. Jsc of a cell  w i t h  Tm = 64% and p = 800 ~ f l ]  i s  almost the same as m 

Jsc  of a cell  with Tm = 3 5 1  and p = 18 a/[]. Fill  factor i s  less  dependent m 
upon p m  since r e s i s t iv i ty  of the a-Si:H film and contact resistance between 

substrate and film are very large. Reduction of effective collection width 

due to  the forward bias may be responsible for  a l o w  f i l l  factor.  



5. I - V  CHARACTERISTICS OF a-Si:H SOLAR CELL 

5-1 Dark I - V  C h a r a c t e r i s t i c s  

Dark I - V  c h a r a c t e r i s t i c s  a r e  used t o  eva lua te  conduct ion processes i n  

diodes. F igure  10 shows t y p i c a l  dark  I - V  c h a r a c t e r i s t i c s  o f  a-Si:H s o l a r  

c e l l  s  t o  compare Schot tky  b a r r i e r ,  P- I -N  and N-I-P s t r u c t u r e s .  A1 though 

superpos i t ion  of s h o r t  c i r c u i t  c u r r e n t  i n t o  dark  I - V  c h a r a c t e r i s t i c s  does 

n o t  descr ibe  p h o t o v o l t a i c  behavior s i nce  photogenerated c u r r e n t  i s  s t r o n g l y  

dependent on t h e  d e p l e t i o n  reg ion,  t h e  Voc i s  s t r o n g l y  r e l a t e d  t o  t he  r e -  

verse s a t u r a t i o n  c u r r e n t  ( Jo )  and d iode q u a l i t y  f a c t o r  ( n ) .  Voc o f  SB, 

P-I-N and N-I-P s o l a r  c e l l s  i s  t y p i c a l l y  475 mV, 540 mV and 700 mV respec- 

t i v e l y .  H igher  Jo and low Voc was expected i n  t h e  SB c e l l  s ince  t h e  Schot tky  

metal  was Pd. F i l m  p r o p e r t i e s  o f  N-I-P and,P-I-N s t r u c t u r e s  a r e  almost iden-  

t i c a l  b u t  dark  I - V  c h a r a c t e r i s t i c s  a r e  q u i t e  d i f f e r e n t .  Th is  i l l u s t r a t e s  t he  

d i f f i c u l t y i n  i n t e r p r e t i n g  Jo and n  values o n l y  i n  terms o f  t he  volume pro-  . . 

p e r t i e s  o f  dev ices.  Al though t h e  r e s u l t s  i n d i c a t e  t h a t  t he  c u r r e n t  i s  l i m i t -  

ed by recombinat ion i n  t h e  j u n c t i o n  reg ion,  as i n  c r y s t a l l i n e  S i  diodes, , . 

o t h e r  f a c t o r s  i n v o l v i n g  t h e  subs t ra te  and e lec t rode  p l a y  s i g n i f i c a n t  r o l e s  
I 

i n  determin ing t h e  c h a r a c t e r i s t i c s  o f  a-Si:H devices. 

F igure  11 shows a  dark  J-V c h a r a c t e r i s t i c  f o r  a  t y p i c a l  a-Si:H s o l a r  

c e l l  w i t h  a  N-I-P-SS s t r u c t u r e  which always produces b e t t e r  performance than 

P-I-N and SB s ' t ructures . Shunt r es i s tance  and recombinati.on mechanisms domi n- 

a t e  i n  t h e  low forward b i as  regime. Ser ies  res i s tance  p lays  an impor tan t  r o l e  

i n  t h e  f a r  forward b i as  reg ion.  Between these extremes (0.3 % 0.7 V), t h e  

d iode qual i t y  f a c t o r  n  l i e s  between 2.3 % 2.7. The s a t u r a t i o n  c u r r e n t  

d e n s i t y  (J,) i s  around 1 0 ' ~  t o  1  o-' ~ / c m ~ .  The n - f a c t o r  f o r  poor qual i t y  
V 

s o l a r  c e l l s  i s  g rea te r  than 3.0 and sometimes g r e a t e r  than 5.0. Accurate 

a n a l y s i s  o f  t h e  d e v i a t i o n  o f  t h e  i d e a l i t y  f a c t o r  f rom 1  and t he  r e l a t i o n  



FIGURE 10. Dark I-V Characteristics o f  a-Si :H Solar cells' 
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Figure 11. Typical Dark J-V Characteristics of a-Si:H Cell 
with a N-I-P structure 
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between q u a l i t y  o f  f i l m  and n  va lue i s  n o t  w e l l  known bu t  probably  i s  due 

i n  p a r t  t o  the  leakage c u r r e n t  caused by shunt r es i s tance  and recombinat ion 

mechanisms i n  t h e  d e p l e t i o n  reg ion.  

Dark J-V c h a r a c t e r i s t i c s  o f  d i f f e r e n t  diodes on t h e  same subs t ra te  

i n  F i g u r e  12 show shunt  r es i s tance ,  sa tu ra t i on ,  c u r r e n t  and i d e a l i t y  f a c t o r  

t o  depend upon u n i f o r m i t y  and q u a l i t y  o f  t he  f i l m .  Three d i f f e r e n t  charac te r -  

i s t i c s  a r e  ob ta ined  from t h r e e  d iodes on t h e  same subs t ra te .  There a r e  ser-  

i o u s  d i f f e r e n c e s  i n  t h e  low forward b i as  regime o f  d iodes L4 and R 5  due t o  

shun t  r e s i s t a n c e  b u t  t h i s  d i f f e r e n c e  i s  reduced near t h e  open c i r c u i t  vo l t age  

reg ion .  It appears t h a t  c e l l  R 5  o f  sample 15-29 i s  b e t t e r  than c e l l  L4. But, 

"0, 
o f  L4 was 780 mV and t h a t  o f  R 5  was 760 mV w h i l e  FF and JS, were t h e  same. 

These d i f f e r e n c e s  do n o t  appear in.  a l l  cases and have been l a r g e l y  e l im ina ted  

in .some o f  t he  more recen t  subs t ra tes .  

U n i f o r m i t y  o f  a-Si  f i l m s  has been. improved w i t h  f i l m  th ickness ;  Dark 

J-V c h a r a c t e r i s t i c s  o f  d i f f e r e n t  c e l l s  from t h e  same sample (an improved 

s u b s t r a t e )  a r e  i d e n t i c a l  i n  F igure  13. The p r o b a b i l i t y  o f  de fec t s  o r  p i n -  

ho les  due t o  roughness .of t h e  subs t ra te  can be reduced w i t h  t h i c k e r  f i lms ' .  

Thickness o f  S i  cou ld  g r e a t l y  change t h e  s e r i e s  res i s tance  o f  a-Si :H c e l l s .  

R, i s  determined by t h e  quas i -neu t ra l  r e g i o n  and i s  g i ven  by R = (L-WB)/q, 
J 9 

where u 1,s t he  c o n d u c t i v i t y  of t h e  a-Si :H. W B ,  determined f rom spec t ra l  

analysJs .by considering o n l y  t he  d r i f t  mechanism, i s  0.2 % 0.4 pm i n  a-Si:H 

c e l l s  under il lum ina t i on .  I n  s i n g l e  . c r y s t a i i  i n e  o r  p o l y c r y s t a l l  i n e  c e l l s ,  

L >> WB and Rs increases 1  i n e a r l y  w i t h  th ickness  L. I n  a-Si :H c e l l s ,  

L >> WB does n o t  h o l d  and RS may i n c r e a s e  much more w i t h  th ickness .  



F I G U R E  . I 2  

DARK J - V ' O F  D I F F E R E N T  D I O D E S  FROM THE SAME SUBSTRATE ( # 1 5 - 2 9 )  

J ( A / C M ~ )  (CR-N+-I-P + - S S )  
- 4!---- 1 

10 8 

VOLTAGE (V)  



FIGURE 1 3  

DARK J - V  OF DIFFERENT DIODES FROM THE SAME SUBSTRATE ( # 2 0 - 9 3 )  

(CR-N+- I-P+SS) 

J ( A / C M ~ )  



Our experimental results suggest that dark current characteristics do 

not always play a significant role in determining illumination character- 

istics in a-Si:H cells. Figure 14, shows the almost identical dark I-V 

data for Cr and Pd cells on the same substrate (N-I-P-SS) while illuminated 

characteristics are quite different. It is quite likely that current con- 

duction mechanisms under dark conditions are different from those during 

i 1 lumination. Differences of n values (2-5) for dark characteristics and 

n (1.5) during illumination also 'suggest that recombination mechanisms 
II 

may be quite different. 



FIGURE 1 4  
DARK J-v OF CR-N+-I-P+/SS AND PD-N+I-P+/SS CELLS ON 

J (A /CM* )  '. THE SAME SUBSTRATE 
- 4 - -- ____.___.__---.-A- 
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5-2 I1 1 uminated Characteristics 

Typical illuminated characteristics are shown in Figure 15 for two 

P-N junction type cells. Two important phenomena can be seen; photo- 

generated current is not saturated in the reverse region and the super- 

position principle does not apply. Photogenerated current JL is very 

much dependent upon the depletion region width. This dependence is 

shown by 

JL(V) = F (l-exp(wtWB(~)) + diffusion term 

where F = total incident photon flux 

W8 = depletion width at V 

Vo = bui 1 t-in-potential 

f(N) = function of space charge density N. 

Short circuit current density (Jsc) increases almost 1 inearily with 

illumination level as shown in Figure 16. Although this result agrees 

with previously reported results, C79141 it contradicts our spectral response 

results. From the spectral response analysis under different i l  lumina- 

tion 1 evel s, spectral response under weak i 1 1  umination is 30-1 00% 1 arger 

than under AM1 illumination. Short circuit current should not increase 

linearily with illumination level. One of the reasons for an apparent 

1 inear relationship between JSc and illumination level is that the ELH 

lamp is used for the simulation of AM1 illumination. The spectral den- 

si ty of an ELH 1 amp does not vary 1 inearily wi tti i l l  urnination 1 evel . 
The visible spectrum af an ELH lamp decreases more than linearily while 

the IR spectrum of an ELH lamp decreases by a lesser amount. Figure 17 

shows the normalized spectral density of the ELH lamp. To verify Js, vs 





FIGURE 1 6  

Isc VS INTENSITY (CELL #20-93) 

(CR-N+-I -P+-SS) , 



FIGURE 1 7 .  NORMALIZED SPECTRAL DENISTY OF AN ELH LAMP 



vOC' 
t h e r e  must be extreme care  concerning the  spec t ra l  d i s t r i b u t i o n  o f  

t h e  lamp. A n e u t r a l  dens i t y  f i l t e r  w i l l  be i d e a l  f o r  t h i s  experiment. 

Al though t h e  superpos i t ion  p r i n c i p a l ' d o e s  n o t  hold,  t he  open c i r c u i t  v o l t -  

age under i l l u m i n a t i o n  can be expressed as 

where nk = d iode f a c t o r  under i l l u m i n a t i o n  

J o ~  = s a t u r a t i o n  c u r r e n t  under i l l u m i n a t i o n  

2  
2 

i s  around 1.5 and JoL i s  around t o  10-12 A/cm from a n a l y s i s  o f  

data i n  F igure  18. These values a re  much l e s s  than t h e  corresponding 

parameters of  t h e  dark  J-V c h a r a c t e r i s t i c s  where Jo i s  around 10" ~ / c m ~  

and n  i s  around 2 . 5 .  The J-V c h a r a c t e r i s t i c s  f o r  a-Si:H s o l a r  c e l l s  a re  

g r e a t l y  improved under i l l u m i n a t i o n  as f a r  as low i d e a l i t y  f a c t o r  and low 

s a t u r a t i o n  c u r r e n t  a r e  concerned. These e f f e c t s  a re  r e l a t e d  t o  photo- 

c o n d u c t i v i t y  o f  a-Si:H du r i ng  i l l u m i n a t i o n .  The t r app ing  o f  photogenerated 

ho les may cause t h e  undoped l a y e r  t o  behave 1 i ke an n-type m a t e r i a l .  I t  

i s  we1 1  known t h a t  t h e  d r i f t  m o b i l i t y  o f  ho les and e lec t rons  i n  a-Si.:H 

i s  t r a p  c o n t r o l l e d  w i t h  pe' >> ph. Th is  e f f e c t  can l ead  t o  nk < n and 

J o ~  < 

I - V  c h a r a c t e r i s t l c s  f o r  d i f f e r e n t  i l l u m i n a t i o n  l e v e l s  i s  shown I n  

F igure  19. .Low shunt r es i s tance  i n f l uences  t he  f i l l  f a c t o r  o f  a-Si :H c e l l s  

as evidenced by t he  f a c t  t h a t  FF w i t h  0.01 AM1 illumination I s  lower  than . 

FF w i t h  AM1 i l l u m i n a t i o n .  Th is  phenomena has almost disappeared i n  t h e  

more recen t  c e l l s  due t o  t he  improv,ement o f  f i l m  u n i f o r m i t y  and qua1 l t y .  , 



Figure 18. J' vs V and Dark J-V 
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FIGURE 1 9  

I - V  CHARACTERISTICS UNDER DIFFERENT ILLUMINATION LEVELS 
. . .  , . 

I (MA) 
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CARRIER COLLECTION AND RECOMBINATION 

6-1 A Model f o r  C o l l e c t i o n  f4echanisms 

The impo r tan t  parameters, such as JSc , "oc and FF, which determine the  

p h o t o v o l t a i c  performance o f  s o l a r  c e l l s ,  depend on the  genera t ion  and 

recombinat ion mechanisms o f  photoexc i  t e d  c a r r i e r s .  Hole d i  f f u s i  on 1  ength 
0 

(Lp )  o f  undoped a-Si :H i s  ext remely  smal l  ( l e ss  than 350 A  has been repo r t ed ) ,  E l 5 1  

so t h a t  we can norma l l y  neg lec t  t h e  d i f f u s i o n  c o n t r i b u t i o n  o f  pho toexc i ted  

c a r r i e r s  t o  t h e  gene ra t i on  mechanisms. Then t h e  importance o f  a  f i e l d  a s s i s t e d  

d r i f t  process o f  photoexc i  t e d  c a r r i e r s  i s  r e a l i z e d  i n  low d i f f u s i o n  l eng th  

m a t e r i a l s .  111 d-S i  :H s o l a r  Cells. we assllmc t h a t  a l l  t he  photogcnerat ion 

takes p lace i n  t h e  d e p l e t i o n  reg' ion where a  s t r o n g  f i e l d  e x i s t s .  

I n  the recombi n a t i o n  mechanisms o f  a-Si : H, volume recombinat ion o r  

geminate recombinat ion can be cons idered depending on t he  r a t e  o f  d i  f- 

fus ion  o f  pho toexc i t ed  c a r r i e r s ,  The mean f ree path o f  pho toexc i ted  

c a r r i e r s  i s  ve ry  smal l  i n  a  low m o b i l i t y  m a t e r i a l  l i k e  a-Si :H so t h a t  r e -  

combinat ion i s  c o n t r o l  l e d  by t h e  r a t e  o f  d i f f u s i o n  o f  e x c i t e d  cerar-ieres . 

Gemi n i  t e  recombi n a t i  onC1 61 has been consi  dered t o  be t he  domi nant  recom- 
. ., 

b i  n a t i o n  mechanism i 1.1 a-5.i : H. If gemlri'i t e  recombinat ion i s  indeed dominant, 

. i t  would be a  se r i ous  l i m i t a t i o n  f o r  t he  develgpment o f  e f f i c i e n t  s o l a r  

c e l l s .  

To i n v e s t i g a t e  genera t ion  and recombinat ion i n  semi cnnductor mater- 

i a l ,  we choose t o  use s p e c t r a l  response ana l ys i s  t o  measure c o l l e c t i o n  

e f f i c i e n c y *  I n  order t n  cnmpare c o l l e c t i o n  ef fSciency o f  d i  f l'ersent s o l a r  

c e l l s ,  i t  i s  necessary t o  e l i m i n a t e  e f f e c t s  due t o  v a r i a t i o n s  i n  the  

o p t i c a l  t ransmi t tance  o f  t h o  semi t r anspa ren t  metal  electrode. Tr:;;;;;,: I- 



tance of the  top e lec t rode  i s  varied w i t h  the  thickness of  metal f i lm and 

deposi t ion r a t e .  As out l ined  in  Chapter 3 ,  t o  avoid t h i s  problem, t rans-  

m i  t t ance  and r e s i s t i v i t y  of  each th in  metal f i lm was measured a f t e r  s o l a r  

c e l l  fabr ica  Lion. Then we can u t i l i z e  the  in t e rna l  co l l ec t ion  e f f i c i ency  

where QEi  = i n t e rna l  co l l ec t ion  e f f i c i ency  

Q E i  = external  col 1  e c t i  on e f f i c i ency  

T = t ransmit tance of the  top e lec t rode  

The co l l ec t ion  e f f i c i ency  i s  r e l a t ed  t o  the  spec t r a l  response by the  ex- 
\ 

pression 

Q E  (A) = SR (A) E (A) (6-2). 

where SR = spec t r a l  response 

E (A) = hc/A 

The spec t r a l  response cha rac te r i s  t i c s  were increased using a  c a l b r i a t e d  

NASA Lewis s tandard p-n junct ion c e l l .  A n  Oriel  narrow hand f i l t e r  s e t  

with band widths between 5-10 nm and a  Schoeffel GM 100 10 g ra t ing  mono- 

chrometer i n  conjunction with an E L H  quartz-ha1,ogen lamp source were used 

t o  provide a  spec t r a l  range of  400 - 950 nm. The d ispers ion  i n  the  mono- 

chrometer was less thari 8.5 nm. The absolu te  spec t r a l  rcsponse.(mA/mW) 

of the  t e s t  c e l l ,  SR ( A )  was ca lcula ted  using 

Test  c e l l  cu r ren t  d e n s i t  
SR ('I = Reference c e l l  cu r ren t  d i n s i t y  x (SR (A))Std ' (6 -3 )  

In order  t o  develop a  c a r r i e r  col3ect ion model, we considered the  

f r ac t ion  o f  photogenerated c a r r i e r s  which a c t u a l l y  con t r ibu te  t o  cu r ren t .  



I f  No i s  t he  photon f l u x  dens i ty  en ter ing  the semiconductor a t  wavelength 

A,  then the f l u x  o f  m i n o r i t y  c a r r i e r  en ter ing  the Schottky metal contact  i s  

6 The d i f f u s i o n  l eng th  (Ln) i s  l e s s  than 0.1 pm and a  i s  l ess  than 10 /cm. 

W, dep le t i on  reg ion  width,  i s  o f  the order  o f  a  few tenths o f  a  micron. 

. I n  t he  shor t  wavelength region, aLn i s  no t  < 1, bu t  , e x ~ ( - ~ W )  i s  very 

aLn smal l .  I n  t h e  long wavelength region, aL n  << 1  so t h a t  the 
+ aLn 

term can be neglected. Then equat ion 614 can be reduced t o  

I n  t h i s  approximation we do no t  consider the  e f f e c t s  o f  sur face imperfec- 

t i ons ,  r e f l e c t i o n  a t  the  back surface, o r  f i e l d  c o n t r i b u t i o n  between the  

I -N reg ion  near the  substrate.  

I f  d r i f t  d is tance i s  smal ler than the dep le t i on  reg ion  w id th  then 

c a r r i e r s  w i l l  be recombined i n  the dep le t ion  region. D r i f t  d is tance (LD) 

can be def ined as 

LD = ~ J T E  . 
where p = m o b i l i t y  

T = c a r r i e r  l i f e t i m e  

E z e l e c t r i c  f i e l d  

Then we take i n t o  account the  d r i f t  d is tance i n  equation 6-5 ' to  g ive  

D i f f u s i o n  l eng th  of holes of undopad a-Si:H i s  l ess  than 0.1 nm. Using 

t h e  E i n s t e i n  r%elaLior~ pkV = qD and t h e  expression f o r  d i f f u s i o n  length  

L = m, we can c a l c u l a t e  p~ d i r e c t l y  from the d i f f ~ ~ s i o n  length.  p.r 

i s  o f  t h e  order  of 10.' t o  lo- '  cm2/v. For a  dep le t ion  reg ion  width o f  

a few tenths o f  a micron, the  average value of f i e l d  i s  greater  than 

5 x l o 4  Vlcm. Then d r i f t  d is tance LD = UTE i s  greater  than the dep le t ion  



region and l/LD << a even in the long wavedength region. 

. . In a-Si :H ce l l s ,  the d'r if t  distance of carr iers  in the depletion region 

is.. not a serious 1 imitation of carr ier  coll ection efficiency. As il.1 us- 

t ra ted,  the depletion region width i s  the most important factor to determine 

carr ier  collection. I n  an ideal schottky barrier c e l l ,  the depletion region 

is. expressed by 

kT where V = voltage drop across W = (Vbi-V- -) 
q 

s = space charge density 

E = dielectr ic  constant. 
S 

In contrast with a single crystal l ine c e l l ,  Ns in a-Si depends on the 

illumination. V depends on the Schottky metal and applied bias. NS can'. 

depend on the incident photon flux since holes and electrons are  not 

trapped in equal numbers. More holes than electrons are  trapped and NS 

increases with increasing l ight  intensity. To measure Ns and depletion 

width,'capacitance C as a function, of a.ppl ied bias can be uti l ized. We 

u t i l i ze  a collection efficiency model based upori equation 6-5. 

In  P-I-N or N-I-P type ce l l s  the collection mechanism i s  not well 

established as in Schottky barrier ce l l s .  .From the c1,assical paper of 

~ a r l s o n , [ ~ '  the best photovoltaic data are  obtained by illuminating the 

p-side. Therefore; i t  i's established that carr ier  collection in P-N junc- 

tion types of a-Si:H ce l l s  exists near the  depletjur~ rsegion between P-I 

rather than 1-N. These assumptioris seem very at t ract ive since the'un- 

doped layer behaves as n-type under illumination due to  the hole trapping 

effect.  



T h i s  phenomena leads t o  the assumption that in N-I-P ce l l s ,  the major 

collection of car r ie rs  takes place i n  the depletion region between I-P 

rather than N-I near the illuminating side. To investigate the principal 

car r ie r  coll ection region in N-I-P- substrate structures,  we have changed 

the thickness of the undoped layer from 0.5 um to 1.0 pm. There i s  not a 

s ignif icant  difference in JSc between a 0.5 pm and 1.0 pm I-layer c e l l .  

These resul ts  indicate that  the principle current collection region i s  not 

the depletion region due to  the P-I layer in N-I-P ce l l s  b u t  due to the 

depletion region of the N-I layer. These resul ts  suggest that fundamental 

current collection mechanisms of N-I-P and P-I-N ce l l s  are  basically the 

same as  those in a Schottky barrier.  Principal current collection takes 

place near the surface regardless of the cell  structure. 

The difference between P-N junction types and Schottky barrier 

s t ructure l i e s  i n  the fac t  that  there exis ts  a dead layer near the top of 

the p-n type ce l l  where absorbed carr iers  cannot be u t i l  ized. This dead 

C43 layer concept i s  very .similar t o  that  found in single crystal l ine ce l l s .  

In the heavily, doped layer, diffusion length i s  small, and absorbed car- 

r i e r s  in the doped layer must rely on d r i f t  mechan'isms. The depletion 

region in the doped layer also i s  very small compared with depletion 

region in the undoped layer. 

We divide the car r ie r  collecti.on area In.the P-N junction a-Si:H . 

c e l l s  into two regions, carr ier  collection from the top  layer and car r ie r  

collection from the undoped layer as shown in Figure 20. A1 t h o u g h  WD 

i s  much smaller than .MI due t o  the fac t  t h a t  NSD i s  much la,rger the N S I ,  

the spectral response in the ultraviolet  regime i s  controlled by W D  since 

absorption i s  very strong. 



To ta l  c o l l e c t i o n  e f f i c i e n c y ,  NT i s  g iven  by N D + N ~ '  

where ND = c o l l e c t i o n  from the  doped reg ion  

NI = c o l l e c t i o n  from the  undoped reg ion .  

where X = ju .nct ion depth 
j 

WD = c o l l e c t i o n  w i d t h  i n  t he  doped l a y e r  

WI = c o l l e c t i o n  w i d t h  i n  t he  undoped l a y e r  

aD(A) = abso rp t i on  c o e f f i c i e n t  o f  t he  doped l a y e r  

a ( h )  = absorp t ion  c o e f f i c i e n t  o f  t he  undoped l a y e r  

The absorp t ion  c o e f f i c i e n t  o f  the  undoped l a y e r  was measured as , o u t l i n e d  

i n  Chapter 2 b u t  absorp t ion  c o e f f i c i e n t  o f  t he  doped l a y e r  has n o t  y e t  been 

w e l l  es tab l i shed .  We t h u s  assume ~ D , ( A )  = K % ( A )  w i t h  1  c K < 2 .  , 

I n  the  s h o r t  wavelength reg ion,  the  ND term i s  dominant s i nce  a ( i )  
\ ,  

a t  s h o r t  wavelength I s  ve ry  l a r g e  andmost  o f  the  i n c i d e n t  photons a re  
. 

absorbed w i  t h i n  a  few hundred anggtromh. I n  the'  l ong  wavelength reg ion ,  

t h e  NI te rm i s  dominant s i nce  a ( i )  a t  l ong  wavelength i s  smal l  enough so' 

t h a t  a  ve ry  smal l  f r a c t i o n  o f  i n c l d e n t  photons I s  absorbed w i t h i n  t h e  

doped reg ion  i n  a  th i ckness  1  ess than a  f.ew hundred anggtroms . Dead 1  ayer  

th i ckness  (XJ-w,,) can be c a l c u l a t e d  f r o m e q u a t i o n  6 -9 'by  s u b t r a c t i n g  

s h o r t  wavelength c o l  1  e c t i o n  e f f l c i  ency from unl  t y  . C o l l e c t i o n  r e g i o n  WI 

can be c a l c u l a t e d  from equa t ion  6-10 by utilizing t h e  l ong  wavelength 

c o l l  e c t i o n  e f f i c i e n c y .  A comparison between t he  computer model and ex- 

per imenta l  data  i s  g iven  i n  t h e  nex t  sec t i on .  



Figure 20. Carrier  Collection Regions. 



6-2 E x ~ e r i m e n t a l  ~ e s u l  t s  and   is cuss ion 

F igu re  21 shows t h e  t y p i c a l  c o l l e c t i o n  e f f i c i e n c y  c a l c u l a t e d  from 

s p e c t r a l  response measurements. I n  Schot tky  b a r r i e r  c e l l s  , we n o t i c e  t h e  

l o s s  o f  c o l l e c t i o n  e f f i c i e n c y  i n  t he  u l t r a v i o l e t  r e g i o n  p o s s i b l y  due t o  a  

Schot tky  b a r r i e r  l owe r i ng  e f f e c t .  I n  an i d e a l  Scho t tky  b a r r i e r ,  Scho t tky  

b a r r i e r  l 'owering due t o  image f o r ce  e f f e c t s  can cause a  f i e l d  hav ing  a  

d i r e c t i o n  oppos i te  t o  t h e  Schot tky  f i e l d .  We wish ' to  d iscuss t h i s  theory  

as one exp lana t ion  f o r  ou r  exper imental  data. 

From bas i c  image f o r c e  theory ,  t h e r e  e x i s t s  a  d i s t ance  Xm f rom the  

Schot tky  b a r r i e r  metal  w i t h i n  t he  semiconductor caus ing t h e  su r f ace  e l e c t r i c  

f i e l d  t o  be mod i f i ed  such t h a t  both pho toexc i ted  c a r r i e r s  e v e n t u a l l y  recom- 

b i n e  and thus do n o t  c o n t r i b u t e  t o  pho tocur ren t .  The l o c a t i o n  o f  t h i s .  

l owe r i ng  (x,) i s  g i ven  by E l31  

where E = e l e c t r i c  f i e l d .  

E = p e r m i t t i v i t y  o f  f r e e  space 
0 

0 5  0 7 Xm i s  about 60 A f o r  E  = 10 V/cm and 10 A f o r E  = 10 V/cm. I n  a-Si:H, 

4 5  0 0 

t h e  e l e c t r i c  f i e l d  i s  around 10 1. 10 V/cm and Xm can be around 30 A 60 A .  

The r e g i o n  between t h e  sur face and Xm behaves l i k e  a  dead l a y e r  o r  reverse  

b iased j u n c t i o n .  15% and 25% o f  i n c i d e n t  photons o f  u l t r a v i o l e t  w i l l  be 

5  absorbed w i t h i n  30 i and 60 i where o i s  4 x 10 cm-I and may then be l o s t .  

Xm va r i es  I n v e r s e l y  w i t h  space charge d e n s i t y  so t h a t  t he  image force 

e f f e c t  may be s e r i o u s  l i m i  t a t i o n  under weak i l l u m i n a t i o n .  F igure  22, 

shows t he  c o l l e c t i o n  e f f i c i e n c y  o f  a  Scho t tky  b a r r i e r  under d i  f f e r e n t  

i 11 uminat ion l e v e l s .  C o l l e c t i o n  e f f i c i e n c y  i n  t he  I R  r e g i o n  i s  inc reased  



Figure 21. Collection Efficiency of Schottky Barrier, N-I-P and 
P-I-N. a-S i  :H Cell s 
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Figure 22. Collection Efficiency Variation w i t h  Illumination Level for 
Schottky ,Cells. 
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with weak illumination due t o  the decrease of space charge density N S  while 

UV response i s  decreased due possibly t o  image force.lowering. This phenomena 

was previously reported without explanation. [I71 

In P-I-N or  N-I-P type c e l l s ,  col lec t ion efficiency i s  s imi lar  t o  t ha t  

f o r  Schottky type c e l l s  except f o r  poor UV response due t o  absorption i n  

the  doped layer.  Peak col lec t ion efficiency of P-I-N and N-I-P c e l l s  occurs 

a t  0.55 pm and 0.6 Dm,  respectively.  The s h i f t  of peak response i s  due t o  

thickness of the top doped layer.  The top doped layer  f o r  P-I-N and N-I-P 

c e l l s  a r e  100-200 i and 300-450 i. T h u s ,  in N-I-P c e l l s ,  strong absorption 

occurs in the  shor t  wavelength raeyion b u t  these surface generated ca r r i e r s  

a r e  not collected.  To verify the col lec t ion region of N-I-P type c e l l s ,  we 

measure the dependence of monochromatic photocurrent JL(V)/short  c i r c u i t '  

photocurrent ( J L ( 0 ) )  r a t i o  fo r  several wavelengths. JL(V)/JL(0)  f o r  reverse 
. . 

bias c lea r ly  shows the  location of the principal col lec t ion region t o  be 

between N-I ra the r  than I-P. This i s  evidenced by decreased voltage s ens i t i v i t y  

a t  x = 0.6 :,m and X = 0.7 pm in Figure 23.  U V  response increases i - ap id i y  :;ith 

reverse bias since the dead layer width i s  decreased due to  the increase of WD. 

In P-N type a-Si :H c e l l s ,  the image force lowering c f f cc t  i s  not serious 

s ince  the top layer i s  heavily.doped and the e l e c t r i c  f i e l d  between semitrans- 

parent thin metal f i lm and a-Si:H i s  very small compared w i t h  a Schottky bar r i e r  

c e l l .  As seen I n  Figure 21, col lec t ion efficiency i n  the u l t r av io l e t  regime 4s 

poor due t o  the absorption in the doped stirface layer.  Figure 24 shows .the col- 

lect ion ef f l c l 'ency  o f  a P-I-N type ce l l  under d i f fe ren t  illumination lcvels .  

Coll ection eff ic iency increases w i t h  decrease i n  i l  lumination due t o  expansion 

of the depletion region caused by a decrease in N S .  In the u l t rav io le t  regime, 

due t o  the image forcc c f f cc t ,  we c4n see a s l igh t  decrparc i l  ml iac t . ;on  er- 

f ic iency.  



V (Volts) 

Figure 23.  The r a t i o  o f  monochromatic photocurrents J to JSc as a function 

o f  reverse bias. 



Figure 24. Collection Efficiency Variation with Illumination Level for 
a P-I-N Cell. 
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We can see i n , b o t h  Schot tky  and P-N j u n c t i o n  t ype  c e l l s ,  under weak 

i l l u m i n a t i o n ,  t h a t  c o l l e c t i o n  e f f i c i e n c y  i s  near un i t y . '  'Th is  suggests t h a t  

gemin i te  recombinat ion i s  n o t  a se r i ous  l i m i t a t i o n  I n  our  c e l l s .  To improve 

c o l l e c t i o n  e f f i c i e n c y  o f  P-N t ype  c e l l s ,  we must decrease t h e  dead l a y e r  

w id th .  We have developed a computer model t o  r e l a t e  dead l a y e r  w i d t h  and 

Jsc which uses t h e  bas ic  equa t ion  

F ( x )  was obta ined f rom a t a b l e  o f  t h e  standard AM1 spectrum f rom Takehara. C181 

F igu re  25 s h o w s t h a t  JSc i s  increased s u b s t a n t i a l l y  w i t h  a decrease i n  w i d t h  

o f  t h i s  dead l a y e r .  

We have thus discussed t h e  importance o f  th i ckness  o f  t h e  t o p  doped 

l a y e r  i n  N-I-P. and P-I-N c e l l s .  Also,  we propose t h a t  Schot tky  b a r r i e r  

l owe r i ng  can decrease UV response i n  M-S c e l l s .  Sur face s t a t e  e f f e c t s  

cou ld  a1 so decrease t h e  UV response as we1 1. 
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Figure 25. Short Circuit current Density as a function of Collection 

Width and Dead Layer 
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