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PREFACE 

This i s  the f i r s t  quarterly report. During th i s  quarter 

we have made great progress in the area of modelling, while in i t i a t ing  

fabrication and characterization studies of Heterostructure, MIS and 

diffused polycrystalline s i l icon solar  ce l l s .  The present report detai ls  

our work on modelling. Reports on other areas will be forthcoming in 

the future. 

AIM OF PROJECT 

The aim of the project i s  t o  model, fabricate  and characterize 

heterostructure, p/n  junction and MIS polycrystal 1 ine s i  1 icon so lar  ce l l s  , 

with a view toward evaluating the best fabrication process for  low cost 

ce l l s .  
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ABSTRACT 

A theory capable of predicting the performance of polycrystal 1 ine 

s i l icon solar  ce l l s  i s  formulated. I t  relates grain s ize  to  mobility, l i f e -  

time, diffusion length, reverse saturation current, open ci rcui t photovol tage 

and f i l l  factor.  Only the diffusion lengths measured by the surface photo- 

voltage technique for grains s 5 urn do not agree w i t h  our theory. The 

reason for  th is  discrepancy i s  presently being investigated. We conclude 

that  grains - > 100um are necessary to  achieve efficiencies - > 10 percent a t  AM1 

irradiance. The calculations were performed fo r  the case of no grain boundary 

passivation. A t  present we are investigating the improvements to  be expected 

from grain boundary passi vation. 

We have determined that  the parameters tha t  best f i t  the available 

data are as follows: 

1.  Number of surface s t a t e s  a t  grain boundaries acting as recombination 
13 2 centers - 1 . 6 ~ 1 0  /un 

2.  Capture cross section - 2x10.'~ anZ 
4 3. Surface recombination velocity a t  grain boundary - 3.2~10 un/sec. 

The following types of solar  ce l l s  are considered i n  the model: 

Sn02/Si ~ e t e r o s t r u c t u r e ,  MIS, and p/n junction. In a l l  types of solar  ce l l s  

considered, grain boundary recombination plays a dominant role,  especially 

for  small grains. Though the calculations were original ly expected to  

yield only order of magnitude resu l t s ,  they have proven to be accurate 

for  most parameters w i t h i n  10 percent. 

I t  i s  almost impossible t o  cover every aspect of solar  cell perform- 

ance in one theory. B u t  we feel that  the present theory i s  the most extensive 

theory ever postulated for  polycrystalline sil icon solar  ce l l s .  In the future,  

as more data becomes available, we will t ry  t o  refine and modify the theory. 



As a result  of the theory we are capable of directing an experimental 

e f for t  i n  a more logical fashion. The data base of the theory involves 

almost a l l  the DOE funded projects,  and more. The theory provides a basis 

to  judge the s ta tus  and capabili t ies of the different  polycrystal l ine e f for t s .  



2. THEORY OF POLYCRYSTALLINE SILICON SOLAR CELL 

I. INTRODUCTION 

The potential of polycrystall ine si 1 icon for large scale terrestrial 

photovoltaic device application is well recognized. It shares with single 

crystal si 1 icon numerous desirable physical and chemical properties such 

as abundance, low toxicity, and stabi 1,i ty , whi 1 e a1 so showing great promise 

of reduced costs by circumventing many of the complex and energy intensive 

steps associated with the growth of single crystals. These facts have prompted 

many scientists to investigate various forms and shapes of polycrystalline 

silicon, with the princi pal objective of approaching the efficiencies obtained 

with single crystal silicon (2 10%) while minimizing the cost of the 

material . Several experimental and theoretical 14-17 results have 

indicated that there is an increase in the efficiency of polycrystalline 

silicon solar cells with increasing grain sizes, and some of these results 

are shown in Fig. 1. The theoretical results are based on a variety of 

assumptions, and the experimental results are for devices prepared under 

widely different conditions. There exists a gap between theory and experi- 

ment which the present paper attempts to fill. Our formulation will allow 

for the first time that polycrystalline silicon prepared under dffferent 

conditions can be compared on the same basis . It wi 1 1  be shown that the 

differences in the photovol taic properties of material s deposited under 

widely varying conditions can be understood in terms of grain size effects. 

Fig. 2 shows a solar cell with grain boundaries at different 

physical locations. Type 1 grain boundaries are associated with columnar 

growth, Type 2 grain boundaries are in the bulk of the crystal, and Type 3 

grain boundaries are in the barrier region. Most theoretical calculations 14-17 

have been made for the short-circuit photocurrent of col umnar-growth polycrystall ine 

solar cells. The open circuit photovoltages and fill factors were 



were assumed to be the same as in single crystals. In our theory, a1 1 three 

types of grain boundaries will be taken into account, and the efficiency 

will be calculated after estimating the effects of grain boundary states 

on short-circuit photocurrent, open-ci rcui t photovol tage and the f i 1 1 

factor. It will be shown that the results of measurements on solar ?ell 

type devices indicate that grain boundary states not only act as traps but 

also as efficient recombination centers having capture cross sections of 

about 2 x cm2 and giving rise to surface recombination velocities of 

4 '3 x 10 cm/sec. It will be shown that this theory can best account for the 

various results observed for polycrystalline silicon solar cells. 

11. THEORY 

A. Effect of Grain Size on Free Carrier 
Concentration, Mobility, and Resistivity 

The resistivi ty, mobi 1 i ty and free carrier concentration of 

polycrystall ine silicon do not vary with doping concentration in the same 

manner as has been observed for single crystal silicon The impurity 

concentration and the free carrier concentration are in general not identical 

in polycrystalline silicon. It is well known that doping plays an important 

role in the performance of solar cells and cannot be ignored. In Fig. 3 

the variation of the majority carrier mobility, and free carrier density as 

a function of doping density is shown for two grain sizes. The dopant con- 

centration at which the mobility minimum and the sharp increase in free 

majority carrier concentration occurs fol lows roughly the relation 

where d is the grain size in cm and Nd is the doping density. The variation 

12 2 of Nd with d is shown in Fig. 4. The constant 10 /cm is possibly related 

to traps at grain boundaries. l8  Three different studies18921 "' indicate 



the order of magnitude of grain boundary traps within - + 0.02 eV of the mid 

12 2 gap to be -10 /cm . Whether these traps act as recombination centers is 

not known. 

In Fig. 5, the resistivities of polycrystalline films are compared to 

those of single crystal silicon for different dopant concentrations. 18,25 

In designing solar cells with polysilicon, it is preferable to be on the higher 

doping density side of the minimum. As will be shown later, for grain sizes 

below 100 pm the change of lifetime as a function of doping is not as severe 

as the effects of surface recombination velocity. Surprisingly, most of the 

experimental data on polycrystal line solar cell s are for dopant densities 

which are higher than the predicted density at which the mobility minimum 

occurs. In Fig. 6 the available experimental values of majority carrier 

mobility as a function of grain sizes are shown both for electrons and holes. 

(For 1 cm grain size the single crystal value has been assigned.) We shall 

assume that the minority carriershave the same mobility as the majority 

carriers, and justify this assignment subsequently. In one calculation, 

as shown in Fig. 6, we have assumed that the minority carrier mobility for 
2 grain sizes greater than 100 m is 500 cm /vol t-sec., while for grains less 

2 than 10 m the value is about 80 cm /volt-sec. The effect of decreasing 

mobility as the grain size decreases is actually small relative to the 

effect of decreasing lifetime. Card and yangl' in their theory of poly- 

crystal 1 i ne si 1 icon have actual ly negl ected any change in mobi 1 i ty as a 

function of grain size. They have postulated that the change in 1 ifetime 

is the more dominant factor in determining solar cell parameters, and we 

agree with this part of the assumption. So, if we assume either a linear 

variation or no variation of mobility, the effect on our calculation of short 

circuit photocurrent will be small, especially since there is only a square 

root dependence on mobi 1 i ty , 



B. E f f e c t  o f  Grain Size on L i fe t ime 

The c a r r i e r  l i f e t i m e  fo r  small grains can be d i f f e r e n t  from t h a t  

o f  s i ng le  c rys ta ls ,  a f a c t  long recognized. The e f f e c t i v e  l i f e t i m e  o f  

granular semiconductors has two rb and rs f o r  volume and 

surface 1 i fet imes, respectively,and given by Eq. (2) 

For srnall g ra in  sizes rS < < rb, and rS domi nates the  e f fec t i ve  1 i fetime. 

 hockl let^ derived equations r e l a t i n g  rs and the cross sect ional  

dimensions f o r  a rectangular f i lament  o f  cross sect ion 2B x 2C. He showed 

1 n20 1 - 0 -  
1 (p + @ I ,  f o r  s + -  

=s 

and 1 1 1  - = s (H+c), f o r  s + o 
Ts 

-c 

where s i s  the surface recombination ve loc i t y  and D i s  the d i f f u s i v i t y .  

~ o f e r s k i ~ '  has extended Shock1 ey I s  ca lcu la t ions t o  include cy l  i n d r i  ca l  

f i laments and found 

where R i s  t h e  radius . . o f  the cy l inder .  For o r  rr t o  be sec, 

he estlrnated t ha t  R should be 130 pm. Recently Card and  an^" have 

derived an expression for  the e f f e c t i v e  l i f e t i m e  as 



Here Nis is the interface density ( c m 2  e l )  , is the capture cross 

section, v is the thermal velocity of the carriers, Vd is the height of 

the diffusion potentfal at the grain boundaries, and Efn and Efp are the 

quasi -Fermi 1 eve1 s for electrons and hol es , respectively. They assumed 

each grain is in the shape of a cube with dimension d, although Eq (6) 

should be applicable to other geometries. There are trapped charges at the 

grain boundaries, and the photogenerated minority carriers neutral i ze 

this charge, reducing the barrier height to such an extent that both types 

of photogenerated carriers can then penetrate the barrier region. Such 

carriers consequently encounter recombination centers at the boundary, and 

thus the effective minotrity carrier 1 ifetime is reduced. In our calculations 

we find that it is actually possible to obtain a good estimate of the life- 

time without considering the diffusion potential at the grain boundary. The 

following relation is sufficient to determine the effective minority carrier 

1 ifetime: 

where Nsr is the effective density of recombination centers (ct~i-~). For 

mathematical convenience we are considering that the surface recombination 

sites can be treated as distributed uniformly throughout the bulk of the 

material. The numberl.of these assumed effective sites in the bulk, Nsrs 

will therefore be portional to the actual fixed number of recombination 

sites at the surface. This transformation of a polycrystalline material 

with particular spatial location of recombination sites to a single crystal 

material with a uniform distribution of recombination centers provides a 

simple model that will be shown to be in excellent agreement with a 

variety o f  observations. This transformation is val id *for small grains, 



although for  large grains the effective lifetime approaches the bulk 

lifetime for  single crystal material. 

If  we assume cubic geometry for the c rys ta l l i t e ,  the number of  recorn- 

bination centers per unit volume i s  given by 

N S r  = 6NSS/d. (8 )  

where N,, i s  the concentration of recombination centers per u n i t  area 

a t  the grain boundary. Except for a change i n  the value o f  the constant, 

the relation i s  quite g e ~ o r a l  and holds for a wide variety of grain geometries 

varying from rectangular to  cyl indrical to  spherical shapes. The effective 

l ifetime based on the above transformatiav now becomes 

Assuming 0 = 2 x 10-16cm2 (tte.measiire6 capture crossection for surface s t a t e s )  
7 v = 10 cn/sec and  NSS = 1 .6 x 10 3/m2, 

O u r  simple model will be shown to  be capable of explaining a l l  the observed 

parameters associated with polycrystal l i ne  si  1 icon so lar  ce l l s  and of pre- 

dicting the i i g h t  directions one needs t o  follow t o  improve the efficiency 

of the ce l l .  EPR studies indicate the number of paramagnetic centers t o  be 

in close agreement w i t h  our  estimated value for  N s s .  

The' plot of reff vs. d i s  shown i n  Fig. 7. I t  shows good agreement 

with the available experimental resul t s ,  and appears t o  be independent of 

material preparation 'conditions. The hole 1 ifetime for  grains 1 arger than 1 cm 

was assumed t o  be the same as the hole l ifetime for single crystal s i l icon 

(1-10~-un).  The lifetime reported by Duh e t  a ~ . ' ~  for  CVD deposited poly- 

crystal l ine sil icon (grain s ize  about 300 urn) was determined by open-circuit 

photovol tage decay. The 1 ifetime for  small e r  grain sizes was determined mainly 



from the  recombination component of the reverse saturat ion current. 29,30 

We assume the minor i t y  c a r r i e r  l i f e t imes  f o r  e lectrons and holes are the 

same f o r  po lyc rys ta l l  i n e  s i l i con .  

C. E f f ec t  of Grain Size on Diffusion Lenqth 

Having ca lcu la ted the mob i l i t y  and l i f e t ime  as a function o f  

gra in  size, the d i f fus ion  length  o f  the m inor i t y  ca r r i e r s  can be determined as 

a funct ion of gra in  s i r e  from the E inste in  re la t ion.  

and i s  p l o t t e d  i n  Fig. 8. Experimental r esu l t s  a r i  included for  comparison. 

The d i f f u s i o n  length  o f  e lectrons f o r  gra in  sizes below 10 pm was 

reported9 t o  be determined by the surface photovoltage method. The p l o t  o f  

r e l a t i v e  photon f l u x  densi ty vs. the inverse o f  the absorption constant d i d  

not  g ive a s t r a i g h t  l i n e  as i t  does f o r  s ing le  c r ys ta l  mater ia l .  We be l ieve 

t h a t  the experimental resul  t s  are i n  e r ro r ,  because even wi thout  compari ng 

w i t h  our theore t i ca l  p l o t ,  the resu l t s  are not  self-consistent. Though an 

increase i n  sho r t - c i r cu i t  photocurrent w i t h  an increase i n  g ra in  s i ze  i s  observed, 

no cor re la t ion  i s  observed between the measured di f fusion length and short-  

2 c i r c u i t  photocurrent. Even assuming the mob i l i t y  t o  be 500 cm /vol  t-sec, 

the estimated d i f f u s i o n  length  consistent  w i th  the measured sho r t - c i r cu i t  

photocurrent i s  less  than the experimental value. Later  we w i l l  show t h a t  

our t heo re t i ca l l y  estimated s h o r t - c i r c u i t  photocurrent based on the theore t i ca l  

d i f f u s i o n  lengths shown i n  Fig. 8 agrees very wel l  w i t h  the reported experi- 

mental sho r t - c i r cu i t  photocurrent f o r  the same gra in  s ize.  The la rger  

gra in  s ize val ues agree f a i r l y  we1 1 w i th  experimental resul t s .  3 1 



I I I . DEVI CE PARAMETERS ASSOCIATED WITH 
POLY CRYSTALLINE S I LI CON SOLAR CELLS 

Having derived relations indicating how mobility, l ifetime, and 

diffusion length vary as a function of grain s i ze ,  we are in a position t o  

postulate a general theory of polycrystall ine s i l icon solar  ce l l s .  This 

theory will be valid for  MIS type c e l l s ,  Sn02/Si or  ITO/Si heterostructure 

cel l  s 32-35 , and p/n junction sol ar cel l  s . 36 

A .  The Dark I-V Characteristics 

The dark I-V character is t ics  of any solar  cell  are  usually given 

by the relation 

in which 

op p qDnn 0 
J,d = Reverse saturation current due to diffusion = 2 + - 

P Ln and nd = 1 ,  

Jot = Reverse saturation current due to  t h e m n i c  emission 

for MIS or SnOp/Si o r  ITO/Si ce l l  = ~ ~ ' e x p ( - $ ~ / k ~ )  

and n t  > 2 ,  and 

Jor = Reverse saturation current due to  recombination = qn iW 
2.r 

and n r  = 2.  

The other symbols have the i r  usual definit ions.  



For polycrystall ine silicon of grain size 100 pm or less, the 

recombination component domi nates over the thermioni c term (barrier 

height - > 0.8ev) ; therefore, the themionic term can be neglected. The 

general dark I-V curve is then given by the relation 

Our calculations show t h a t  Jor > Jod for grain sizes - < 100 pn as presented 

in Figure 9, and therefore we find t h a t  

for small grains. 

On the other hand we have calculated t h a t  for grains sizes above a few 

hundred w and a t  a forward bias near Vo,, the diffusion component 

becomes dominant, and there may also be some contribution from J o t  The 

relation to be used for large grain sizes i s  therefore 

Fig. g shows a plot of Jor VS. d. Since r = 5 x d ,  i t  

follows t h a t  

The experlnental valuesas9 agree very well w i t h  our theoretical plot for  grain 

sizes < 10 m. The polysil icon in those experiments was electron beam depositea 

and the junctions were formed by diffusion. For many of tne experimental JOY 

values, the analysis of the curves was done assuming infinite shunt 



resistance and zero ser ies  resistance. The s ingle crystal value was used for  

the an s ize  grain. Jor val ues i n  the range to 1 o - ~  are those reported 

by Chu and co-workers3' for  CVD s i  1 icon on recrys t a l l  i zed metal 1 urgi cal 

s i l icon substrate .  

B. The Short-Ci rcui t Photocurrent 

Since we have nw found the values of mobflity, :ifetime, and diffusion 

length as functions of grain s ize ,  the short-circuit  photocurrent can easi ly be 

calculated. 

For MIS and Sn02/Si or ITO/Si heterostructure devices3' one can 

write 
P-Po 1 

T 
+ a2N exp (-02n) = 0. 

dx 

Using the boundary conditions 

p = po exp (qV/kT) a t  n = 12 and P = po a t  n = d ,  (18 

we can solve for  the current J~~~ from the bulk contribution and get 

The current from the barr ier  contribution is 

G = T/T (21 

where T i s  the lifetime and T i s  the t r ans i t  time which can be expressed as 



i n  which !L2 i s  the width o f  the b a r r i e r  region and Vd i s  b u i l t - i n  po ten t ia l .  

I f  T - > T, then G = 1. For the case T < T, G i s  1 ess than 1 , and not  a1 1 

ca r r i e r s  generated w i t h i n  the b a r r i e r  are col lected.  

The t o t a l  cur rent  for  SnOZ/Si o r  ITO/Si heterostructure o r  MIS devices i s  

The d e f i n i t i o n s o f  the symbols used i n  these equations are given i n  

reference 35. 

For p/n junct ion ce l l s ,  a second d i f f e r e n t i a l  equation s i m i l a r  

t o  the one described above i s  solved f o r  the p s ide w i t h  appropriate 

boundary condit ions. The so lu t i on  t o  t h i s  equation i s  the cur rent  J3. 

Because o f  l i g h t  absorption i n  the p-region, the other two components 
I 

j u s t  described become J1 and J; , and 

# # 

J,, = J1 + J2 = J1 + J2 + J3  (24) 

For a given mob i l i t y ,  1 i fe t ime,  b a r r i e r  width, and thickness, 

the maximum s h o r t - c i r c u i t  photocurrent JSc i s  the same for  Schottky ba r r i e r ,  

p-n junct ion,  and heterojunct ion devices. The shor t -c i  rcuf t photocurrent as 

a funct ion of thickness and d i f f u s i o n  length  i s  shown i n  Fig. 10. The resu l t s  

shown here are f o r  AM1 spectrum w i t h  no losses due t o  r e f l e c t i o n  and electrode 

coverage. We have looked very c r i t i c a l l y  i n  the region o f  very small d i f fus ion  

length and found t h a t  the curves do no t  exact ly  extrapolate t o  zero as shown 

i n  Fig. 10. The sho r t - c i r cu i t  cur rent  as funct ion of d i f fus ion  length below 

1 pm i s  shown i n  Fig. 11. The i n i t i a l  fast  r i s e  i s  the r e s u l t  o f  l i g h t  

absorption i n  the b a r r i e r  region. The resu l t s  shown are f o r  a b a r r i e r  of 

5000 1 wide. 



These resul ts  indicate that  even for  a very small grain s ize of 
0 

about 100 I ( ,  a l ifetime of about 5 x 10-l1 sec, a bar r ie r  width of 5000 A ,  

and a 1 pm thick polycrystalline si.licon film, one should s t i l l  observe currents 

2 about 8 mA/cm i n  AM1 spectrum. Obviously, i f  the bar r ie r  i s  narrower, then 

the current woul d decrease. 

The diffusion length' i s  related to the grain s ize  by E q .  (11 ) .  

Therefore, the short-circui t  photocurrent can be expressed as a function of grain 

s i ze  d. Fig. 12 shows the variation of JSC w i t h  the grain s ize  d for  different 

conditions. The experimental resul ts  are fo r  a wide variety of 

devices fabricated under different conditions. Various 1 ight sources were used 

and the measurements vary from AM0 t o  AM2 conditions. Wherever possible, cor- 

rections are made to  convert the resul t  t o  AM1 conditions. We will  show l a t e r  

tha t  the thickness usually does not introduce large errors .  The cell  w i t h  a 

grain s i ze  of about 3 mn i s  a Sn02/Si heterojunction cell  fabricated in our 

laboratory (polysil i con obtained from Wacker) . 
Data below 10 pm grain s izes  are due t o  Feldrnan, e t  a1 .' The 

polycrystal 1 ine s ' i l  i con was deposited on glass or sapphi re by electron beam 

evaporation of s i l icon.  Junctions were then made by diffusion. Film 

thicknesses varied approximately between 2 and 30 pm and the device area 
2 was -06 n . T h e l i g h t  source was a 150 W xenon short  arc lamp f i l t e red  

by a 4cm water path and a glass UV f i l t e r  to produce an irradiance over 

the device o f  approximately 75 mW/cm2 (AM2 sun1 ight)  . The data was corrected 

for  electrode coverage b u t  not for  reflection. A s ingle .  crystal  monitor was 

used to  compare the resul ts .  The short-circui t  current they reported i s  the same 

as what we observe with our single crystal SnOp/Si heternjunction solar  cell  

i n  AM1 l igh t  w i t h  10 percent reflection loss and 15 percent grid coverage. 



Normally, Jsc values f o r  AM1 are l a rge r  than AM2 bu t  i n  t h i s  case we d id  no t  

apply any correct ion.  Further, for the mesa s t ruc ture ,  er rors  are introduced 

due t o  d i f f u s i o n  f r o m  regions o ther  than the mesa area. 

For AM1 resu l ts ,  an increase o f  20 percent i n  J,, i s  assumed when 

no correct ions are reported f o r  r e f l e c t i o n  and electrode coverage, and f o r  

AM0 resu l t s  no correct ions were made. It i s  assumed f o r  data taken i n  AM0 

t h a t  the reduction i n  cur rent  due t o  conversion i n t o  AM1 i r rad iance i s  balanced 

ou t  by the correct ions necessary f o r  r e f l e c t i o n  and electrode coverage. A l l  o f  

these w i l l  in t roduce an e r ro r  between 10-15 percent f o r  some devices. This 

may be small as compared t o  the uncerta inty i n  the value of the g ra in  s ize.  

I n s p i t e  o f  these l im i t a t i ons ,  there i s  exce l lent  agreement between theory 

and experiment. Comparing the theore t i ca l  curves w i t h  the experimental 

data one could conclude t h a t  i n  a l l  p robab i l i t y  there i s  b a r r i e r  shrinkage 

when l i g h t  i s  inc iden t  on po l yc r ys ta l l i ne  s i l i c o n  devices w i th  gra in  sizes less 

than 10 vm, discussed below. The only o ther  way the sho r t - c i r cu i t  current  could be 

lower a t  smal ler  g ra in  sizes were i f  the d i f f u s i o n  length was smal ler  than 

what we estimated. This impl ies e i t h e r  the l i f e t i m e  o r  mob i l i t y  was lower. 

Because o f  the c lose agreement between experimental and theore t i ca l  1 i fet ime , 

we be1 ieve the on ly  o ther  a1 te rna t i ve  would be t o  have lower m b i l  i t y  than 

what we have assumed. We have a lso considered the m o b i l i t y  t o  change 

according t o  the fo l low ing  r e l a t i o n  38 

where n and nt are the dens i t ies  of free and trapped car r ie rs ,  respect ively.  

The resu l t s  do not agree as wel l  as those due t o  b a r r i e r  shrinkage, as follows. 



I n  modeling so la r  ce l l s ,  the b a r r i e r  i s  assumed t o  be constant, 

t h a t  i s ,  having the same width i n  l i g h t  and dark. For mater ia ls which are 

t r ap  free and have long minor i t y  c a r r i e r  d i f f u s i o n  lengths, t h i s  i s  a 

v a l i d  assumption. When l i g h t  i s  inc ident ,  the shrinkage o f  the b a r r i e r  

w i t h  l i gh t  i s  almost a universal phenomenon which has usual ly  gone unnoticed 

due t o  the long di f fusion length  and i t s  con t r ibu t ion  t o  the current. 

I t  i s  observed even i n  s ing le  c r ys ta l  mater ia l  a t  h igh l i g h t  

i n t ens i t i es ,  bu t  the shrinkage i s  small. However, the e f f e c t  becomes pro- 

nounced i n  mater ia ls w i t h  t raps which have low mobil i t i e s  and 1 i fet imes.  

We have observed the ef fect  i n  organic materials,39 i n  selenium,4o and 

recen t l y  the e f f e c t  has also been reported f o r  amorphous The 

e f f e c t  i s  very s i m i l a r  t o  the narrowing o f  the b a r r i e r  width w i t h  dopant 

concentrat ion and the term "photon doping" we1 1 describes the phenomenon. 

Because o f  low m o b i l i t i e s  and l i f e t imes ,  the b a r r i e r  shrinkage has a la rge  

effect on the s h o r t - c i r c u i t  photocurrent, and the device can no longer be 

considered as a constant cu r ren t  generator. However, the ef fect  on the 

f i l l  f ac to r  i s  estimated t o  be small. 

Assuming t h a t  the b a r r i e r  shr inks from 7500 1 t o  500 J( for  a 

g ra in  s i ze  10 pm o r  lower, the e f f e c t  on s h o r t - c i r c u i t  photocurrent i s  

shown i n  Fig. 12. This i s  f o r  a po l yc r ys ta l l i ne  device 100 urn th ick .  

I n  assuming a 500 1 b a r r i e r  width, we are no t  saying t h a t  t h i s  i s  the actual w id th  

t o  be expected i n  1 i g h t  f o r  a1 1 g ra in  s i ze  below 10 pm. The resu l t s  are 

presented j u s t  t o  show how the s h o r t - c i r c u i t  cur rent  could decrease w i t h  

decrease i n  b a r r i e r  width as a r e s u l t  o f  t rapp ing w i t h i n  the b a r r i e r  region. 



The last  b u t  not the least important factor which governs the 

short-circuit photocurrent i s  the thickness of the photoconductor, whether 

i t  be single crystal or polycrystall ine. In F ig .  13 we show the variation 

of the short-circuit photocurrent as a function of grain size and thickness. 

As can be seen, the smaller the grain size, the lesser the effect of  thickness. 

This is  because the smaller the grain size, the smaller i s  the diffusion 

length, and an increase in thickness does not increase current because 

of the diffusion length limitation. These curves are important t o  calcu- 

lations of the required gra in  sizes and thicknesses for a given efficiency. 

This will be evident later. 

C. The Open-Ci rcui t Photovol tase 

The open-circui t photovol tage f n  polycrystall ine s i l  icon (as i n  

single crystal) i s  given by the relation 

For grain-sizes 100 rn or  lower, the mcombination current i s  dominant, and 

as a result, 

For d > 100 pm, the diffusion current is  dominant and 

There may be a small transition range for  MIS type devices where 

Jot may influence Voc. 

The theoretical curves based on Eq. (27) and (28) are shown i n  

Fig. 14. The results involve short-circuit photocurrent, with or w i t h o u t  



b a r r i e r  shrinkage, since the open-circui t photovol tage saturates a t  low 

cur rent  generation. There i s  exce l len t  agreement between theory and 

experiment. Card and Yang's theory a lso agrees wel l  w i t h  the experiment, 

bu t  the agreement i s  accidental because they underestimated the magnitude 

of the s h o r t - c i r c u i t  photocurrent. They on ly  claimed an order o f  magnitude 

estimate. Other than Card and Yang, a l l  o ther  theore t i ca l  estimates o f  

pol yc r ys ta l  1 i ne  s i l  i con on ly  i nvol ve the shor t -c i  r c u i  t photocurrent. 

D. F i l l  Factor 

This i s  the f i r s t  t ime ca lcu la t ion  o f  the f i l l  f ac to r  i s  ever 

computed as a funct ion o f  g ra in  size. The f411 f ac to r  can be expressed as 

F.F. = (1 

Since both A and Voc vary as a funct ion o f  g ra in  s ize,  the F.F. i s  

a lso expected t o  vary as function o f  gra in  s ize.  Fig. 15 shows a p l o t  of 

f i l l  fac to r  vs. grain. s i ze  based on the theore t i ca l  Yo, vs. d p l o t  i n  

Fig. 14. There i s  exce l lent  agreement between theory and experiment. The few 

deviat ions we fee l  are mainly due t o  ser ies resistance e f f ec t s .  These resu l t s  

ind ica te  t ha t  a t  small gra in  sizes the recombination process dominates the 

photovo l ta ic  propert ies and overshadows the e f f e c t  o f  ser ies  resistance on 

f i l l  factor .  

E. The E f f i c i ency  as a Function o f  Grain Size 

Having cal cul  ated theore t i ca l  l y  the short  c i  r cu i  t photocurrent, the 

open-ci rcui t  photovol tage,and the f i l l  factor ,  we are i n  a pos i t i on  t o  

ca lcu la te  the e f f i c iency  as a funct ion o f  gra in  s ize.  The r e s u l t  o f  such a 

ca lcu la t ion  i s  shown i n  Fig. 16. The ca lcu la t ions are f o r  a 700 urn th ick  

device and invo lve both the curves f o r  b a r r i e r  shrinkage and no shrinkage. 



For the experimental resu l t s ,  only the corrected values o f  sho r t - c i r cu i t  photo- 

current i n  Fig. 12 are used. No correct ions were used f o r  the f i l l  fac tor  

o r  the open c i r c u i t  photovol tage. There i s  excel l e n t  agreement between experi - 
mental and theore t i ca l  val ues. The resu l t s  ind ica te  t h a t  one needs gra in  s i  zes 

greater than 100 vm for  so la r  c e l l s  having ef f ic iency of 10 percent o r  more. 

F. Optimum Device St ructure  of Po lyc rys ta l l  i ne  S i l i c o n  

To get the optimum device s t ruc ture  o f  po lyc rys ta l l i ne  s i l i con ,  the 

ef f ic iency i s  p l o t t ed  as a funct ion o f  grain s i ze  fo r  d i f f e r e n t  thicknesses 

i n  Fig. 17. I n  Fig.18 we have p l o t t ed  thickness vs. gra in  s i ze  f o r  10 and 

11 percent so la r  ce l l s .  The curves are s i m i l a r  t o  "phase diagrams" f o r  thickness 

and gra in  size. It shows t h a t  for a 10 percent c e l l ,  we need gra in  sizes greater  

than 500 run f o r  20 pm t h i c k  f i lms.  For thicknesses about 20 run our pred ic t ions 

are i n  agreement w i t h  e x i s t i n g  experimental data. The data of chul1 and DIAiel lo 

e t  a1. supports the above concl us ions. 

I V  . CONCLUSIONS 

The gra in  s i ze  o f  s i l i c o n  plays a dominant r o l e  i n  determining the 

e l e c t r i c a l  and photovol t a i c  proper t i  es o f  s i  1 icon. Grain boundaries ac t  as 

t raps and recombination centers. The recombination loss a t  gra in  boundaries i s  

the predominant loss mechanf sm i n  po lyc rys ta l l  i n e  so la r  ce l l s .  For small 

gra in  sizes, the surface recombination centers a f f e c t  the 1 i fetime more 

than any dopant concentration. One coul d fabr icate  10 percent e f f i  c ien t  poly- 

c r y s t a l l i n e  s i l i c o n  so la r  c e l l s  w i t h  10 um th i ck  mater ia l  i f  g ra in  sizes were 

5000 pm o r  greater. Excel lent  agreement i s  observed betwen theory and experi- 

ment f o r  almost a l l  device parameters. I f  1 i f e t ime  and mob i l i t y  values 1 arger 

than those used i n  our ca lcu la t ion  could be obtained, then the theore t i ca l  

e f f i c i ency  would be higher than what we have calculated. Though the present 

analysis was done f o r  po l yc r ys ta l l i ne  s i l i c o n ,  the q u a l i t a t i v e  features o f  the  

theory are appl icable t o  any po l yc r ys ta l l i ne  mater ia l .  To obtain quan t i ta t i ve  



d a t a ,  some modification of ou r  estimate of the cell parameters may be 

necessary, depending on the materi a1 . For materials wi t h  a direct  band 

gap, smaller grain s i ze  and thicknesses are l ikely t o  resul t  in efficiencies 

equivalent t o  thicker indirect band gap material of larger grain s ize.  

Furthermore, depending upon the height of the intergrain boundary bar r ie r ,  

tunnelling rather than thermionic emission may be the preferred mode of 

intergrain boundary crossing for  carr iers  in the dark. 
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FIGURE CAPTIONS 

Fig. 1  E f f i c i ency  vs. gra in  size. The curves are theore t i ca l  resu l t s ,  and 

the data po in ts  are experimental values obtained by d i f f e r e n t  

research groups. 0-Fel dman e t  a1. (Ref. 9) ; A-Chu e t  a1 . (Refs. 

6,11) ; A-Fischer and Pschunder (Ref. 2) ; 0-Zook e t  a1 (Ref. 7). 

Fig. 2  Grain boundaries a t  d i f f e r e n t  physical locat ions w i t h i n  a  so la r  

c e l l .  

Fig. 3 Average f ree  c a r r i e r  concentrat ion and m o b i l i t y  as a  funct ion o f  

doping densi ty i n  po l yc r ys ta l l i ne  s i l i con .  The m b i l  i t i e s  are f o r  

ma jo r i t y  ca r r ie rs .  The g ra in  sizes o f  the n-type and p-type s i l i c o n  

are 25 u. (Ref. 25) and 200-2708. (Ref. l a ) ,  respect ively.  The 

s t r a i g h t  1  ine  i s  the c a r r i e r  concentrat ion vs. doping concentrat ion 

f o r  s ing le  c rys ta l .  

Fig. 4 Mobi 1  i ty-minimum doping densi ty vs . gra in  size. The experimental 

data were taken f r o m  Refs. 18, 19, 23 and 25. 

F i  g. 5  R e s i s t i v i t y  vs. doping concentrat ion o f  po l yc r ys ta l l  i n e  s i l i c o n  

as compared w i t h  s ing le  c r ys ta l  resu l t s .  The gra in  sizes o f  the 

n-type and p-type s i l i c o n  are 25 pn (Ref. 25) and 200-2708. (Ref. 18), 

respect ive ly  . 
Fig. 6 M o b i l i t y  vs. g ra in  size. 0-electron m o b i l i t y  f o r  n-type po l yc r ys ta l l i ne  

s i l i c o n .  A-hole rnobi l i  t y  for  p-type. po l yc r ys ta l l i ne  s i l i con .  - m b i l i  t y  

f o r  e lec t ron and hole. 0-average minor i t y  c a r r i e r  mob i l i t y  f o r  s i ng le  

c r ys ta l  s i l  icon. The experimental val ues were obtained from Refs. 18,19, 

23, and 25. 



Fig. 7 L i fe t ime vs. gra in  size. The experimental data were taken from 

Refs. 9,28,29, and 30. The l i f e t i m e  from Ref. 9 was estimated. 

Fig. 8 D i f fus ion  length  as a funct ion of grain s ize.  The theoret ica l  

curves I and I1 are f o r  no changes i n  m b i l  i t y  and for  changes 

i n  mob i l i t y  according t o  Fig. 6, respect ively.  0-from Ref. 9 

A-from Ref. 31. 

Fig. 9 Reverse saturat ion cur rent  JOr (due t o  recombination) as a funct ion 

o f  gra in  s ize.  The W f o r  the two theoret ica l  curves are b a r r i e r  

widths. 0-Feldman e t  a l .  (Refs. 8,9); A-Chu e t  a l .  (Ref. 11,37); 

$-Hovel (Ref. 36). 

Fig. 10 Shor t -c i r cu i t  photocurrent vs. d i f f us i on  length. t i s  the thickness 

o f  the f i l m .  AM1 i r radiance.  

Fig. 11 Sho r t - c i r cu i t  photocurrent vs . d i f f u s i o n  length. AM1 i rradiance. 

Fig. 12 Effect of b a r r i e r  shrinkage and m o b i l i t y  on JSc. Experiment a1 

data were taken from Refs. 2,6,7,9,11 and present work. a-Present 

work; a l l  other symbols are t he  same as i n  Fig. 1. Where appropriate, 

correct ions have been made f o r  r e f l e c t i o n  and g r i d  coverage losses. 

A l l  data shown were normalized t o  AM1 spectrum. 

Fig. 13 Effect  o f  thickness on sho r t - c i r cu i t  photocurrent. t i s  the thickness 

o f  the f i l m .  

Fig. 14 E f f e c t  o f  gra in  s ize on Yo,. The theoret ica l  curve I i s  obtained 

by assuming b a r r i e r  shrinkage, and curve I 1  assumes no shrinkage. 

Experimental data were taken from Refs. 2,6,7,9,17 and present work. 



Fig. 15 Effect of grain size on f i l l  factor. The theoretical curve I i s  

obtained by assuming barrier shrinkage, and curve I1 assumes no 

shrinkage. Experfmental da ta  were taken from Refs. 2,7,7,9 ,TI, and 

present wark. 

Fig. 16 Effect of grain size on effi-ciency w i t h  ( I )  and without (11) - 
barrier shrinkage. ~xperimntal data were from Refs. 2,6,7,9,11. 

and present work. 

F ig .  17 Effect of grain size on efficiency a t  different thfcknesses t. 

Fig. 18 Grain size and thickness .relationship for 10 and 11% efficiency cel ls .  
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