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ABSTRACT 

Recent  advances in silicon solar ce l l  processing have led to a t ta inment  of 
conversion efficiency approaching 20%. In this  paper we review the  basic ce l l  design 
investigated at Spire ana indicate fea tures  of grea tes t  importance to achievement  of 20% 
efficiency. W e  discuss In detitil experiments  to separately opt imize high efficiency design 
fea tures  in t e s t  s t ructures  and discuss t h e  integration of t . m e  fea tures  in a high 
eff ic iency cell. In this  work, ion implantation has  been used to achieve  m t i m a l  
concentrations of e m i t t e r  dopant and junction depth. The optimization ref lec  7 ,  t h e  
trade-off between high sheet  conductivity, necessary for  high fill factor, and heavy doping 
effects ,  which must be minimized f o r  high open c i rcu i t  voltage. A second important  
aspec t  of our  design experiments  is t h e  development of a passivation process to minimize 
front  sur face  recombination velocity. We indicate  t h e  manner  in which a thin S i 0 2  
layer may be used for  this  purpose, without increasing ref lect ion losses, if t h e  
antireflection coat ing i s  properly designed. W e  a lso present  detai ls  of prccessirig intended 
to reduce recombination at t h e  c o n t a c t h i  interface. D a t a  on ce l l  performance (including 
22 and ribbon) and analysis of loss mechanisms a r e  presented. U'e conclude with a 
discussion of t h e  u l t imate  performance t h a t  may b e  achievable with th i s  t ype  of 
processing. 

The a t ta inment  of 20% conversion efficiency in  flat-plate Si solar cel ls  i s  presently 
t h e  goal of tne National Photovoltaics Program (1). To this  end, w e  have  been conducting 
research on t h e  ion implanted Si cell. This vork recent ly  led to t h e  achievement  of 
conversion efficiency of 18%, and efficiency aCproaching 20% appears  possible in the  near  
fu ture  (2,3). In this  paper, w e  review t h e  results to d a t e  with emphasis on ce l l  processing 
aspects, and w e  indicate  t h e  device design and ce l l  processing techniques t h a t  appear  
necessary for  achievement  of t h e  national goal. 

The high efficiency ce l l  process to  be discussed is based on t h e  use of high l i fe t ime 
f loat  zone Si. This mater ia l  was selected owing to superior minority ca r r i e r  l i fe t ime over  
a broad resistivity range. One  promising a l te rna t ive  i s  t he  use of Czochralski silicon, 
whicn will be fe.-sible if modest diffusion length (-200pm) c a n  be achieved in low 
resistivity wafers. Many aspec ts  of t h e  techriiques to be presented a r e  applicable t o  
polycrystalline mater ia l  as well, with conversion efficiency commensurate  with t h e  
diffusion length in such material. We will report in this  pzper on the  application of some 
of our  processing techniques to shee t  materials. 
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The junction formation technique to be  discussed is based on ion implantation and 
thermal  annealing. As was shown in a recent  paper, t h e  ion implantation process allows 
one to reproducibily adjust t he  emi t t e r  dopant concentrat ion to near  opt imal  values (4). 
In addition, t h e  thermal  anneal process can  provide a passivating sur face  oxide if oxyeen 
is admi t ted  to t h e  gas  stream. The versatility of this junction formation technique has 
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I made possible rapid progress in emi t t e r  design. 

. f i  

P '  

! 

In order  to gain a be t t e r  understanding of the  loss mechanisms operating in cu r  
developmental cells, w e  have used a solar cel l  modelling code developed at Brown 
University by one of the  authors  (5). The results of the modelling will be provided where 
appropriate throughout this  discussion. The one-dimensional model is described in de ta i l  
in re ference  5, and will only briefly be described here. 

The modelling code  evaluates  the  analyt ic  solution of t h e  inhomogeneous diffusion 
equation which w e  assume governs minority car r ie r  transport in t he  quasi-neutral emi t t e r  
and base of the  solar cell. The quasi-neutral regions a r e  assumed to te rmina te  at t h e  
space-charge region on one  side, and at a minority car r ie r  mirror (character ized by a 
surface recombination velocity) at t h e  o ther  side. The analyt ic  solutib,n for  t he  sum of 
the diffusion cur ren t  and a space-charge region light-generated current  is integrated over  
the  solar spectrum to obtain short circuit cur ren t  (Jsc). ?pen circui t  voltage (V,) and 
efficiency. In addition, provisions have been made for  f ront  sur face  reflection loss, 
shadow loss, reflection from a back surface mirror, and light-trapping (6). 

The equilibrium minority car r ie r  concentrat ions a r e  calculated using Fe rmi  
statistics. The rigid band approximation is used to ca lcu la te  t he  effects of band gap  
narrowing. Position dependence of doping, mobility, and l i fe t ime a r e  not included in this  
model and this limits t h e  agreement  between calculated and measured spectral  response 
for short wavelengths. Nevertheless, we a r e  able  to achieve reasonable agreement  with 
most other  measurement data. 
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In the  next section, we discuss t h e  selection and character izat ion of t h e  silicon 
used in our work. W e  follow this with a discussion of emi t t e r  design and fabrication, 
including the  importance of surfac? passivation and ohmic con tac t  design. The  results of 
this  work indicate the  significance of high base minority car r ie r  lifetime, and we report  
on new results from a n  investigation of the  effects of ceU processing on diffusion length. 
We conclude with a description of t h e  cel l  design that we a r e  pursuing for a t ta inment  of 
20 % conve:sion efficiency. 

SELECTION OF SILICON 

I t  is well known tha t  fabrication of superior silicon cel ls  based on conventions' p/n 
junction designs requires silicon of the highest minority car r ie r  l i fe t ime (7). Developr,ient 
of a particular design and precess sequence requires knowledge of t h e  post-process 
lifetime; such da ta  d r e  of particular importance to the  selection of base resistivity. For  
this reason, we investipa' 2 :  post-process l i fe t ime of a variety of float zone slices. 



Back strface field (BSF) ce l l s  were  fabricated using a simple baseline process (L, 
from float zone slices obtained from Wacker and elsewhere. No ant i ref lect ion (AR) 
coatings :ere xed.  Figure I repl icates  diffusion length d a t a  obtained by t h e  method of 
Stokes Y i Chu (9) from quantum efficiency (QE) measurements  of completed ceik- The 
triangular data points indicate  Wacker WASO-S slices. The square data points a r e  
Czocilralski slices. Cell da ta  is indicated in Table  1. I t  can  be seen tha t  AMI conversion 
efficiency is about  lO-ll% for  t he  WASO-S mater ia l  of each  resistivity. In order  to 
determine how efficiency might be improved, we examined loss mechanisms in detail. In 
this  w a y  we were able  to make significant improvements to the  baseline process. 
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RESISTIVITY (52-cm) 

FIGURE 1. DIFFUSION LENGTH AS A FUNCTION OF RESISTIVITY. The dot ted  line 
indicates  t he  functional dependence of LD upon ;JA t ha t  is assumed in 
our theoret ical  calculations. 



TABLE 1. CELL PERFORMANCE DATA FOR Si EVALUATION EXPERIMENT 

RES. 
CROUP CKADE (Qcni) - 
A cz 0.17 

a FZ 0.26 

c WASO-S 0.18 
(FZ) 

D WASO-S 0.33 
(FZ) 

E WASO-S 2.1 
(F 2) 

F WASO-S 10 
(FZ) 

C WASO-S 10 
(FZ) 

H FZ 0.32 

I c z  0.027 

J cz 0.0 I2 

18 

I09 

I39 

I54 

212 

462 

227 

I29 

- 

- 

585 
(003) 

598 
001) 

597 
(002) 

599 
(001) 

583 
(001) 

57 I 
(001) 

56 3 
(004) 

597 
(00 I )  

530 
(0 36) 

364 
(079) 

F F  
(%) 

EFF 
(%) 

18.5 
(0.6) 

22.3 
(0.1) 

22.3 
(0.1) 

22.8 
(0.1) 

23.4 
(0.1) 

24.4 
(0.1) 

(0.2) 

22.8 
(0.1) 

12.0 
(0.1) 

24. I 

7.6 
(.02) 

77.7 
(2.7) 

79.0 
(0.7) 

77.3 
( 1.4) 

78.2 
(1.0) 

78.9 
(9.3) 

77.4 
(0.3) 

77.1 
(0.4) 

78.9 
(0.5) 

54.6 
( 1  6.8) 

53.2 
(1.8) 

8.4 
(0.5) 

' 9.5 
((2.1) 

10.4 
(0.2) 

(0.1) 

10.8 
(0.1) 

10.8 
(0.1) 

10.5 
(0.2) 

10.7 
(0. I )  

3.8 
(0.7) 

1.5 
(0.4) 

10.7 

NOTES: Area  = 4 cm2, T = 28"C, LD derived from quantum efficiency curves  (9!. 
Standard deviation silcwn in parenthesis. 

Careful  inspecrion of Table I indicates a large variation in fill factcjr (FF) for  
lower resistivities; this  variation increases with decreasing resistivity. An examination of 
the  dark I-V curves for representat ive cells, shown in Figure 2, indicates t ha t  leakage 
current  increases as resistivity decrease,. Through experimentation, we determined t h a t  
this leakage cur ren t  ar ises  at the  edges cf t he  solar cells, which in our process a r e  c u t  
frvm the  original wafers with a diamond wheel dicing saw. Etching of t h e  edgns to 
remove the  saw damage removes this leakage path but also removes some ac t ive  junction 
area. The deleter iogs effects on 3% that  edge etching causes  can be minimized by 
e i ther  use of mesa etching defined by photolithography, or  by using a n  ion implantation 
mask similarly defined so as to res t r ic t  the  junction from kerf areas. Both methods were 
fourid to reduce the  leakage current  to negligible levels. For  large-area cel ls  in which 
edge leakage cur ren t  is smal! compared to the  diode forward current ,  thi. type of 
pocess ing  will probably be unnecessary. 

4 50 

, 
t- . 



, j  

. i  
’ i  

3 
tI 

’i 

ONQWAL PAGE’ 1s 
OF POOR QlJALln 

LOT 4357 
1 28.C 
AREA - 4 cm* / 

I: 
BIAS (volts) 

FIGURE 2. DAP K !-V FOR KEPKESENTATIVE CELLS OF VARIOUS RESISTIVITIES. 

451 



is 

J 

k I 

Figure 3 illustrates a comparison of measured external quantum efficiency (QE) 
data to the results of cell modelling, for a representative cell from group C in Table 1. 
Good qualitative agreement i s  obtained. Exact f itt ing was not attempted for two 
reasons first, the absolute error in the QE datz i s  not precisely known and second, the 
code cannot model position dependent parameters that are trlieved to be important in the 
emitter. Integration of the model QE data, howevei, v.elds good agreement with 
measured J,, and this i s  shown as a function of resistikity in Figure 4 w i t h  front 
surface recombination velocity as a parameter. In Figure 5 we present a comparison of 
the measured V, data to the calculated value:, wi*h band gap narrowing b E g )  dS a 
parameter. The modelling suggests that for low resist iv i ty Si, band gap narrowing and 
surface recombination velocity dominate Voc. 

NO AR COATING I P = 10acm 

0.8 

0.6 * 

0.4 - 
? 

0 

I1 
I 

0 ’  400 600 800 1000 

WAVELENGTH (nm) 

FICUKE 3. COMPARISON OF Q U A N T U M  EFFICIENCY D A T A  T O  MODEL 
CALCULATIONS FOR A CELL FROM GROllF G, ’ . , L E  1. 
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FIGURE 4. COMPARISOPI C.F h4tASURED AND CI?LCULATED Js, AS A 
FUNCTION OF Ei?SE ACCEPTOK CONCENTRATON. 

We elected to work with cells of conventional thickness, even though calculations 
have shown that thin cells have theoretical advantages i f  minority Carrie- mirrors and 
light-trapping can be achieved (IO). dur choice avoided the extraordin .ry care that 
hb idling thin (-5Oym) cAls requires. The modelling of cells with convemional thickness 
(-400pm) indicated that best efficiency would be obtained from low resistivity Si, 
provided that the emitter saturation current could be reduced, -;!IUS indicating the 
importance of pursuing researm on emitter design. 
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FIGURE 5. COMPARISON OF MEASURED Voc D A T A  TO MODEL CALCULAlI (3NS.  

EMITTER EFFECTS 

In a rec t , l ;  paper, we analyzed the importcnce of reduction of p e , ~  e m i t t e r  dopant  
concentration, and it was shown tha t  a very wide range of doping concentrat ions c a n  bt 
achieved with ion implantation (4). In Figure 6, we reproduce da ta  tha t  indicate  'I ;at 
opt imal  QE at 350 nm is obtained for e i ther  arsenic  or  ph.3sphorus emi t t e r  dopant 
concentrat ions of about 2 ~ ! G l ~ c r n - ~ .  appears  to have peak in this  range as 
well, as shown in Figure 7. Ynfortunately, the  actual  e m i t t e r  concentrat ion for  which the  
rnaAmum Vo, is obtainlid is obscured by low b?se diffusion length; Le. ir t he  
mighborhood of the  optimal donor concentration, the  Voc is base-limited. We will 
re turn to this point in h l a ie r  section. 

Figures 6 and 7 ii.dic&te tha t  there  is a n  adva,irage to passivating the  f rcn t  su:faie 
when shallow (-0.2prn) 7 mctions are employed. Our expsrienc T' indicates that as t h e  
junctior is made deeper, ,he beneficial effects of pa:si>diiu,l diminish; ;rowever, WC have 
not conductec controlled eiper i rnents  on this aspect. 
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Surface preparation can oiten affect the attributes of the ion-implanted emitter. 
Ir, a later section, we describe the use of texture-etching t o  reduce ref!ectivity and 
enhance absorption, This etchiiig, however, increases the front surface area, which 
necessitates a change in the ion implzntaticn dose, To identify the optimal ion 
implantation dose for such an etched surface, we fabricated texture-etched solar cells 
w i t h  a range of doses. Uetaiis of th is  experiment are reported in reierence 2. Figure 8 
replicates the V,, data for cells having S i 0 2  passivation and for the same cells w i t h  
S i 0 2  removed. It can be seen from Figure S that the remaval of the Si02 has a 
strong effect on V,. 

three factors that control minority-carrier transport in the 
emitters of both the textured and polished dc=.ices: deleterious surface recombirration, 
deleterious recombination and/or energy gap narrowing resulting from heavy dd,ping 
effects, and advantageous rninority-carrier reflection b) the field resultirrg from t h e  
gradient of the doping. When Si02  surface passjvation i s  present, the optimal ion 
inplantation dose i s  approximate:y 5x10'5 ions/cmZ for a textured surface. Use of 
higher doses would seem to  introduce deleterious heavy dsping effects in the emitter 
which cause an increase in the saturation current. The  Existence of enhanced 
recombination in the near surface region i s  suggested by spectral response measurements 
that show tnat blue response decreases as the dopirtg i s  increased (Figure 6).  For iighter 
implantation doses, a loss in minority-carricr teilection occurs, owing to the reduction in 
the gradient of the doping Rear the surface. This reduction i n  doping perhaps alloxs an 
incre. se i n  carrier recornbination at  the front contact, and so V, aecreases as the 
concentration is decreased. For the case in which the S i 6 2  passivatior! IS removed, the 
recombination at the surface exerts a strong influence on V,. In such a case, an 
increase in the peak dopant concentration that results frcm increase of dose increases 
the reilection of ,ninority carriers, but the imprcvenent is limited. 

There would seem to 
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The optimization and theoretical analysis of our junction formation process applied 
to a textured surface requires knowledge of the resultant doping profile formed by t h e  
above implantation parameters on the { I 1 1 1  surfaces of the pyramids. For diffuscd 
junctions, one niay perhaps assume that the  junction profile replicates that which is 
formed on a standard {I I I t  surface. I t  is not clear, howcver, that  the depth distribution 
of implanted ions is equivalent to that obtained in an ordinary polished wafer, owing to 
scattering effects that may differ in the t w o  cases. A further difference between 
diffusion and ion implantation is the increase in surface a rea  mentioned above that  
obtains when texture is present. This increase requires a corresponding increase in ion 
dose. 

For the above reasons, measurement of the dopant profile would be desirable. 
Unfortunately, the textured surface is not easily profiled using conventional techniques 
such as secondary ion mass spectroscopy, owing to obvious difliculties with depth 
calibration. For this reason, w e  conducted an  experiment based upori ion implantation of 
a polished (111) wafer, suitably oriented with respect to :he ion beam, to simulate the  
implantation of the {I  1 I }  facets of the pyramids. This experiment is described in greater  
detail in reference 12. 

A polished control (100) wafer was first implanted with 31P+ using the 
conventional geometry. The implantation energy was 5 keV and t h e  dose was 
2.5 x 1015 ions/cm2. erimental ( I  I I )  wafer was  then implanted with 31P+ at 
5 keV to a dose of 5.2 x 135 ions/cm2, with the (1 11) surface oriented at an angle of 
5 4 . 7 O  with respect to the ion beam tn  replicate the orientation of the  facets of the  
textured surface. The specific dose, which includes an  area correction related t o  the 
implantation angle, w a s  3 x IOl5 ions/cm2. Both wafers were then annealed in 
flowing dry N2 using a three step process 550°C-2hr., 85OoC-I5 mil:., 550°C-Znr. with 
ramping between steps. Dry oxygen w a s  admitted to the gas stream during t h e  850°C step 
to grow the ti.lin oxide necessary for passivation. 

An e 

Spreading resistance analysis was obtained for both wafers, and is shown in 
Figure 9. The analysis indicates that  the profiles a re  without detectable difference. This 
is not surprising, since the implantation parameters for polished and textured wafers were 
separately optimized for high cell performance. The value of the peak dopant 
concentration obtained in this experiment has been used in the  modelling which follows in 
the  next section. 

To further refine our solar cell emitters, we have been investigating the role of 
recombination at the front ohmic contact. To this end, w e  have been experimenting with 
the reduction of ohmic contact area, while keeping the shadow loss constant, as has been 
done elsewhere (13). Figure 10 illustrates two methods of implementing this technique. 
In method A, the opening in the passivating oxide through which contact is made is 
reduced in width so that  the opening is more narrow than the grid line. In method 8, the  
openings a r e  small separate squares. Both techniques require photolithography and 
alignment; however, one method of producing type A contacts would be to make the grid 
lines as narrow as the desired openings in the oxide. The width of the lines might then be 
increased to the desired width by electroplating, thus obviating alignment. 
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FIGURE 9. SPKEAO!NG RESiSTANCE ANALYSIS OF A SIMULATED TEXTURED ( I  1 1 )  
WAFER A N D  A (100) CONTROL. 
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FIGURE 10. TWO METHODS OF REDUCING OHMIC CONTACT AREA. 
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CONTACT INTEFfACTION AREA (nun2) 

FIGURE 11. V, A N D  FF AS A FUNCTION OF OHMIC CONTACT AREA. 
(Base resistivity is 0.3 ohm-cm.) 

Results with this  type  of processing are thus f a r  inconclusive. In Figure 11 we  
repl icate  data from an  experiment  in which t h e  ohmic contac: area was varied as 
described above (4). Best results were iichieved for  reduced area, but t h e  saturat ion 
current  in these devices may arise mainly in the  hse, and so t h e  optin:al value of ohmic 
conlact area may be o b s c u r r d .  Fur ther  experiments are in progress and will be reported 
at a l a te r  time. 
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FIGURE 12. REFLECTION LOSS FOR A TEXTURED PASSIVATED SOLAR CELL. 
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HIGH EFFICIENCY CELL DESIGN 

L1 ,yJ 
.\ \ . '* 

1 .  Our results thus far on emit ter  design indicate the importance of both reduction of 
emit ter  dopant concentration and use of passivating oxide. This passivating oxide exerts  a 
negligible influence on the reflection loss. To emphasize this point, w e  show in Figure I2 
the measured reflectivity (courtesy of Dr. D. Arvizu, Sandia) from a textured solar cell. 
I t  can be seen that the reIlection loss is indeed v e r i  small. The passivation can also be 

applied our emit ter  formation process to nonagon EFC ribbon. AMI efficiency prior to 
AK caating was 9.7%. After evaporation of a single TiG2 layer, efficiency increased to 
13.2%, indicating a gain of 36%; higher gain would be possible with a more suitable AR 
coating (such as Ta2O5). 

\ I  

. t  
+ applied to sheet materials without severely affecting the AR coating. Recent ly  we 

, 

Figure 13 illustrates the details of the solar cell structure yielding the  hi&' zst 
efficiency to date. The texrure-etched front surface is ion-implantzci to form the 
emitter, as discussed in the previous section. The surface is provided with a thin layer of 
SO; to reduce the front surface recombination velocity. An AR coating of Ta2O5 
is applied on top of t h e  Si02; the thickness of this layer is optimized to minimiz- the  
refleclion resulting from the  presence of the S i 0 3  We have not reduced the  ohmic 
contact area in this design. 

PASSIVATION 

n* 
ION-IMPLANTED 
EMITTER 

Ti-Pd- Ag 

p-TY PE 0.3 Qcm 1 - - -- -- - -- - ---- i 

BORON-IMPLANTED BSF t 
Ti-Pd-Ag 

FlClJRE 13. ILLUSTRATION OF THE SOLAR CELL STRUCTURE INVESTIGATED 
I N  THIS WOKK (not to  scale). 

, 

460 

. -I-------- 



Table 2 indicates the  fabrication process for  this cell  design. The back surface is  
first implanted with I:B+ and annealed to form a p+ region. During t h e  anneal, a 
thick surface oxide is grown to b e  used iater for masking pu oses The resulting p+ 
layer is about I r n  deep and has a p e a  concentration of IC2rcm-%14). Because t h e  
diffusion length is much less than t h e  cell  thickness, t h e  p-p+ junction is probably not 
effective as a back surface field (15); however, t h e  p+ region does aid t h e  formation of 
a low reristance back contact. 

TABLE 2. CELL FABRICATION PROCESS 

Implant back 

Anrieal/oxide 

I T :  
. ,  -. 

I 

Pa t tern oxide 

Texture 

Implant front 

Anneauoxidize 

Apply contacts 

Saw to size 

Plate contacts 

Apply AK coating 

Test 

l lB+ 50 keV, x ! O 1 5  ions/cm2 

550°C - 2 hrs. 
950°C -- 2 hrs. 

dry N 2  
wet 0 2  

Acid e tch  

Hydrox;de e tch  

31P+ 5 keV, dose-variable 

550°C -- 2 hrs. 
850°C - 15 min. 
550OC - 2 hrs. 

Evaporated Ti-Pd-Ag 

Z c m x 2 c m  

Evaporated Ta2@5 

A M I ,  100 rnW/crn2, 28OC 

As discussed earlier, t h e  surface oxide on the  front  was patterned to form a n  
emit ter  ion implantation mask. The oxide mask defined t h e  edges of the  front phosphorus 
implant and so formed a planar emit ter  structure on each solar cell. 

After patternirrg of t he  front oxide, t h e  fronts of t h e  wafers were texture-etched 
in  a potassium hydroxide solution. Oxide on the  back protected t h e  boron implant from 
the etch. The fronts were then implanted with 31P+ and annealed as described in t h e  
previous section. Evaporated Ti-Pd-Ag contacts w e x  applied to both sides of t h e  wafers 
and were patterned on the  fronts using the ob~toli thographic lift-off process. 
Electroplating was used t o  decrease the  contact line resis.ance. The final step consisted 
of elec-tron-beam evaporation of a Ta2O5 AR coating. 

t $  
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1 
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The resulting cells hr. 'e been described in several recent publications (2, 16). 
Efficiency of up to 18% has been obtained, and the devices have been well characterized. 
W e  report here that an abbreviated form of the above process has been applied to 
Czochrslski wafers supplied by Arc0 Solar Crystal Production. Efficiency of 16.8% was 
achieved (AMI, 28OC) and higher efficiency may be possible if the complete process is 
applied. 

In Table 3, we summarize calculatisns of theoretical efficiency tha t  indicate 
aspects of cell design that  limit efficiency in the  18%-efficient le2 cells. The first entry 
in the table indicates the Limit efficiency for a cell  with width of 3L1 pm, made from 0.3 
ohm-cm silicon. The only loss mechanism included in this calculation is Auger 
recornbination 17X perfect light trapping and minority carrier mirrors a r e  assumed (IO). 
I t  is interesting that the upper limit to J, is 43.8 mA/cm2, considerably higher than 
has been obtained in actual cells. Thus, considerable improvement is possible in J,. If 
Reither light-trapping nor a back surface reflector (BSR) is present, the  limit to JSc is 
42.2 mA/cmZ. Incorpbration of actual reflection loss measured on a high efficiency cell 
(see Figure 12) indicates that  J, can be as high as 40.6 mA/cm2. 

The diffusion length measured on our best cells is about 150 pm. Replacement of 
the  Auger-limited diffusion length WCOym; with the  actual value reduces t h e  Jsc to 
36.9 mA/cm2. Thus, a considerable amount of current is lost in our cells owing to bulk 
recombination. This loss can be overcome by increasing the diffusion length through more 
careful processing or by gettering. An alternative would comprise thinning the cell  and 
adding a BSR. 

The V, indicated for a I5Opm diffusion length is 649 mV. The calculation of 
V, is extremely sensitive to the value of the effective masses, or  in another 
formalism, to the  value of the intrinsic concentration assumed. In our calculation, w e  
used Fermi statistics with an  effective density of states given by the average effective 
masses for electrons and holes (18). Owing to uncertainties in the effective masses, the  
effective density of states, and to heavy-doping effects in general, this calculation can be 
considered only LS a rough estimate of t h e  Voc. 

Inclusion of front surface recombination and bandgap narrowing reduces V,, to 
values as low as 6!8 mV, if the  datii from reference I I is used. By using a value for AEg 
of 70 meV, w e  find good agreement with experiment. This may reflect the fact that our 
model assumes uniform doping, so 70 meV is pernaps an  average value characterizing the  
heavily doped region near the surface and the lightly doped region beneath it. The shadow 
loss in our cells is approximately 3.5%; however, the reflection loss (already subtracted) 
includes reflection from the contact. Therefore, we only include a shadow loss of 2% in 
our calculation. Inclusion of the measured series resistance of C.32 o h m c m 2  (2) drops 
the W to 8i.6%. I t  can be seen that reasonab!e agreement with an experimental cell is 
attained. 

l k e  results in Table 3 reveal that  a large amount of carriers are lost to bulk 
recombination. To quantify the e f fec ts  of LD on J,, we modelled the  cell described 
above with LD as a parameter. The result is shown in Figure 14. I t  can be seen that for 
the case of no BSR, increase in LD to 2OOpm yields nearly IrnA/cinZ gain. 'ihe 
addition of a BSR with reflectivity of 90% would increase Jsc to 36.6 mA/cmq 
increasing LD to 200pm in that case would yield Jsc of over 37 mA/cmZ. In t h e  
next  section w e  will describe experiments intended to raise LD to over 200 pm. 
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TABLE 3. ANALYSIS OF iOSS MECHANISMS OF SPIRE’S HIGH 
EFFICIENCY SOLAR CELLS 

Limit Efficiency 
of 0.3 Qcm ce l l  
(Auger recomb. only) 

No Light-Trapping 

No BSR 

Fini te  Reflection Loss 

SRH Recombination 
(Lg=ISOpm) 

Front  Surf ace iiecoin bination 
(~=2~104 cm/sec)  

Bandgap Narrowing 
A b 3  

(100 meV 
( 80 meV 

70 meV 

Joe Penalty for  
Front  Texture  

Shadow Loss (2%) 

Series  R (0.32 ohm-cm2) 

Actual  Data, Cell 228 

713 

713 

7 12 

71 I 

649 

646 

618 
629 

633 

625 

624 

624 

627 

43.8 

43.0 

42.2 

40.6 

36.9 

36.3 

36.3 
36.3 

36.3 

36.3 

35.6 

35.6 

35.9 

84.7 

84.7 

84.7 

84.7 

83.6 

83.6 

83.0 
83.2 

83.3 

83.3 

83.3 

81.6 

80.0 

26.5 

26.0 

25.5 

24.5 

20.0 

19.6 

18.6) 
19.0) 

19.2 

18.9 

18.5 

18.1 

18.0 

~~ ~~ 

Notes: 
AM 1. 

Calculations assume base width is 381 pm, T=2S°C, Intensity = 100mW/cm2, 

In the  event  t ha t  e f fo r t s  to raise LD beyond 200 prr~ fail, one can  comider  thinning 
the  base of t h e  cell. A calculation of JSc as a function of basc width is shown in Figure 
15, for the  case of back surface ref lect ivi t  of 90%. Fc r  a ce l l  with base width of 200pm, 

raised to 200 pm, Jsc of grea te r  than 37 mA/cm will be attained. 4 an increase in J, of about  0.5 mA/cm 3 is ained. If t he  cel l  is thinned and LD is 

I 

1 

’ !  
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FIGURE 15. SHOKT CIRCUIT C U R R E N T  AS A FUNCTION OF CELL THICKNESS. 
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Impravements to  LD w i l l  also affect Voc, although the gain i s  harder to 
quantify, owing to the large number of assumptiorBs needed for calculation of Voc. 
Nevertheless, Voc as hign as 660 mV i s  consistent with base resistivity of 0.3 ohm-cm 
and diffusion length of 200 pm, and experiments to reduce the ohmic contact area may 
reduce the emitter saturation current to negligible levels, thus enabling us to realize the 
base-limited V,. Similar results have already been demonstraied elsewhere (3). 

EXPERIMENTS TO TNCREASE Js, 

The preceding discussion has assumed that a ESR with reflectivity of %I% can be 
achiebed. In fact we have developed such a BSR and in Figure 16 replicate expcrimental 
reflectance data from a polished AR-coated sample with A I  evaporated on the back. The 
reflectivity of photons having energy less than the band gap, for which silicon i s  largely 
transparent, i s  greater than 90%. It i s  our assumption that the reflectivity of the BSR i s  
as high for shorter wavelengths but the reflectance of photons with energy greater than 
the band gap has not been measured. However, the wavelengths that penetrate to the 
BSR are in general near the band edge, so the assumption i s  probably a good one. 

r- 90 - 

80 - 
70 

260 
8 
6 %  
i 4c 

30 

20 

IO 

0 
400 500 600 700 800 900 IO00 1 1 0 0  12001300 I400 I500 600 1700 I8c 

WAVELENGTH (rm) 

I 

I 

' .  

Y '  

FIGURE 16. 9SH REFLECTIVITY FOR AN AR-COATED CELL. 
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We have also examined t h e  effect of our  processing on cell lifetime. This  was 
motivated by t h e  anomalously low values of LD t h a t  were  obtained in a number of 
experiments, such as those reported in reference 4 and in  earlier sect ions of th i s  paper. In 
many of our  emi t t e r  experiments, it was  found t h a t  t h e  base diffusicn length had been 
degraded by t h e  or.xessing. We the re fo re  devoted most of our a t t t n t i o n  to th i s  problem. 
Af te r  a detai led examination of our furnace and  gas lines, cleaning processes, annealing 
gases, and ramping, we identified ou r  wet oxidaticn process  t o  be a steo t h a t  degrades 
lifetime. We have  ROW eliminated wet oxidation from our  sequence. 

Recent ly  we began experiments  to increase' diffusion length by gettering. The  
exac t  gettering processes tha t  w e  are pursuing were  taken  from t h e  l i t e ra ture  and wiil be 
reported upon in a later publication. Owing to reservations about  conducting an unusual 
process in our  annealing tube, we  used a sintering tube  for t h e  f i r s t  gettering experiment. 
Since th i s  tube is used for sintering solar  ce l l  contacts, it might be contaminated  by Ti, 
Pd, or Ag. Afte r  a high tempera ture  procedure in t h e  sintering tube- t h e  wafers  were  
fabricated into cells. I t  was found t h a t  LD in cont ro l  ce l l s  had degraded to about  100 
pm, but  Lo in t h e  ge t t e red  ce l l s  increased to 175 pm. It is ou r  conjec ture  t h a t  
annealing in a c lean  tube may yield much higher values of LD, and  this  is present ly  
being tested. 

CONCLUSIONS 

Processing experiments  have shown t h e  importance of sur face  passivation, not only 
to V,, out also to J,. Analysis of loss mechanisms indicates  t h a t  considerable 
improvement to Jsc may be  obtained if diffusion length is increased. Improvement to 
V, i s  a lso possible by reducing e m i t t e r  recombination. Many of these  techniques can 
be  applied with advantage to shee t  materials. Certainly all of t h e  above processing c a n  
be applied to CZ, with efficiency approaching t h a t  of FZ if get ter inq i s  successful in 
improving LD. High efficiency car! also be  achieved with o ther  shee t  mater ia l s  siich as 
ribbon by using our  junction f o r m a i o n  and passivation techniques. 

i This work has  indicated t h e  manner  in which t h e  goal  of 20% cocqersion eff iuc.-r 'cy 
may be achieved. Through process improvements  such as getterir.g, thinning of tCle bise, 
and  addition of a BSR, Jgc of FZ ce l l s  may be increased to 38 mA/cm*. 
Improvements to the  emit ter ,  including reduction of ohmic contact area, may increase 
Voc to 660 mV. We have already achieved FF 01 grea te r  t han  0.8. if these  f ea tu res  c a n  
be integrated in one  cell, eff ic iency of 20% will be achieved. The application of th i s  
processing to present-day shee t  Si will be a n  important  s t ep  toward t h e  DOE 20s: of ' ' \% 
efficiency at $90/m2. 
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DISCUSSIOU 

CISZBK: Hark, do you have any thoughts on how you might be able to get reduced 
area contact to a wafer throufh an oxide? 

SPXTZBB: 1'11 have to draw a slide of that. Yhat's the Green secret? I don*t 
What you do is you make a very fine- have to draw that, I can erplain it. 

line grid. It would not be suitable for carrying the currents that you 
want, but it has the area of the opening in the oxide that I showed. 
then you overplay it, you let the electroplating balloon the grid lines 
in their proper proportions; then you are left with grid lines that just 
touch a very small area along the surface. 
volved. The problem with that, I think, is the grid lines fall off; you 
have to be careful. I don't like it. 

And 

Tbere is no aligaoent in- 

QUESTION: You can cross the iines, you make your slot and then cross your grid 
lines, you'll get a dot contact. 

f SPITZER: 1 was worried in doing that technique. 
ing the AR and having stripes on the wafer. 

I was worried about deposit-. 

QUBSTIW: Hark, in your 18% efficient cell the surface dopant concentration 
was 3 x 1018, or arbat? 

SPITZER: In the 18% cell we think it was 3 x So we used the same 
implant parameters for that experiment, where we measured the profile, aa 
had been used on the 18% cells. 

OLSON: Both in your work and Meet's you applied some of the things you 
learned to sheet materials, and I really think with some neat results. 
think one interesting point to make is that your work on the good float- 
zone material is really a leading edge, and I think it is really importabit 
to have the high-efficiency work on this high-quality material lead the 
way. 
low-cost sheet material. 

I 

And it's clear that now you are beginning to apply it to work on 

I 

I 

SPITZER: 
on, and that is to scale up the area of the cell. 
be applied to a fairly large-area device. 

I agree with that. And there is one other thing that we are working 
I think it also has to 

OLSON: It's there we are going to really learn what's really limiting the 
performance, and ultimately that might pay off. 

I 

SPITZBR: I agree. I think we should stay with float-zone for a while. 
I JOHNSON: Mark, what was the sheet resistance of your emitter? 

SPITZBR: The baseline emitter that we started out was about 80 ohms per square 
and the one that is 3 x 10l9 is about 200 ohms per square. 

DAUD: Hark, could you tell me what the resistivity of the Czochralski silicon 
was that you got from ARCO? 
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SPITZKR: Actrrally. I know what it is, but I don't have permission to d i s c l o s e  
anything o G u t  t h e  material.  so you can ask one of t h e  daco guys. 
there is nothing craaf about it,  its j u s t  ordinary s t u f f .  

But 

I 

I 

..- 
I 
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