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1. SUMMARY 

The overall objective of this program is to define the effects 

of impurities, various thermochemical processes, and any impurity-process 

interactions upon the performance of terrestrial solar cells. The 

results of the study form a basis for silicon producers, wafer manufacturers, 

and cell fabricators to develop appropriate cost-benefit relationships 

for the use of less pure, less costly solar grade silicon. 

Cr is highly mob.ile in silicon even at temperatures as low as 

600°C. Contrasting with earlier data"for Mo, Ti, and V, Cr concentrations 

vary from place to place in polycrystalline silicon wafers and the 

electrically-active Cr concentration in the polysilicon is more than an 

order of magnitude smaller than would be projected from single crystal 

impurity data. We ;fiyyotllesi.zc that' Cr diffuses during ingot cooldown 

after growth, preferentially segregates to grain boundaries and becomes 

electrical ly deactivated. 

Both A1 and Au introduce deep levels when grown into silicon 

crystals. A1 produces two levels, EV+0.44eV and EV+0.49eV, while Au 

gives rise to. four levels, EV+0.22eV, EV+0.34eV, E +0.47eV, EV+0.53eV. v 
~h'is latter result contrasts with the two Au levels usually observed 

foliowing d i f f b s i u ~ l .  Both the rcd response and ccl.1 perfprmance of A1 

and Au-doped solar cells are degraded by deep level formation. 

Accelerated aging data from Ni-contaminated siiicon imply that 

no significant impurity-induced cell performance reduction should be 

expected over a. twenty-year device lifetime. 

Combined elect.rica1 bias and thermal stressing of silicon solar 

cells containing Nb, Fe, Cu, 'I'i,- Cr, and Ag, respectively produces no. 

performance loss after 100 hour exposures up to.225"~. 

Ti and V, but not Mo, can be gettered from polycrystalline 

silicon by POCQ3 or HCR at temperatures of 1 0 0 0 ~ ~  and llOO°C. 



. . 
2. INTRODUCTION 

This i s  t h e  twen ty - f i r s t  q u a r t e r l y  r epor t  descr ib ing a c t i v i t i e s  

conducted under JPL Contract 954331, and i s  the  four th  r epor t  of  t h e  

Phase IV s tud ies .  

In Phase 111, "An Inves t iga t ion  o f  t h e  Effects of Impur i t ies  

and Processing on S i l i c o n  So la r  C e l l s , l f  t h e  e f f e c t s  o f  thermal processes,  

impur i t i e s ,  and impurity-process i n t e r a c t i o n s  were. determfned and . 

docwhented. The development o f  t h i s  d a t a . b a s e  led  t o  a  more p rec i se  

d e f i n i t i o n  o f  what c o n s t i t u t e s  an acceptable  llS.olar Grade1' S i l i con .  

In addi t ion ,  .it provided s i l i c o n  manufacturers with. a. r a t i o n a l e  f o r  

s e l e c t i o n  of  cons t ruct ion  mater ia lg ;  i t  has helped ingot ,  shee t ,  or 

ribbon manufacturers t o  spec i fy  t h e  p u r i t y  of  s i l i c o n  feedstocks;  and 

it  has enabled c e l l  manufacturers t o  de f ine  acceptable wafer p u r i t i e s  

f o r  c e l l  f a b r i c a t i o n  and t o  chobse processes which minimize adverse 

impuri ty e f f e c t s .  I n  s h o r t ,  t h e  impuri ty e f f e c t  da ta  provide a b a s i s  

f o r  cos t -benef i t  ana lys i s  t o  producers and use r s  .of S o l a r .  ~ r a d e . .  S i l i con .  

In Phase I V  of  t h i s  program,. t h e  approaches and techniques 

developed i n  Phase T I T  are being extended t o  severa l  new areus, as well 

as. t o  developing an improved d a t a  base f o r  aging e f f e c t s  and c e r t a i n  
. , .- . . . .  . . .  ... " .  . .  - . . 

process-.related phenomena. The Phase IV t a sks  include (1) eva l~ .~a . t ion ,  

by previously developed process . techniques ,  of  t h e  p roper t i e s  of  s i l i c o n  

produced by experimental low c o s t  processes;  (2) extending threshold 

impurity concentra t ion  d a t a  t o  high. e f f i c i e n c y  c e l l s ;  (3) measuring t h e  

e f f e c t s  o f  i n t e r a c t i o n  between impur i t i e s  and gra in  boundaries i n  poly- 

c r y s t a l l i r ~ e  solar cells;  (4) evaluat ing  t h e  long term e f f e c t s  of 

impur i t ies  i n  s o l a r  c e l l s ;  and ( 5 )  examining the  e f f e c t s  o f  processes 

such a s  ion  implantat ion on contaminated s o l a r  c e l l s .  



. During this quarter we have continued studies of polycrystalline 

solar cells, ' accelerated aging of impurity behavior, thermochemical . .. 

processing and modeling of impurity effects in high efficiency devices.. 

The results of that effort are described . . in the following sections. 



3.1 Crystal Growth and Analysis 

3.1.1 Ingot Preparation 

During this quarter w e  have grown ingots.withthe intentionally- 

added impurities Au; A1 and Mn respectively. The Au and Al-doped ingots 

were nionocrystaliine, while the M. doped ingot  W ~ E  polycry4t~l l ' ine.  

Subsequently a second Mn ingot was grown (W231) using half the initial 

Mn conccnt,ra.tlnn to help suppress excessive metal-rich lnclusiurr fu.rmation 

dnd crystal structure breakdown. 

Of the four p-type silicon ingots pulled for solar cel-l 

characterization, the Al-doped ingot contained only A1 as the electrically 

active dopant and had a resistivity of 1.5 ohm-cm. The remaining ingots 

contained the usual intentionally added boron to yield resistivities 

near 4 ohm-cm. Each ingot's intentionally added'metal impurity dopant, 

associated crystalline structure and rask art: ii~dicatecl in Table 1. A l l  

ingots were prepared by the Czochralski crystal growth method with 

details of the crystal growth equipment and conditions found in earlier 
1,2 reports . 

3.1.2 Ingot Evaluation 

Detailed ingot impurity data are indicated in Table 2 'with the 

listing of ingot identification, intentionally added target impurity 

concentration, ingot impurity concentration based on melt analysis by 

atomic absorption (calculated concentration), and ingot seed impurity 

concentration measured by spark source mass spcctrumeL1.y. 2.3 

Spark source mass spectrometer analyses of the first generat.ion 

~i-doped ingot seed samples yielded an impurity concentration c5x10~~ atoms/cm 3 

(below sensitivity of mass spectrometer). However, spark source arlalyses 

of ingot tang samples produced a value of 5.5x1014 atoms./cm3. The AU+* 



IMPURITY 

A1 

Mn* 

STRUCTURE 

Single 

Single 

Polycrystalline 

TASK - 

Thermochemical Processing 

Thermochemical Processing 

Polycrystalline 

* 
W o  ingot growths with the latter having 
reduced impurity concentration' to suppress 
metal-rich inclusions. 



, TABLE 2 INGOT IMPURITY CONCENTRATION 
- .  . . . . .. 

Target Calculated 

Ingot 
Identification 

Concentration Concentration 

x1015atoms/cm 15 - x10 .atoms/cm3 

W- 199-00-000 . . . . None , .. . . N/A 

Mass Sepc. 
Analysis 

.' None . . 

None 

- 2  I 
Max. Conc. . 

0.20 .: 

Nun Detectable:' . . 



.. , . . .  

TABLE 2 INGOT SMPURITY CONCENTRATION (continued) 

. , . .. 

Ingot Concentrat ion concentration Analysis 
1denti ficat'ion IS ' .  - x10 - atoms/cd3 -- xl0l5atoms/cm3'~ xl0l5atoms/cm 

None 

Processing 
. . 

Processing 

* .Ingots. ccntain metal-rich inclusions due to consitutional 
supercooling . 

** .Ingots regrown to remove metal-rich inclhsions .due to.' 
const.itutiona1 supercooling. 

+ PZ, dopant vaporized on two separate ingot growths. 
++ No intentionai impurity 
+++ ' Heavy metals sensitivity of .SSMS 
*** Single growth probhibited due to eicessive impurity doping. 

'for permanence studies. . 

.++++ Atomic absorption analysis of ingot melt sample showed 2.8% 
Gd by weight of 'sample. . . 



line at m/e = 98 1/2 was identifiable only on the first photoplate 

exposure. The above tang results show that the .ingot seed concentration 

is closer to 3 x 1 0 ~ ~  atoms/cm3 at the point where 50% of the silicon 

charge had been consumed during ingot growth. This implies a Au 
- 5 

segregation coefficient kAu = 2.5~10 with the melt concentration at 
3 

1 . 2 ~ 1 0 ~ ~  atomslcm . This is in reasonable agreement with the value 
4 - 5 

quoted in the literature, kAu = 5x10 . 
Multiple spark source analyses of Al-doped ingot W-230 

yielded an average impurity concentration of 1.2~10~' atoms/cm3. The 
+ 

heavy dopant concentration permitted the use of the A1 m/e = 27 photo- 

plate line, yielding several exposures. This reduced the analytical errors 

that stem from using ionization. factors greater than 1 which are associated 

with the ~ l + +  and ~l+++ - 2 lines. An A1 segregation coefficient kA1 = 3x10 

was obtained using the melt concentration of 4 x 1 0 ~ ~  atoms/cm3. This is 

in good agreement with the kA1 value determined in the earlier phases 
1,2 of the program. 

The kAl calculated by using theingot seed resistivity of 1.5 
3 ohm-cm (1x1016 atoms/cm ) was 2.5~10-~. This lower kA1 is indicative 

of oxygen present in Czochralski pulled ingots. Oxygen-aluminum reactions 

tend to reduce the electrically active aluminum, producing the lower 

apparent segregation coefficient. 2 - 

The f i . ~ s t  Mn-doped polycry~ta. l l .  i n e  3ngot had a me1 t concentration 
14 3 

of 5x10 atoms/cm.. We,found numerous 'areas of fine grain structure 

in the seed end of the ingot due to inclusion-induced breakdown. An 
3 additional ingot was grown with Mn at 2 . 5 ~ 1 0 ~ ~  atomslcm to render more 

reproducible and measurable solar cell efficiencies in subsequent 

polycry'stalline wafers. 
. . 

The Gd-doped ingot W-228 produced late in the last quarter 

was spark source arlalyzcd early in this quarter. Three separate spark 

source mass spectrometer evaluations were performed on individual tang 

samples, all yielding a Gd concentration below the sensitivity of the 
3 

mass spectrometer (2x10~' atomslcm ) .  These data and the ingot dopantmelt 
3 -6 

concentrat ion of 1 . 8 ~ 1 0 ~ ~  atoms/cm imp1 y kGd<lx10 . 



3 
A best estimate of the impurity concentrations for the 

Phase IV ingots is listed in Table 3. 

The resistivity and etch pit data for all of Phase IV ingots 

are indicated in Table 4. Etch pit analysis is not applicable to the 

polycrystalline samples. 

As in the past carbon and oxygen concentrations of each odd 

numbered ingot were measured by infrared absorpt.ionat room temperature 

using Fourier Transform Infrared Spectroscopy. The amplitudes of the 

absorption peaks at 605 cm-' and 1107 c m  are proportional to the 

carbon and oxygen concentrations respectively. The calibration factors 
-, 

used in these evaluations are 2.2 atoms/cmL for carbon (2) and 4.9 

atoms/cm2 for oxygen.' Measured concentrations are listed in Table 5 .  

Normal carbon and oxygen concentrations found in Czochralski grown 
3 material are in the range of 2.5 to 5 x 1 0 ~ ~  atomk/cm for carbon and 5 - 

to 150x10~~ atoms/cm3 for oxygen. 

3.2 Silicon Material Evaluation by Deep Level Spectroscopy 

3.2.1 Analysis of Cr-Doped Polysilicon Ingots 

In the last quarterly report6 we showed preliminary data 
14 -3 

from polycrystalline ingotW216 containing 8x10 cm metallurgical 
12 -3 

concentration of Cr but only about 7x10 cm electrically-active Cr 

(as determined from DLTS measurements). Since then we have completed 

further DLTS measurements on this ingot which show that active Cr 
12 -3  

concentration indeed is very low and falls between 4 and 9 x 1 0  cm , 
~ab,le. 6. The electrical ly-active Cr concentrat ion in a single crystal, 

14 -3 14 -3 containing 8x10 cm total Cr i s  cxyccted to be %1.8x10 cm . Tngot ~ 2 1 6  

however, contained inclusions which .resulted in partial breakdown in 

the crystal structure and a large scatter in the cell performance which 

was in. the range of 5 to 6% (uncoated). 

To circumvent the ambigiity associated with the interpretation 

of' the data due to inclusions, a second polycrystalline ingot, W-227, 

was groA with a lower Cr (4.3~10'~ ~ m - ~ )  concentration. This, ingot 
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TABLE 3 . BEST ESTIMATE OF IMPURITY CONCENTRATIONS 

. '  Ingot : . 
Identification . .  

Best Estimate 
of 1mpuri.t~ Conc . 

(X 1015, ATOMS/CM~)' 

* .  
w-i98~-o0-000 NA. . .  . .  . - 

W-199-00-000 'NA . , ' :  . .  

W-200-V-004-P01y ' - '  . 0.38 .'. ,.' 

~-201-~o-007-~ol~ 0.003. . I .. 

W-213-Pb-001. ND+ 

W-214-V-007- P01y , 0.4 

w-21S-~0-009-P01y 0.002 

W- 216-~r-010-~01~ .1 .O 

W-217-Ta-005 0.0003 

W- 218-Ta-006 O.GO01. 



. . TABLE 3 ' BEST ESTIMATE OF IMPURITY CONCENTRATIONS (Continued) 
. . . . . . . . 

Irigot 
1denti f i cat  i on .  

Best Estimate 
o f  Impurity Conc. 

(x 1015 atoms/cm3) . 

12'0 .. .i -. 

Process ink . . 

* Not applicable 
+ . ND. - Non detectable 
++ Nointentional impurity 
*** Single growth prohibited due t o  excessive 

. . impurity doping' f or  permanence studies 



TABLE 4 INGOT ELECTRICAL AND DEFECT CHARACTERISTICS 

TGT Actual 
Ingot' ~esistivity Resistivity 

Identification (ohm- cm) (ohm-cm) 

Etch 
Pit Density 

( /cm2) 



TABLE 4 INGOT ELECTRICAL AND DEFECT CHARACTERISTICS (Continued) 

. .  Ingot 
Identification 

TGT 
Resistivity 

(ohm- cm) - 

Actual 
Resistivity 

(ohm- cm) 

Etch 
Pit Dens'ty 3 

( Icm 

0-Gross Lineage 

0-5K 

5- 20'K. 

0-5K 

*** 

0-Gross Lineage 

* Not, applicable 

*** Single growth prohibited due to excessive impurity 
doping for permanence studies. 



TABLE 5 INGOT CARBOBJ AND OXYGEN CONCENTRATIONS 

Carbon ' Oxygen 
Ingot . '  ' ' .,.Concentration . , Concentrat ion 

Identi f i ca t ion  (x1016 atoms/cm3) , . ( ~ 1 0 1 6  atoms/cm3) 



was inclusion-free. Cell data from this ingot showed much less scatter. 

Table 7 shows a comparison of data from Cr-doped and uncontaminated 

single crystal and polycrystalline solar cells. The data indicate that 
14 -3 

the presence of 4x10 cm Cr in a p~l~crystalline solar cell degrades its 

short circuit current and the cell performance. Compared to an 

uncontaminated polysilicon cel1,the average1 of the Cr-doped cell is SC 
lower by 3mA and the cell efficiency is about 1.5% less. In both 

contaminated and uncontaminated poly cells, the junctions were quite 

leaky, causing low fill factors. This leakage is attributed to 

electrically-active grain boundaries present in the depletion r@gion. 

The spectral response data, Figure 1, reveal that grain 

boundaries and Cr impurity each individually lower the red response , . . 

14 -3 appreciably.  ore important to note is that 4x10 cm Cr present in 

the polysilicon degrades the spectral response. 

To gain deeper insight into the behavior of Cr in the poly'- 

silicon,: DLTS measurements were performed at. various locations across 

the surface of an unprocessed wafer, To do this,30 mil diameter ~i-hi 

Schottky barrier diodes were fabricated and tested.6 The data in ~ a b l ~  

8 show 'that there is about an order of magnitude variation from place 

to p'lac'e in active Cr concentration. This is in contrast to earlier, 

results for Mo, Ti and V doped polysilicon wafers8" where little  or^ 

no variation was detected. Another noteworthy feature is that the 
14 -3 active Cr concentration in single crys.ta1 silicon containing 4x10 cm 

13 -3 Cr is L.8~10 cm ; but in this polysilicon ingot, it is 2-20 times 
13 -3 

smaller (0.3-3x10 cm ) This is consistent with.'previous observations 

relating to Cr-doped.poly-ingot 216 (Table 6). Again, however this ; 

result contrasts sharply to those for Mo, V and Ti. doped polysilicon.where 

the active impurity content was equal to that expected'.from single 

crystal data. 
. . . . .  . . . . . .  . . . . . . . . - , . , . . . . . 

We may rationalize the above observations in the light of 

the high diffusion constant of Cr in silicon compared to those of Mo, 

V and ~ i . ~  First, because Cr diffuses rapidly in silicon we might expect 

it to preferentially segregate to the grain boundaries and form inetal-.rich 



TABLE 6 

Active Cr concentration in Polycrystallinc Ingot-216 containing 
8q1.014 cm-3 Cr. 

SAMPLE ID ACTIVE & CONtEN7RAil" ION - 
(cm- 3) 



TABLE 7 

Comparison of Uncontaminated Baseline and Cr-Contaminated 
Single Crystal and Polycrystalline Solar Cell Data 

r I 

. .. 

Ingot ID 

003-Single Crystal 
Baseline 

076-Polycrystal 
Base 1 ine 

072-Single Crystal 
Contaminated with 
4x1014 cm-3 Cr 

227-Polycrystal 
contaminated with , 

ISC 
(mA) 

22.35 

19.23 

20.86 

16 

Cell Efficiency 
0 1  

10.0 

6.9 

7.9 

5.26 

I I 4x1014 cm-3 Cr 

"OC 
Volts 

0.557 

0.505 

.491 

.47 
I 

7 

FF 

0.75 

0.66 

.70 

.66 



Curve 126597.-A 

,U ncontami nated 

. . 
.0.4 0.6 '0.8 1.0 .. 1:. 

. Wavelength (,pm) , . 

Fi.gure .l Spectral R.es~onse Data on Cr-doped ~ o l ~ c r ~ s . t a l l i n e  
So 1 ar Ce 1'1,s. 



TABLE 8 

Distribution of Active' C r  Concentrat ion across p.olysi licon Wafers 
(Ingot-227) Containing'a . . Metallurgical C r  Concentration o f  
4 .0~1014 cm-3. 

SAMPLE ID ACTIVE CR CONCENTRATION ( ~ m - ~ )  



p r e c i p i t a t e s  there .    rain b.oundaries provjde a s ink  of  low f r e e  

energy s i t e s  f o r  t h e  de fec t s  and impur i t ies .  A l a r g e  d i f f u s i o n  constant  

o f  C r  w i l l  r e s u l t  i n  d i f f u s i o n  and segregation of C r  i n t o  t h e  g ra in  

boundaries from t h e  adjacent  g ra ins  while the  c r y s t e l  is  cool ing  from 

t h e  growth temperature. Since t h e  average gra in  s i z e  was - lmm,  c r y s t a l  

cool ing  time of  1 h r  c ~ u p l e d  with an average d i f fus ion  constant  of 
- 6 '  2 

10 ' cm /sec  during cool ing  will r e s u l t  i n  a d i f fus ion  d i s t ance  o f  - 
1/2 mm (x  = J D ~  = 410-6x5600 = 0.06 ,cm). The d i f fus ion  constant  o f  C r  

i n  s i l i c o n  a t  t h e  temperatures o f  . i n t e r e s t  i s  not known exac t ly ,  although 

our  g e t t e r i n g  experiments (below) i n d i c a t e  t h a t  i t  diffuses much faster than Ti  

i n  S i .  (Moreover t h e  va.lue f o r  C r  should be i n  the  range of those  f o r  
2 

F e  (4 ) ) .  The d i f f u s i o n  constant  o f  T i  i n  S i  a t  82S°C is % 10-l1 cm /sec .  

S ince  a d i f fus ion  process gives r i s e  t o  a concentrat ion p r o f i l e ,  i t  i s  

not  s u r p r i s i n g  t h a t  we observed an o rde r  of  magnitude v a r i a t i o n  i n  t h e  

C r  concent ra t ion  over t h e  pnl y s i l i c o n  wafer. 

Another important conclusion t h a t  can be drawn from t h e  DLTS 

d a t a  i s  tha t '  when C r  segregates  i n t o  t h e  g r a i n  boundaries it becomes 

e l e c t r i c a l l y  i n a c t i v e ,  i .e. it does not g i v e r i s e  t o  t h e  EV+0.31eV t r a p ;  

otherwise w e  would d e t e c t  a h igher  a c t i v e  Cr concentrat ion a t  o r  'near t h e  

g r a i n  boundaries. Figure 2 shows t h e  photomicrograph o f  t h e  regions i n  

which h ighes t  and lowest imp~ri t y  concen t ra t i a l~s  were mt?as~rred. A t  t h i s  

magnificat ion it is d i f f i c u l t  t o  point  out  the  impurity-grain houndary 

i n t e r a c t i o n .  However, t h e  diodes which showed lowest impurity concen- 

t r a t i o n  do show gra in  boundaries. Other diodes a l s o  show m i c r o s t ~ c t u r a l  

f e a t u r e s ,  the re fo re ,  one can expla in  these da taby  t h e  conjec ture  t h a t  

a l l  s t r u c t u r a l  f e a t u r e s  do not provide an equally e f f e c t i v e  sink f o r  C r .  

the c e l l  da ta ,  p a r t i c u l a r l y  t h e  drop i n  ISC, and the  red 

degradation i n  s p e c t r a l  response. suggest  an appreciable  l o s s  i n  c a r r i e r  
14 -3 .lifetime d1.1c t o  Ail0 cm C r  i n  rhe po lys i l i ron .  However, t h e  DLTS 

measurements i n d i c a t e  t h a t  the  concentra t ion  o f  a c t i v e  C r  i n  the  

s t a r t i n g  wafer is only 0.3-1x10'~ ~ m - ~ ,  with an average o f  % 1x10 13 cm-3 

I f  we u s e  electrical'1.y' a c t i v e  t o  me ta l lu rg ica l  Cr r a t i o  of 0.23 from 

the i i n g l e  c r y s t a l  data3 $hen 1 x l 0 ' ~ c m ' ~  a c t i v e  C r  corresponds t o  a 



Figure 2 Microstructure of Cr-doped Polycrystalline Silicon Wafers. 



mtitallurgical concentration of Q 5 x 1 0 ~ ~ ~  which is  below t h e  threshold 
1 

fo r  Cr-induced c e l l  degradation. This means t h a t  Cr-induced loss  o f  

c a r r i e r  l i fe t ime  i n  polysil icon cannot be en t i r e ly  accounted f o r  by t h e  

e l e c t r i c a l l y  ac t i ve  average C r .  However, i n  ce r t a in  areas t he  ac t i ve  

C r  concentration is somewhat above the  threshold. This anomaly can be 

explained by speculatil!g t h a t  C r  which segregates i n t o  the  grain 

boundaries somellow increases t he  recombination a t  t he  grain boundaries 

which i n  turn degrades t he  c a r r i e r  l i fe t ime.  

We plan t o  rerun some o f  t h e  so l a r  c e l l  experiments t o  t e s t  

these  ideas.  

Analysis of Mo Gettering by POCt3 

Ea r l i e r  we reported t h a t  POCt3 ge t te r ing  a t  l l O O ° C  f o r  17 

hours had no e f f ec t  on Mo, indicat ing t h a t  the  dif fusion constant o f  

Mo i n  s i l i c o n  is very small.3 In order t o  estimate t h e  d i f fus ion  

constant,  we created a Mo out-diffusion p ro f i l e  v ia  more intense 

gettering.  We raised t he  POCR ge t te r ing  temperature t o  1250°C 3 12  -3 (again 17 hours) f o r  ingot Mo-077 containing 4x10 cm . After t he  
+ 

get te r ing  treatment we removed the  n region by etching. The in te r face  

location is  accurate within - + 1 vm. The gettered wafers were then 

step-etched, and on each s t e p  Ti-Au Schottky b a r r i e r  diodes were 

fabr icated t o  determine t h e . a c t i v e  Mo concentration by the  DLTS method. 

The da ta  i n  Table 9 show only weak evidence of  Mo ge t te r ing  even by 

t h i s  r a the r  in tense treatment, indicat ing t ha t  Mo cannot be appreciably 

extracted from s i l i c o n  even a t  1250°C. DLTS data  f o r  locations c lose  

t o  t he  junction were somewhat unclear and some more work is being done 

i n  t h a t  region. 

3.2.3 Analysis of C r  Gettering by POCtJ 

15 -3 This study was conducted on Ingot W181-Cr containing 1x10 cm 

metallurgical  C r ,  f o r  which DLTS measurements on t h e  a s  grown wafers 
14 -3 showed 1x10 cm of C r  t o  be e l e c t r i c a l l y  act ive .  After  an 82S°C/50 

min POCR get ter ing cycle t he  dif fused (n+) region. was removed and the  3 
remainder of t h e  wafer was etched i n  s teps  ranging i n  depth'from zero t o  



TABLE 9. 

. ' . . 

The Electrically-active. Mo Concentration in Bulk Silicon After 
1250ec/17 hrs 'POCLs getteririg of 'Ingot W-077 Containing 
4x1012 cm-3 .Mo. 

Distance from the Surface 
(vm) 

Active Mo Concentration' 
' (cm- 3) 



50pm below the  su r face .  On each s t e p  Schot tky-barr ier  diodes again were 

. f ab r i ca ted  by evaporat ing l'i -Au con tac t s .  DLTS measurcmcnts on these  

Schottky b a r r i e r  diodes showed no de tec tab le  e l e c t r i c a l l y - a c t i v e  C r  - 
( t h e  DLTS de tec t ion  l i m i t  i s  s 3 x 1 0 ~ ~  cm3)  as  deep a s  2 m i l s  below t h e  

n+p i n t e r f a c e .  

In o rde r  t o  reduce t h e  g e t t e r i n g  i n t e n s i t y  a s i m i l a r  experiment 

was performed subsequent t o  3 600°C/1 h r  POCL3 g e t t e r i n g  cycle .  I t  was 

s t r i k i n g  t o  note  t h a t  again no e l e c t r i c a l l y  a c t i v e  C r  was de tec ted  a s  

f a r  as 2 m i l  below t h e  n+p i n t e r f a c e .  These da ta  suggest t h a t  e i t h e r  

C r  d i f f u s e s  out  very r a p i d l y  i n  t h e  presence o f  POCL even a t  low . 
3 

temperatures o r  t h a t  i t '  becomes e lec t i - i ca l ly  inac t ive .  I n  order t b  

answer t h i s  quest ion we need t o  do g e t t e r i n g  a t  lower temperature/shorter  

time o r  perform a s t r a i g h t  hea t  trearmenr without t h e  presence of PUCE 
3' 

I t  is important t o  note  t h a t  although no C r  was detec ted  

a f t e r  82S°C/50 min POCL g e t t e r i n g ,  the re  may s t i l l  be some C r  present  
3 

below t h e  de tec t ion  l i m i t  because t h e r e  was ab.out 20% loss  i n  t h e  c e l l  

performance due t o  C r .  

3.2.4 Analysis o f  t h e  E f f e c t s  of  A1 and Au on S i l i c o n  S o l a r  Ce l l s  

Ingot W230 was grown with 1 . 2 ~ 1 0  l7  ~l r e s u l t i n g  i n  a 
16 -3 

r e s i s t i v i t y  of 1.5 R-cm, corresponding t o  1x10 cm- A1 a t  t h e  acceptor  

o r  s u b s t i t u t i o n a l  si tes.  I t  i s  noteworthy t h a t  unl ike  borqn, more than 

an o rde r  o f  magnitude A 1  is  i n  some configurat ion.  where it does not  a c t  

l i k e  dopant, but could g ive  rise t o  deep levels .  

The s o l a r  c e l l s  f ab r i ca ted  from t h i s  ma te r i a l ,  Table 10, 

indeed show an appreciable  l o s s  i n  t h e  c e l l  performance associa ted  with 

a drop i n  t h e  red response o f  . the c e l l s  ,.Figure 3. Two deep l e v e l s ,  . a t  

EV+O .44eV and EV+O. 49eV were detec ted  by DLTS. 

Gold i s  well known t o  be detr imental  i n  s i l i c o n .  However, 

most o f  t h e  s t u d i e s  o f  Au i n  s i l i c o n  were conducted by d i f f u s i n g  Au 
14 - 3  

i n t o  S i .  We have produced an ingot  i n  which 5 . 5 ~ 1 0  cn~ Au was 

incorpora ted  during t h e  c r y s t a l  growth. The da ta  i n  Table 10 shuw Lhat 

Au had a s i g n i f i c a n t  impact on t h e  c e l l  e f f i c i ency  and t h e  s h o r t  c i r c u i t  



TABLE 10 

Solar  Cel l  Data from Devices Fabricated on S ing le  Crystals  
Contaminated with 4x1014 Au (Ingot 229) and 1 . 2 ~ 1 0 1 7  AL 
(Ingot 230).  

Ingot ID = sc "oc FF Cell Eff ic iency  
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current indicating a. decrease in minority carrier lifetime. This cali 

also be seen from the significant drop in the red response of the cell, 

Figure 3. The DLTS results support the above.obseryation since four 

deep levels, at E,,+O. 22eV, Ev+O. 34eV, EV+O .47eV and Ev+O . SSeV, were 
13 -3 detected and rhcirconcentrations were 3.2x1013 ~ m - ~ , ,  5.4~10 cm , 

12 -3 
7.3~10 cm and 7.3x1012 cme3, respectively. In gold-diffused Si 

other investigators have detected levels at EV:0.35eV and EV+0.55eV. 

However, when'gold is grown in we observe two extra levels. Another 

noteworthy feature of the data is that only a fraction of total .gold.is 

electrically active. / 

3.2.5 Solar Cell and Material Evaluation by DLTS 

.. . We have continued to monitor the electrically-active impurity 

concentrations of representative wafers (as grown) and solar cells to 

correlate device and materials effects due to impurities. Table 11 is a 

summary of current information collected by deep level .transient 

spectrqscopy for single and polycrystalline ingots. As before we did not 

detect any levels for Cu, Ta, Ag, Ni, Mn. ~owevbi, deep levels due to 

Air and A1 were detected. This compilation will be updated as the study. 

continues . 



TABLE 11 

DLTS RESULTS ON' IMPURITY-DOPED INGOTS 

1ngo t . ID .  .: , 

' ., 

U - Z O O - P ~ ~ ~  . 
Ti-202-Poly 
V-203-Poly . 
206-v 
207-Mo 
208-Cr 
209-Ti 
210-Ti 
211-Cu 
212-Cu . . 

214--.V-Poly 
215-Mo-Poly 
216-Cr- Poly 
,217-Ta 
21 8-Ta 
222-Ag 
223-Ni 
225-Mn 
227-Cr- Poly 
228-Gd 
229-Au 
,230-A1 

Bsst   st imate' of 
Metal lu rg i  zal  Impurity 

C o n ~ e n t r a t i m . ~ [ N $ :  . . .  

' I  ( 

- .  
. . 

' . . . . 4x1OI3 
a4 

2x10 . 

. 4x1013 
2 ..6xl0l3 
2 .0x10.13 
1 . 9 ~ 1 0 1 ~  
2 . 0 ~ 1 . 0 ~ ~  
-1 .0~101~ 
1 . 8 ~ 1 0 ~  
1~101.6 
2x.10.14 

. " 2 . 5 ~ 1 0 ~ ~  
8x1014 
i . ~ x 1 0 ~ ~  
. 6 . 5 x 1 0 ~ ' ~  . 

. 4.5x101,5 
1 .0~1015  
1 .0~1015 '  
4'. 0 x 1 0 ~ ~  
- 
6;0flo1 
1 . 2 ~ 1 0 ~ ~  

Active Impurity-j . 1 
Concentration (cm ) 

In t h e  Wafer 
' .Nw' . . 

1 . 3 ~ 1 0  14 

1 . 1 2 ~ 1 0 ~ ~  
1 . 7 ~ 1 0 1 3  
6. 4 3 x 1 0 ~ ~  
2.2~1012 
3.91x1013 
8.12x1012 
2 .91x1013 
undetectable , 

undetectable ' 

6 x 1 0 ~ ~  
4 . 5 ~ 1 0 ~ 2  
7.5~101.2 
undetectable ' 

.undetectable 
undetectab,le ; 
.undetectable ' 

. undetectable 
1 .2x1013(average) 
undetectable 
8 x 1 0 ~ 3  
2x1012 

In t h e  Cel l  
(near  junction) . '; 

N~~ 

no data  
1 . 1 5 ~ 1 0 ~ ~  , .  , c 

undetectable . . 
undetectable . 

9x1011 
undetectabbe 
1.15~1012 . . 

3.6x1012 . 
undetectab1.e 
undetectable 

' n o  da ta  
no. da ta  
no data  
no data  
no data  
undetectable 
undetectable 
undetectable 
no da ta  
no da ta  
no data  
no da ta  

N~~ - 
N~ 

0.32 , 

0.56 
0.34 
0 .2.5 
1.1 
0.21 
'0.. 40 
0.30 
- 
- 

0.30 
1.8 

.009 
- 
- 
- 
- 
- 

0.0'3 
- 

0.13 
0.000016 



3.3 The Permanence of Impurity Effects in Silicon Solar Cells 

3.3.1 Temperature Effects 

Experimental evidence1-3shows that solar cell performance 

depends upon both material quality and device process .history. The 

operating life of a solar cell array in the field should exceed twenty 

years, so it is important to understand what effects specific impurities 

will have on long term efficiencies. 

The time period of interest is extremely long compared to 

practical test times, so extrapolations from accelerated aging tests 

mqst be used to estimate long term solar cell performance. On the basis 

of earlier results and fundamental considerations, temperature is believed 

to be the.dominant parameter affecting gradual cell degradation. A 

series of experiments has been underway 3*699 to determine the magnitude 

of the temperature-dependent degradation mechanisms for individual 

impurities. 

3.3.1.1 Experimencal Method 

As noted before,prediffused silicon wafers containing single 

impurities are soaked at elevated temperatures for various lengths of 

time. These wafers are then further processed into test cells and their- 

characteristics are measured. The rate of degradation of efficiency is 

determined at each temperature, assuming that, at least in the initial 

stages, cell efficiency decreases linearly with 'time. A linear least 

squares fit to the efficiency-time .data gives estimates of the 0 (the 
0 

initial efficiency) and (l/no) dn/dt (the normalized rate of change of 

efficiency). From these parameters,. determined for different temperatures, 

an Arrhenius plot is developed to express .the temperature-time dependence 

of efficiency degradation for a particular impurity. 

3.3.1.2 Experimental Results 

The behavior of the irlgots listed in Table 12 has been 

previou~ly reported. 3,9 



INGOTS USED I N  PERMANENCE STUDIES 

Ingot Ident i f icat ion 

Baseline . , 

" 12 4 . 2 ~ 1 0  . Mo 
lri101.4 !' f ' 

. . 
4x1014 Cr 

2 .2~1015  

< 9x1012 Nb 

7:8flo14 F e  
' 

. 1 . 0 6 x 1 0 ~ ~  Fe . I i .  

< 4.4x1013EJb- 

1 .8x10l5 Cu 



During t h i s  quar t e r ,  acce le ra ted  agixg experiments were 

completed on ingots  W221Ni005 ( 8 . 2 ~ 1 0 ~ '  ~ m - ~ )  and W222Ag002 ( 4 . 6 ~ 1 0 ~ '  c c 3 ) .  

For t h e  nickel-doped s i l i c o n ,  t h e  measured' r a t e s  o f  cell degradation .were 

2 . 4 ~ 1 0 ' ~  hr ' l* 4 . S X I O ' ~  hr", and 1 .7x10-~  hr-' a t  400, 600 ,  and 800°C, 

respect ive ly .  ~ ~ e s e  data ,  when f i t t e d  t o  an Arrhenius model, y i e l d  

- - -  I d" - 28.47 exp (-0.673eV/kT) h r - l .  
"0 

d t 

If e e l 1  f a i l u r e  is defined a s  a decrease t o  90% of  t h e  i n i t i a l  cell  
. . .  . . 

;. " , .' ' - . . . .  , : , 
e f f i c i ency ,  then based upon t h e  above =ela t ionship ,  t11.c predicted times t o  '. 

f a i l u r e  a t  poss ib le  opera t ing  temperatures a r e  those  given . i n  Table 13. ' .  

. . . . .. .. . , 

F o r t y p i c a l  . . .  a r r a y  temperatures no impur i ty- inducedeffec ts  a r e  
" 

. .  . 
expected during a twenty year  l i f e t i m e .  

For t h e  s.ilver-doped s i l i c o n ,  t h e  experimental da ta  were widely 

s c a t t e r e d  .and a f i't t o  . .. an' . Arrhenius . ..model ,could be, obtained only by . . . . . . . . . . . .  

iegarding sqme of t h e  da ta  points  a s  anomalous and d is regarding them. 

When t h i s  8s. done, th-e , measured normalized r a t e s  o f  c e l l  degradation aqg. 
-3 -1 -2 -1 -2 -1 

2 . 1 5 ~ 1 0  h r  .1' .83~10 - h r  . , and 3 .85~10  h r  a t  400, 600, and 8 0 0 ' ~  

respectively.  These *at&, f i t t e d  t o  an Arrhenius model, y i e l d  . . 

- - -  I d' - 0.29 exp (-0.37eV/kT) hr-'. 
no d t 

Predicted time t o  f a i l u r e  a t  possib16 opera t ing  temperatures a r e  then a s  

shown i n  Table 14. 

These predic ted  times t o  f a i l u r e  imply a very scrio1.t~ problcm 

. ' may e x i s t  f o r t h e  use  o f  s i lver-ccntaminated s i l i c o n .  Because o f  t h e  

quest ionable v a l i d i t y  o f  some o f  t h e  da ta  used i n .  obta in ing t h e s e  

pro j cc t ions ,  f u r t h e r  inves t iga t ion  of  silver-doped s i l i c d n  should b e  

undertaken t o  c l a r i f y  t h e  r e s u l t s .  



Predict d T i  to Philure for Solar' Cells Containing 
e . zrtolf ~ - y R i e h e l  i . p u r i t ~  

Operating Temperature, O C  

100 



Predicted Tim t o  Failure for Solar Cells Containing 
4.6r1015 c-3 Silver Impurity 

< . ., . . , .. . . . . ... , . .' . , 
. . . . 

:.. . ii : 

Operating Temperature, OC Time to Failure, (yrs) 



3.3.2 E l e c t r i c a l  Bias Ef fec t s  

The.purpose of  t h i s  experiment i s  t o  determine whether e l e c t r i c a l  

b i a s  coupled with moderate temperatures i n  opefa t ing  s o l a r  c e l l s  may, 

over long periods o f  time, a f f e c t  c e l l ; . e f f i c i e n c y .  'The poss ib le  inteml- 

a c t i o n s  between e l e c t r i c  f i e l d  and impur i t i e s  i n  t h e  s o l a r  c e l l  junction 

region a r e  not  well understood and t h e i r  e f f e c t s  m u s t . b i  determined 
. . .  . 

empir ica l ly .  . .. 
. .  . . . . 

In t h e s e  experiments; base l i n e '  c e l l s  and c e l l s  containing one 

of severa l  r ep resen ta t ive  impuriti 'es a r e  operated a t  a cu r ren t  densi,ty- 
2 

.- . . 5 . - J . 7 - .  

o f  30 mA/cm ; current  is ex te rna l ly  suppl ied  by a constant  current  supply. 

In o rde r  t o  enhance and acce le ra te  any e l e c t r i c  field/impurity~~ihteractiur~s 

which may occur, t h e  c e l l s  a r e  operated a t  e levated  temperature., ~ , i , l i c o n  

materials incorporated i n  t h i s  study a r e  l i s t e d  i n  Table 15. 

So la r  c e l l  opera t ion  f o r  periods of  100 hours have now been 

c a r r i e d  out  a t  ten di f ferent  temperatures. Ihe experiment pian calls ' for  

f u r t h e r  t e s t s  a t  . increas ingly  hi,gher . . temperatures . . u n t i l  de f in ' i t e  evidence 

o f  c e l l  e f f i c i ency  degradation is  observed .. . . 

Average r e l a t i v e  c e l l  e f f i c i ency  o f  t h e  base l i n e  , (nq . in ten t iona l  

impuri ty)  c e l l s  a f t e r  ,each temperature-bias exposure is p l o t t e d  i n  

Figure 4 .  This  r e p r e s e n t s  any c e l l  degrndation which is a t t i i b u i a b l e  ' t o  

e f f e c t s  o the r  t h a n  s p e c i f i c  impurity e f f e c t s .  The average r e l a t i v e  . - .. 

cell  e f f i c i e n c i e s  o f .  t h e  impurity-doped c e l l s ,  normalized t o  ehe base 

l i n e  c e l l  behavior, a r e  shown i n  Figures 5 t o  12.  

Clear ly ,  t h e  degradation a t  temperatures up r o  225°C is S M L ~ ) ,  

u sua l ly  l e s s  than 10%. N& systtimatic e f f e c t  is  observable i n  these  

d a t a ,  s o  t e s t s  a r e  continuifig ar h igher  Le111pe~hturt3. 

3.4 ~hermochemical Geerering 

A previdus report3 described t h c  e f f e c t s  pf  . .. son? . . 

thermoc'hemical processes which can be  performed on s i n g l e  crysta.1 s i l i c o n  

i n  o r d e r  t o  mi t iga te  t h e  harmful e f f e c t s  o f  metal contamination. The 

thermochemical processes s t u d i e d  were (1) POCQ3 ge t t e r ing ,  (2 ' )  HCll 



. . .  . . TABLE 15 

. .  . 
SILICON MATERIALS UNDERGOING ELECTRICAL BIAS TESTING - .  , . 

~ngo't NO. ~ m p u r i t y  

W-198-00-000 B a s e l i n e  N o n e  

Fe 1.06 x 10 15 
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Curve 726382-A 

Temperature ( O C )  
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Curve 726376-A 

Figure 10 Effect o f  Electrical  Bias on Relative bff ic ienc as a 
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Curve 726375-A 
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Figure12 Effect of Electrical  Bias on Relative Efficiency as a 
Function of  Stress Temperature-Ti-doped (0.105x10~5cm-3) 
Cells. 



g e t t e r i n g  of po lyc rys ta l l ine  s i l i c o n  and o f  Cu-contamin'ated s i n g l e  

c r y s t a l  s i l i c o n .  

. .  The e f f e c t s  o f  POCL3 g e t t e r i n g  f o r  periods o f  one hour a t  
. . 

temperatures of 950°, 1,00o0, and l l O O ° C  a r e  i l l u s t r a t e d  i n  Figure 13. , 

The da ta  i n d i c a t e  t h a t  t i tan ium and vanadium can be ge t t e red  from 

p o l y c r y s t a l l i n e  s i l i c o n ,  r e s u l t i n g  i n  an inc rease  i n  c e l l  e f f i c i ency .  
' 

However, t h e  e f f i c i ency  o f  c e l l s  made with po lyc rys ta l l ine  ma te r i a l  wi l l  

s t i l l  be low r e l a t i v e  t o  s i n g l e  c r y s t a l  mater ia l .  Molybdenum is  known 

t o  d i f f u s e  only very slowly i n  s i l i c o n ;  and t h i s  property i s  r e f l e c t e d  

i n  Figure 13, where it is apparent t h a t  molybdenum i s  not ge t t e red  t o  

any observable extent  from polycrys ta l  l i n e  s i l i c o n  under these  t e s t  

ccindit ions .  

The copper-doped s i n g l e  c r y s t a l  mater ia l  was only marginally 
3 i n f e r i o r  i n  c e l l  performance t o  base1 ine ma te r i a l ,  and t hc rc fo re  

the  Pock3 g e t t e r i n g  had l i t t l e  e f f e c t  on c e l l  e f f i c i ency ,  although it  can 

be presumed t h a t  copper, a  f a s t  d i f f u s e r ,  was e f f e c t i v e l y  ge t t e red  by 

t h e  treatment.  

The r e s u l t s  o f  HCR g e t t e r i n g . f o r  one hpur a t  1000° o r  1100°C 

respec t ive ly  i s  i l l u s t r a t e d  i n '  Figure i 4 .  Again, t h e  more rap id ly  

di . ffusing.  elements t i tanium and vanadium a r e  e f f & c t i v e l y  ge t t e red  from 

p o l y c r y s t a l l i n e  s i l i c o n ,  while slower d i f f u s i n g  molbydenum is no t .  

Get ter ing  o f  copper 'from s i n g l e  c r y s t a l .  s i l i c o n  by HCP. treatment appears 

t o  be  extremely e f f e c t i v e .  (However, a  p a r t  of  t h i s  apparent e f fec t iveness  

i s  due t o  anomalously low c e l l  e f f i c i e n c i e s  observed following t h e  1000°C 

HCL t reatment.  

Further  thermochemical processing experiments a r e  i n  progress. 

In  one o f  these ,  t h e  e f fec t iveness  of  argon implantat ion damage g e t t e r i n g  

combined with HCP. and POCL3 g e t t e r i n g  is being evaluated on copper-doped 

and titanium-doped s o l a r  c e l l  mater ia l .  Another experiment i n  progress 

w i l l  i n v e s t i g a t e  t h e  po . s s ib i l i ty  t h a t  t h e  p-n junction-forming s t c p  

(POCR d i f fus ion]  a lone  is  s u f f i c i e n t  t o  g e t t e r  some harmful impur i t ies  3 
from' t h e  jufiction region. Cel ls  with ion  implanted junctions (no 

a n t i c i p a t e d  g e t t e r i n g  a c t i o n ) ' w i l l  be compared t o  c e l l s  made with t h e  
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standard POCt3 d i f f u s i o n  process. The s i g n i f i c a n c e  of  t h i s  experiment 

could be very high,  r e l a t i v e  t o  t h e . c o s t  e f fec t iveness  o f  ion  implantat ion 

processes f o r  l e s s  pure, but  low c o s t ,  s o l a r  mater ia ls .  

3.5 Impurity Behavior i n  High Efficiency Devices 

Our i n v e s t i g a t i o n  o f  s o l a r  c e l l  impurity e f f e c t s  has r e l i e d  on 

a conventional device of  r a t h e r  conservative design. The f a b r i c a t i o n  

technology was minimally complex1 and optimized f o r  re1  i a b i l i t y  and 

r e p e a t a b i l i t y  r a t h e r  than f o r  c e l l  e f f i c i ency .  I n  t h e  fol lowing discuss ion 

we r e f e r  t o  t h e s e  35 !!standard cf f ie iencyl '  (SE) c e l l s  as dls t inguished 

from "high ef f ic iency"  (HE) c e l l s .  SE base l ine  c e l l s ,  i e ,  containing no 

added impur i t i e s ,  have an AM1 e f f i c i ency  o f  ~ 1 4 . 5 %  with AR coat ings .  An 

a n a l y t i c  model was devised t o  r e l a t e  the  performance o f  t h e  SE c e l l s  t o  
3 

t h e i r  content o f  added impuriti .es. .  ,The model parameter obtained t o  

cha rac te r i ze  t h e  impact o f  each impurity i s  i t s  degradation threshold  IN 1, O X .  
above which c e l l  performance is  s i g n i f i c a n t l y  degraded. Ce l l s  conta in ing 

a s p e c i f i c  impuri ty a t  i ts  threshold  concentrat ion w i l l  experience a 3% 

loss  of  s h o r t - c i r c u i t  cu r ren t  and correspondingly approximately a 7% loss  

i n  e f f i c i e n c y  a s  r e f e r r e d  t o  base l ine  devices. . 

The model r e l a t e d  the  normalized s h o r t - c i r c u i t  current  (I ) t o  
n 

t h e  concentra t ion  o f  impurity-x (Nx) a s  follows: . . 

where C1 = 0.0121 and In_ = 1.11 a r e  model cons tants  s l i g h t l y  dependent 

on c e l l  design arid independent o.f impurity e f f e c t s .  The e f f i c i e n c y  is 

r e l a t e d  t o  t h e  s h o r t - c i r c u i t  current hy t h e  empiric,al' expre~c io f i :  

In t h e  model de r iva t ion  i t  was shown t h a t  t h e  degradation 

threshold  can be expressed as :  



where Dnb i s  t h e  d i f f u s i v i t y  f o r  e l ec t rons  i n  t h e  p-base, Lno i s  t h e  

e f f e c t i v e  d i f f u s i o n  length f o r  e l ec t rons  i n  t h e  base, a .  i s  t h e  e f f e c t i v e  
X 

recombination cross-sec t ion  f o r  the  t r a p s  productd by impurity x, Vth is 

t h e  thermal ve loc i ty ,  and Ax is  t h e  r a t i o  o f  e l e c t r i c a l l y  a c t i v e  impurity 

cen te r s  t o  those  me ta l lu rg ica l ly  present .  Of these  parameters,  u and 
X 

A a r e  d i r e c t  p roper t i e s  'o f  t h e  s p e c i f i c  impur i t i e s .  L and poss ib ly  x no 

' Dnb 
a r e  i n d i r e c t l y  a f fec ted  by t h e  type and amount o f  impurity. 

Experimentally, t h e  ohmic-back "standard e f f i c i e n c y 1  (SE) 
. . 

c e l l s  used throughout t h e  impurity e f f e c t s  s t u d y ' e x h i b i t  values o f  Lno 

from'-140 t o  -180 u m  and t y p i c a l l y  have a base  width o f  -275 um. 

Diffusion length d a t a  a r e  obtained from measurements o f  t h e  open-c i rcui t  

vol tage  decay, s h o r t - c i r c u i t  cu r ren t  and from model l i n g  ana lys i s  with 

r e s u l t s  i n  good agreement. Diffusion lengths  have a l s o  been determined 

from spec t ra l  quantum e f f i c i ency  measurements. The r e s u l t s  a r e  i n  

q u a l i t a t i v e  agreement with t h e  o the r  methods but  y i e l d  lower abs'olute 

values by a f a c t o r  o f  2 t o  4. This discrepancy i s  probably .a  consequence 

of  t h e  extremely low i n j e c t i o n  l e v e l s  used i n  measuring s p e c t r a l  response 

s i n c e  it is  well  known t h a t  minority c a r r i e r  l i f e t i m e s  increase  s i g n i f i c a n t l y  

a t  h igher  i n j e c t i o n  l eve l s .  Figure 15 i l l u s t r a t e s  t y p i c a l  measured 

s p e c t r a l  response curves f o r  c e l l s  of  t h r e e  d i f f e r e n t  designs.  and Figure 

16 shows t h e  corresponding quantum e f f i c i e n c y  curves. Diffusion lengths 

obtained from these  d a t a  are:  Device #1, L = 204 pm; Device #2, L = 100 pm; no no 
and Device Y3, Lno = 315 urn. The o t h e r  methods o f  measurement gave 

device # I ,  400 um;  Device #2 ,  175 um; and Device # 3 ,  450 u m .  

High e f f i c i ency  cel l  performance requ i res  t h a t  t h e  c e l l  o r  

i t s  base-width exceed t h e  absorption length o f  t h e  lowest energy photons 

wi th in  t h e  absorption band o f  s i l i c o n .  I t  is  f u r t h e r  necessary i n  order  

t o  c o l l e c t  t h e  generated c a r r i e r s ,  t h a t  t h e  diffusion:length"bc s u b s t a ~ l t i ; ~ l l  y 

g r e a t e r  than t h e  width of  t h e  device. These requirements can be s a t i s f i e d  

only by proper des3gn o f  t h e  c e l l  doping p r o f i l e s  and contac t  geomet!ry, 

t h e  use  o f  high q u a l i t y  s i l i c o n  and ca re fu l  processing t o  miriimize 

in t roducing de fec t s  o r  contamination. Minimizing minorit); c a r r i e r  

recombination a t  t h e  surfaces  and i n  t h e  bulk i s  a l s o  necessary. 



-" 

Curve 726548-A: - 
I I I 1 1 I . " 

. . . . 

120 - - 

aP 100'- 
a3- 
V) 
C 

P *- 
a3 
P?: . . II 

. E  x 60- 
VI 
a3 

0 2  . 
3 . .  . .  . . .  . ... . . . . ,  

a3 40 - 
P?: 

1. ~ h i n ,  Textured. Shallow-junction BSF Cell. 100 p m    hick 
2 , Conventional Ohmic-back Cell, 275 pm Thick 

20 - 3. Wide-base Ohmic-back Cell, 760 p m  Thick - 

I I I I I 1 1 1. - 
- 0.4 0.6 0.8 1.0 

Wavelength. microns 
. . 

. . . . .  . . .  . . .  ..... . -. 

Figure 15 Measured Spectral Response for  Solar Ce l i s  o f  Three 
Different Designs. -. ... . ,' 

. .. . 



0.6 0.. 8 
. . , Wavelength, microns 

Curve 726549-A 

Figilre 16 Quantum ~fficiency Plots Corresponding to th'e D @ i  of Pr@re '15.. 

. .. . . _  . .  I . .  . .  . , .  . . 
f . .  

, . ... . 
' . .  ' . , . .  



Surface recomb'ination can be reduced by t h e  use o f  back-surface f i e l d s  

and by pass ivat ion  o f . t h e  physical  surfaces ,  e.g. with oxides. Bulk 

recombination, although somewhat process dependent, i s  pr imar i ly  

determined by t h e  q u a l i t y  o f  t h e  s i l i c o n  c r y s t a l ;  t h a t  is , i ts  impurity 

content  and i t s  defec t  s t r u c t u r e .  The de fec t  s t r u c t u r e  i s  con t ro i l ed 'by  

t h e  c r y s t a l  growth technique and can be reduced t o  . levels  o f  l i t t l e  

importance i n  c r y s t a l s  prepared by CZ, FZ, d e n d r i t i c  web and some o t h e r  

methods. However some c a s t i n g  and ribbon growth methods r e s u l t  i n  

s i g n i f i c a n t  twinning and randomly o r i en ted  g ra in  boundaries a s  well  a s  

o t h e r  de fec t s  i n  tlie s i l i c i i ~ ~ .  These de fec t s  with t h e  exception of 

coherent twin boundaries have been shown t o  have large  recombination 
, - 

a c t i v i t y  even when impur i t i e s  a r e  not  present .  Thus f o r  a p o l y c r y s t a l l i n e  

m i t e r i a l  t n  be a li.kely candidate fsr high off ia ioncy c e l l s  it must have 

very l a rge  gra in  s t r u c t u r e  o r  c o n s i s t  pr imar i ly  o f  gra ins  bounded by 

coherent twins. 

Having i d e n t i f i e d  a l a rge  e f f e c t i v e  d i f fus ion  length as a 

primary requirement f o r  high e f f i c i ency ,  we can now examine t h e  

s e n s i t i v i t y  o f  HE devices t o  impur i t ies  us ing t h e  equations of  t h e  

impurity model? I f  we assume t h a t  t h e  cons tants  C1 and I a r e  nm 
independent o f , c e l l  design then t h e  model can p red ic t  t h e  HE behavior  

from t h e  d a t a  obtained with t h e  SE devices by knowing t h e  value o f  In_ 

r e q u i r e d  f o r  a p a r t i c u l a r  HE dcvice. The design i ~ ~ r l e p e ~ ~ d e r ~ c t ?  assumption 

i s  c l e a r l y  ques t ionable  but a s  we show l a t e r ,  it is  approximately t r u e  i n  

the  range of impurity concentra t ions  o f  i n t e r e s t .  

Using equation (3) we ob ta in  an expression f o r  t h e  degradation 

threshold .of  an HE c e l l  i n  terns o f  t h e  value obtained f o r  SE c e l l s .  

Nox(HE) = No,(SE) (Ln,tSE) /Ln0(HE) (nnb (HE) IDnb  (SE)) 

Let us consider  t h e  e f f e c t  o f  adding molybdenum t o  a wide-base HE c e l l ,  

Cel l  # 3  i n  Figures 15 and 16 above. The degradation threshold f o r  Mo i n  
3 SE c e l l s  is 6 ~ 1 0 ~ ~ / c m  and Lno(SE) = 175 u m .  The d i f fus ion  length i n  t h e  

wide-base HE c e l l  ; L (HE) .= 450 vm. These da ta  ' in  Equation (4) imply t h a t  
no 10 3 t h e  degradation th resho ld  f o r  Mo w i l l  be reduced to. 9x10 /cm. f o r  t h e  



wide-base HE devices. The model curves . f o r  SE c e l l s  containing Mo a r e  
11 

shown i n  Figure 17 where N (moly) = 6x10 . Figure. 18 shows t h e  
. O  

e f f i c i ency  curve f o r  t h e  HE device where N (moly) = 9x10 '~ .  By comparing 
0 

t h e  two f igures  it can be .  seen t h a t  t h e  curve h a s  moved t o  the  l e f t  f o r  

t h e  HE device ind ica t ing  i t s  approximately seven-fold h igher  s e n s i t i v i t y  
. . 

t o  t h e  Mo concentrat ion.  

In  o rde r  t o  t e s t  t h e  v a l i d i t y  o f  p red ic t ions  o f  t h e  a n a l y t i c  

impurity model, we have developed a d e t a i l e d  f i n i t e  .element model with 
- .  

which we can c a l c u l a t e  c e l l  performance . for  various s p e c t r a  and opera t ing  

condit ions.  The model ana lys i s  der ives  from the  ce l1 ,des ign  geometry 

and t h e  mater ia l  p roper t i e s ,  i. e .  t h e  doping p r o f i l e s ,  impurity content ,  

e t c .  and i s  bel ieved t o  properly inc lude  a l l  re levant  e f f e c t s .  Some r e s u l t s  

and a discussion of  t h e  method of  ana lys i s  were presented i n  t h e  previous 

quar t e r  1 y repor t .  

We have used t h i s  more p r e c i s e  m o d e l . t o , p r e d i c t  t h e  e f f e c t  of  

molybdenum on t h e  performance o f  SE c e l l s  and two types o f  HE c e l l s .  

The- r e s u l t s  o f  these  ca lcu la t ions  a r e  shown in l  Figures 17, 18, and 19, 

The agreement with the  impurity model predic t ions  and with experimental 

da ta  i s  ,qu i t e  good i n  a l l  t h r e e  cases ,  a t  l e a s t  f o r  moderate'Mo concen-. 

t r a t i o n s .  ' A t  t h e  h ighes t  concentrat ions,  t h e  impurity model p r e d i c t s  

too g rea t  a performance loss ,  p a r t i c u l a r l y  f o r  t h e  narrow-base back- 

su r face - f i e ld  device, t h e  design d e t a i l s  o f  which dev ia te  most from the  

assumptions used i n  t h e  impurity model der iva t ion .  

For most p r a c t i c a l  purposes t h i s  ana lys i s  shows t h a t  t h e  

simple a n a l y t i c  express iu~ls ,  Eq.  (1) and Bq. (4) are w i . t a b l e  for  

determinining t h e  impuri ty behavior o f  h i g h , e f f i c i e n c y  s o l a r  c e l l s .  . The 

necessary da ta  a r e  t h e  values o f  Nox f o r  SE c e l l s  from t h e  published 

da ta  base and a value f o r  t h e  e f f e c t i v e ' . d i f f u s i o n  .length i n  an uncontaminated 

HE c e l l  o f  t h e  required design. 

Only a . l i m i t e d  amount o f  experimental.  da ta  is present ly  available:  

f o r  t h e  HE c e l l s  bu t  t h e  r e s u l t s  a r e  genera l ly  i n  agreement with model 

predict , ions.  Several  experiments a r e  i n  progress with both wide-base and 
. \ 

narrow back-field devices and t h e  r e s u l t s  w i l l  be  presented i n  . t h e  future., 



- ' Curve ' 726547-A 

0 Efficiency Pmjecied by Impurity Nlodsl 
a Efficiency Calculated by Finite Element Model 

Mo Concentration. cmmS 

Figure 17 Calculated Cell Efficiency as a Function of Molybdenum Concentration for 
. a Standard (SE) - Design Cell (h = 14%, WB = 275. urn.). 
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0 Efficiency Projected by .Impurity Model 
o Efficiency Calculated by Finite Element Model 

MO Concentration, cm-3' 

Figure 18 Calcul.ated Efficiency as a Function of ' Molybdenum .Concentration' .' -' ' 
for a Narrow Base, Back Surface Field HE Cell (TI = 15.35%, W B  = 150 urn:) 
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0 Impurity Model Curve Projectedfrom Standard Design Cell Behavior 
a Finite Element Model Curve 
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Figure 19 Calculated Efficimcy 'as a Function of Molybdenum Concentration for a 
, Wide Base HE Cell (n = 15.5%, WB = 765 urn.) - 



4. CONCLUS IONS 

Cr appears to be highly mobile in the silicon matrix even at 

low temperatures. We have found-in contrast to earlier results for Mo, 

Ti and V-that the electrically-active Cr concentrations in polycrystalline 

silicon vary .from place to place within an ingot, and that the concen- 

trations are more than an order,of magnitude smaller than would be 

expected in single crystal ingots with the same metallurgical Cr 

content. We hypothesize the Cr diffuses to grain boundaries during cool- 

down from the growth temperature, becoming electrically deactivated 

at these locations. Spectral response data and cell performance measurements 

indicate cel1,degradation by Cr even.at concentrations below the 

detectability by DLTS. 

Even after POCll gettering for only one hour at 600°c, no Cr 
3 

can be detected by DLTS at depths as great as 2 mil below the surface of 
13 - 3 

single crystal wafers. Prior to treatment about 8x10 Cr cm was found. 

Clearly rapid outdiffusion of Cr (or thermal deactivation) must occur 

during the treatment. 

Both All .and Au introduce deep levels in silicon which reduce 

minority carrier lifetime and cell performance. EV+0.44eV and E +0.49eV 
12 v3 

lcvels are induced' by AR at concentrations of 1.2 and 1.7~10 cm . 
17 -3 

respectively'for an ingot containing a 1.2~10 cm . metallurgical 

concentration. The low electrically active trap concentrations are not 

totally accounted for by A1.-0 complexing or doping'effects. Au incorporated 

in silicon by.crysta1 growth displays four deep levels-EV+0.22eV, EV+0.34eV, 

E +0.47eV, and EV+0.53eV-in contrast to the .two levels normally produced .v 
during Au diffusi.on. Only a fraction of the total metallurgical Au 

concentration is electrically active but it ik sufficient to degrade bulk . . 

lifetime. 



'Accelerated aging of Ni-doped silicon at 400, 600, and 800'~ 

produces a thermally-activated cell performance loss of the 

dn = 28.47 exp (0.673eV/kT)hr-i 
l/no aF 

. . . . . . . .  

where q is the initial uncoated cell efficiency '(.%) . Projected to a 
0 

20 year operating lifetime,.the data imply no significant impact on 

cell performance due to Ni impurity-related effects. Data for Bg w.ere 

too scattered to fit to a model of this.type. 
. . 

Following exposure to combined temperature and electrical bias 

stress for ,100 hours at 22S°C, solar cells contai'ning:.Fe,. Nb, Ag, Cr, Cu, 

and Ti, respectively, show no degradation in cell performance compared 
. . 
to baseline (un contaminated) devices. These studies will continue at . . . .  . 

. . 
. . 

. . .  ~. . . . .  higher temperatures. 

Ti and 'V but not Mo can be gettered bv either PMP. nr HC.Q 
3 

treatments at 1000°~ and 1100"~. This is consistent with earlier data 

- for gettering of single crystal material containing these impurities. 

Projections based on the earlier impurity-performance model and 

a recent, more sophisticated, finite element model show about a 7 fold 

reduction in the threshold for M& content at which high efficiency cells 

degrade compared to our. standard test device. 
. . . . . .  



5.. PROGRAM STATUS 

The current milestone chart for the Phase IV program is 

illustrated' in Figure 20. 

5.1 Present Status 
. . . ,  , . 

During this quarter we 

0 Determined the relative effects of Cr on single crystal . 
and polycrystalline solar cells using DLTS, spectral response 

and cell performance data. 

, @ Evaluated by DLTS measurements the Mo diffusion profile formed 

during Pock3 gettering at 1250~~. 

' 

. 6 )  Analyzed the 'effect of Au and Ak on single crystal solar cell 

performance. 

0 Completed low temperature/bias aging experiments up to 

22S°C on solar cells containing seven different impurities. 

@ Demonstrated POC% gettering of Ti and V from polycrystalline 

solar cells. 

@ Correlated experimental data with model calculations for 

high efficiency devices. 

5.2 Future Activity 

During the next quarter work will continue on (1) polycrystalline 

cell behavior (2) thermochemical interaction of impurities, including ion 

implant behavior (3) permanence studies and (4) impurities in high 

efficiency devices. 



PHASE IV PROGRAM PLAN (SCHEDULE) 

TASK J F H . A ~ J J A S O N D . I F M A M . I  -- 
CY-1980 . C Y - l q R 1  ---- -- 

Experimental Xaoerial Evaluation ' 

2.  High-Efficiqcy Cel l s  A - - - - - . - - . - A 

3.  Polycryetalline Si l icon A -- S 

- - - 

4 .  Long-Term Impurizy Effects  

5 .  Processing Studies 

- 0 ' -  
0 

6 .  Metinge: 
P M  1: 

P I A A A 
Workshop A 
Contract Review & A A E A 

7 .  Reports 
Program Plan 
Monthly 
Quarterly 

1 Final ~ r a i t  

. . Final Report 

- .------- - 
8. Deliverable .1terne. I; 

f - Cell Blanks 

i= 
Cells  A,S AVAILABLE 

1 
Sil icon Macerials 
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