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ABSTRACT

A review of the silicon technology state of the art is given. It had
been found that single crystal silicon efficlency was limited to > 20X. The
reason was identified to ba dus to the rscombinstion current loss mechanisms.
However, use of new technologies such as back-surface fiaeld, surface
passivation, double anti-reflection coatings and back-surface i)llumination
demonstrated to achjeve higher efficienciss. Experiments were carried out to
evaluate the affect of back surfaces illumination on the call efficiency
enhancement. It was found that for single cell, back-surface illumination
contribute a 121 incrsase in efficlency whereas for double cell illuaination
(back-to-back cells) the improvement was 591 increase in efficiency.

A V-shaped flat mirror reflector with optimum angle of 45° to the plane of

the call from both sides achiaved ths ultimate efficiency performance.

Finally, a proposad high current - high efficiency solar cell called

"Double Drift - Double Sided Illumination Call" was presented. The new
structures were in the form of n+pn+ or p+np+ double junctions. The
expacted efficiency ranges 50-60X with proper material design, double anti-
reflection coatings and V-shaped irregular plane mirror reflector illumination.

MIRAMARE - TRIESTE
August 1987

* To appear in the Proceedings of the Workshop on "Materials Science and
the Physics of Non-Conventional Energy Sources" , ICTP, Trieste,
26 August-18 Septamber 1987,

*% Fermanent address: Engineering Physics Department, Faculty of Engineering,
Ain Shams University, Cairo, Egypt.

{Limited distribution)

REFERENLE

1. Introductj

The photovoltaic effect in which generation of voltage
due to abeorption of sunlight has been observed in 1876 by
Adame and Day. They observed the plotovoltaic in selenium
structure and aleo the spectral sensitivity of the selenium
photoconductors . However,the first sclar cell fabricated
from silicon materisls a» & pn—-Junction was demonstrated by
Chapin et al [1] at the Bell Telephons laboratory in 1954
in which they reported an efficiency of 6% . Indepandently,
in the same year another research groupjReynclde st al [2]
at the U.S.Air-Porce Aesrospace Research laboratory observed
the photovoltaic effect at rectifying contaots to cadmium
sulfide single crystel . The first major application of the
silicon solar cella appeared in the space programme of 1958
in U.S.A.,whers the firat svace craft launched * Vanguard I*
which was powersd by solar cells.

Since then,a great mnd substantial progress haa been
made in developing pn—-junction solar cells in countries like
U S A,USSR,Japan,England,Ffrance,Germeny,........etc .,
Presently,nll satellites uased in communications arround the
world are powered by photovoltaic sclar cell syatemsa. The
advantage of photoveltaic energy over thet of the conventional
snergy sources may be briefly stated as:

1- Solar cells directly convert the sunlight into elec-
tricity without any intermediate thermal process which aakes
it 8 clean and nonpolluted source.

2- Maintance free, durable and reliable sysntema.

3- Suitable to be used in isclated and remote areas.

On the other hand,solar cells suffer from some disadvantages
such ast

1- High coet of solar cells makes the terrestrial appli-
cations uneconomical compared to the conventional power ,
apecislly if the demand of the power 1s large.

2~ Por no-sun conditions,the molar aystems requires an
electric storage which still forms a problem for large scale
applicationa .

3- Converaion sfficlencies achieved to date are still
limited to less than 20% ,

Deapite of these disadventagee,it is conceivable that
the years of hard work of many researchers covering the full
rangs of photovoltmaic technologies such as analsis,deagin ,
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procesaing,testing and development of msnufactures processes
would achieve high efficient-low coat sclar ayatems. It is

to be noted that the technological steps taken since the
historical energy crisis af 1973 tc the present time,resulted
in price reductions more than an order of magnitude .

2. Silicon Technology

All modern energy technologiss have developed in parallel
with substantial studies and inventions in material acience.
For inatance,the firet usable solar eell was oaly made poms-
sible by the extensive practical and theoretical advances in
pilicon technology . Yet,more than thirty years have already
passed with many attempts to reduce the 2Y't of the a0lar
cella to tha desired goal of ¥.3.%$0.5 ¥ © but the coet atill
high due to the expensive fabrication teghniquea used . These

techniques are ¢

The Standard Procese of growing single crystal silicon
from molten silicon is called Czochrolski process in which
silicon wafers are manufactured in industry . #hereas,poly-
cryatalline silicon is produced by Casting process which
results in the production of multiple grain silicon inastead
of a single crystal as in the ceochrolski process . It should
be noted that casting techniques result in cheaper ailicon
waters but with very large silicon crystala . The material
in the casting process although it is produced at lower cost
than eingle crystal but it has lower conversion efficiency
due to the effect of grain boundries in the materials .

The difficulty of reducing the prices ¢f the above
mentioned technigues lies in developing Bn appropriate shesp
slicing technique to minimize the damage produced 1n the
process . The asolution to this problem is to develop &
process to go directly from molten silicon to sheet or ribbon
gilicon . Pregently,growth rate of ribbon silicon technology
exceeds 30 cm“/min. of 0.1 millimeter thicknesses which
resulte in cell sfficiencies of 17-18% {3}] . The projected
coat for silicon ribbon technology is shown in Tableas 1 and
2 . Table 1. illustrates the predictiocne of different tech-
nicel parameters of the photovoltaic solar cells production
during the period of 1985-1990. These parametera include
growth rate,encapsulated-cell efficiency,mcdule efficiency
and eilicon cost . Table 2, shows a comparison of State of
the art ribbon technology with the projected cost/peak watt.

Amorphous silicon is prepared by using Thin Film Technology
in which silcon is deposited onto a g£lasa substrate,quartz,
or stainless steel sheets ., Over 15 years of investigation
for many promising materiala and by using thin film tech-
nology to 4Aate none of these materials have resulted in atable
commercially low cost solar cells . Table 3. Shows & recent
summery of developments in amorphous ailicon solar cells [4].
A fairly large number of firme in U.S.A. and Japan have ex-
tensive research work on Si:H{eilicon hydrogenated) molar
cells and achieve efficlencies up to 12.7¢ as shown in table
}+ . Various cell structurss have been investigated;namely,
double and triple-stacked Junctions as well as modules and
heterojunctions .

At the present atage in the development of photo-
voltalc technology,one can say that single crystal silicon
1s the most efficient,the most promising mesterial for solar
cell fabrication to date .

3. Single Crystal Silicon State Of The Art

The ultimate performance of the conventional single
crystal silicon solar cells (e.g. air mase 1,1 aun: AM! )
appear to be limited in efficiency to 20£ . Jet Propulsion
Laboratory (5] has reported that 17% (AM1) cells are in
production , Table 4. summerizes the performance of four
high efficiency silicon solar cells and compared the resulis
with ideal cell theory[ﬁ-g] « The experimental results given
in table 5 , illustrete the varistion in the material para-
meters such As resistivity (~) , lifetime {t) , diffusion
length (L.} and base recombination velocity (5.) . The
conclusion drawn from the reaults shown in table 5 is thaet
base recombination losaea are the main limiting factors to
the 20% efficiency values in the aingle crystal asilicon solar
cells . Purther improvement in the cell efficiency would
require to reduce the reacombinestion losses .

The Passivated Rmitter Solar Cell (PESC) atructure
haa been responsible for recent improvements in silicon
aolar cell performance[lo] . The effect of substrate resis-
tivity upon the PESC cell performance has been resulted in
even further improvement in the cell efficiencies. These ars
shown in table 5 in which efficiencies up to 19.6% have been
achieved .
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An optimum &ouble layer of anti-reflecting(AR) coating
on oxide-passivated cells provides an improvement over aingle
AR-coated cell resulting in cell efficlencies approach to
Z20% was reported by Archatgi and Choudhury [llﬁ . The 1limit=
ing efficiency of silicon solar cells under concentrated sun-
light has beesn studied by Campbell & Grean [12] . They reported
that the 1limiting efficiency liss in the 36-37% range
regardleas of concentration retio compared to the limiting
value of 29.8% for non-concentrating cell with isotropic
respones . The techniques uses the back side point-contact
configuration h-go besn -xtondod°to result in 27.5% effi-
ciency at 10 W/cm“ (100 suna, 24 C ) making them one of the
most efficient solar cell to date [lﬂ + The improvements
reported are largely due to the incorporation of optical
light trapping to enhance the shsorption near bhandgap light.

The recent improvement in the performance of silicon
single crystal solar cells has produced outstanding energy
conversion efficiency of 27.5% by the use of high resistivity
rear contacted cells [14] . Parallel improvements in the more
conventional bifacislly contacted low-reaistivity cell are
dencribed,also,which have incresased the efficiencies of such
devices to 25% in 50-100 suns concentration renge .

Several authors [15-18] have been inveatigating ,
modeling,designing and obeerving the cell transiets in recent
monthe . A progress ia made in high efficient cells (18.5%)
by uaing ion implantation for small srea ailicon aingle
cryastel solar cells in an attempt towearda developing a flat
plate module with efficiency exceeding 17% . A detailed
comparison of varlous approaches to cell design was made and
module test data for these designe were represented 19 .t
The latest results published were for a singl crystel p nn
silicon solar cells with efficiencies of 19.5% . The cells
have been fabricated using the technique of glow-discharge
implantation and pulsed excimer laser annealing together
with techniques for reducing the recombination current 20 .

Some resulte [5-14,19—24] which are repreaentative
of the present state of the art are given in Pig. 1. It
should be pointed out that the results of fig. 1 are lab-
oratory results obtained from exceptionaslly the best res-
earch groups working in the field of solar cells technology.

Pig. 1 shows that the efficlency of the single crystal silicon
soler cell (AM1} is limited to » 20% efficiency. However,
passivated and concentrated celles achieve higher efficienciea
batween 27.5 -29.9% .
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Kow, the question ia :
Why asingle crystal seilicon solar cella have
limited efficiency of 20% ?
To anawer this question,underatending of the device physics
is essential to show the limitations currently been obferved
in the cell design .

4. Choracterizing Equations

The standard governing equations used to model the
steady state carrier transport in silicon aolar cells are
given as

a) The continuity equations for holes and electrons

J o= - -6
93, q(f ) (1)
9, = a{R-6) (2)
where the hole and electron current dengities are
i =- . ¥, -qD T
. qﬂppviqpvp (3
J,=-aM.n VYV, -qD 9n (4)
b) The Pojsson's equstion.
2
v Vi = - % { p+ ND -n - HA - NT ) {5}
c) The carrier denaity equations,
- y
p =, eQ(q’p vi /AT (6)
o= n, o8 v, - P e (7
where G = photogeneration rate per unit volune;
R = net recombination rate per unit volume;
Jﬁ%, 4 = mohilitiea of holes and electrons;
Dp.Dn = hole and electron diffusivities;
ND.NA = Doner and Acceptor concentrations;
NT = number of chaerges trapped at the recombination

centera
' = hole &nd electron quasi-Fermi levels;
Pp'Tn

¥, = potential at the intrinaic level;

€ = dielectric constant; and
q = electronic charge.



3p and 3n could be eliminated from equations 1-4 and

the resulting equations slong with equation 5 represent
three non-linear differential equations in three unknowns
Vi + pand n . It is very important to incorporate NT and

to conaider 1p = - 1n in the steady atate solution .

The three equations with given appropriate boundary condi-
tions could be solved using computer programing. Many cell
design calculations have been reported in tha literature
[25-29] «» The terminal current (I} ies then given as (after

[30,31)
IaqiGdv-qjRav - |J .Ada - [T .Aas
Jror-[rpre- fo,

- g{fjn.ﬁ ds (8)
1

(9)

Or

I= Iph - Ib,rec.- Is,rec. ~ “cont,rec.

where Iph = the photogeneration current;

Ib rec. ™ bulk recombination current;
' .

1 = surface recombination current;and
8,rec.

Icont.rec. = contact recombination current .

The terminal voltage 18 given as
n

m(g) -v (10)
My

Note that flnd lfrcpresen*l: the volume and surface
v

¥ =

I}

integrals, & represents a unit vector and vres representa
the reaiative potentiml loss due to the metal grid .

A typical ocurrent - voltage characteristices of a
solar cell is shown in fig. 2 in which curve(s) shows the
characteristice of the junction when it is not illuminated

The behaviour of the solar cell is characterized by
four parameters, the short-circuit current Iac' the open-

circuit voltage Voc. the efficiency at the maximum load

power point EFF and the fill factor at the maximum load
power point FF , which are given as follow :

1 voc
1. =1, [;xp (R_T_) - 1] {11)
Imnx vmnx
b3 T;:—v;:—- {12)
P 1 A
EFP = max ~ _ DAY max (13)
P:ln Pin

The naximum efficlency ia given =a

PP, Iac'voc Iac
EFF = —————— = ( === ) PF.V_ 20,36 PP.V
P P oc oc
in in

(14)
where Io is the dark current .

A pimplified solar cell equivalent circuit is shown in
fig. 3 in which RL is the load resistance, Ra 18 the series

resaistance and Rah is the shunt resistance .

The ideal current for solar cell characteristics can be
deacribed by

¥ - IR
1=l -1 [exp(x’ l')-1] (15)

Where I is the current flowing into the external circuit
from the solar cal]l power source and V is the terminal
voltage of the cell . It should be noted that the series
resistance has & serious effect on the cell efficiency and
ahould be reduced by proper design of metalization .

Reffering beck to equation 9 , it ia seen that the
recombination currents represents the main loss mechanisms
in high efficiency single cryatal silicon solar cells . The
base recombination at reasidual defect and impurity recom-
binacion centers im identified to be the cause of the 20%

and curve (b) when it ia 1lluminated . efficiency berrier published to-date . To break this barrier,
residual base recombination losmses muast be eliminated and
emitter recombination must be reduced . Proper design of the
emjitter dopant concentration profile can minimize or approx-
imatly eliminate the emjtter recombinations [32] . It remains
the base recombinetion which representes the intrinsic losses
that cennot be reduced due to the interband recombination

mechanisma .
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It remains,however, a need for substantiml im -
provements to schieve high efficiency single crystal asolar

cells and to overcome the recombination problesm by material
quality,purity and impiroved design considerations. It is
elec important to uss naw technologies such as the back
surface Pisld(BSP),surface pasaivation,efficient double
laysr-anti reflection coating,reduced heavy doping,reduced
contact recombination and back-surface reflsctors to

achieve ultimate #fflciency performance .

In the next section experimental results of the back surfsce illu-
mination 4&nd their effect on ths efficiency performance will ba given .
Tiluminated back-to-back solar cells will be tested and resulis will be
discussed , A new solar cell structure ™ double drift - double smided
illumination " will be presented ,

5~ Experimental Results and Discussion
Two n"'pp"' =« silican solar cells supplied by Sargent-Welch Corpors~
tion of Canada were eaployed in this investegation . The sres of each is
2omx 2cm . In order to make clear how the illumination of the back
surface of tha cell contribute to the increass in efficiency , the
following measursments wers carried out :

S.1- Solar Cell Measurements

The solar cella were tested using a tungsten light source
calibrated st 100 mli/cuz to obtain the molar parameters V 2t FF o
and EFF » The following steps were sxcuted .,

Step 1,1 :
The characteristices of the two cells separately ware

obtained . Dirsct solar radiations were used on the front surface with

its back covered ,

Step 1,2 :
The back of the cells were exposed to the reflected

radiations from the ground and the front surface to the direct radiations,

Step 1.3 s

The back of the cells were illuminated by a flat mirror
reflactors with the front surface illuminated directly by the sun
rndur.io'nu.

Summary of the resulta obtained in the above steps are given
in table 6 .

How, the measurements were carried out with the two eilicon goiar calls
. + 4 i
fastened back-to-back ( i.e, n*pp /p'm* ) and the convact leads of the

+ .
P - ragions were connected together . This connection was a paraliae}

connection and then the following steps were excuted ]

Step 2,1 @
2R ! he front cell 1 was illuminated by direct gun

radiations while the back cell 2 was exposed to diffuse radiations
from the ground .

M'ﬁhe front cell 1 was illuminated directly from molar
radiations and the back cell 2 was expased to reflected light from a
flat wirror . Measurements wors repeated several times to change the
reflector positions to have the highest current reading .,

Step 2.5 *Both cells were illuminated simuitaneously by reflacted
radiations from flat mirrors « Adjustments of the mirrors position yields
an optimum setting; namely a V- shaped in which the pPlans of the cel]
makes 45° with each side of the V-shaped mirror as shown in fig.4 .

It ia clearly demonstirated in table 7 the effect of using two cells
back to baek with out introducing any reflectors and the diffued
radiations from the ground were collected by cell 2, an increase

of the efficiency by 12% was achisved , Using one reflector to cell 2
only demonsirated to have an increase in efficiency by 33% . The third
case jillustrated the highest contribution to the effiziency with
ultimate parformance of 59% increase in efficiency.

5+2= 4 Proposed New Solar Csll Structure

Several double drift dicdes were proposed by Seddik
and Haddad [33] whers various device rtructures wers analyzed and
proved to deliver high power and efficiency . A review of the technology
of multiple solar cells including Schottky barrier [34,35] ,hetero -
junction [36,37] , pin/pin cascate [38-42] and n*npp* [43] solar cells
have demonstrated high conversion efficiency . These solar cells consist
of multiple layers semiconductora arrsnged eslectricaily and optically in
series which represent a high voltage moclar cells .
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In this paper I (wropose a new cell structure called
® Doubla Drift - Double Sided Illumination " scla~ cell.

The device is either n*'m*' or p"'np*' which represents a double junction
oells conneoted in parallel back-to-back to deliver high currents . The
afficiency with double sided illumination would reach up to 50-60%, The
siventages of the new structures proposed hers are ;

1- High current devioes .

2- Righ efficiency ( sxpected efficiency up to §0% )

3~ Simple mtructures i¢ fabrioate by conventional diffusion
methods , Diffusion masks are not nesded mince the double mided of the
wafer would be diffused to make the n'or p* regione and them the contact
windows are stched through the 810, anti-reflecting layers .

1t should be neted here that the higher efficiencies could be
achieved by using double anti-reflacting layers as well as irregular
flat V-shaped mirror reflectors .

6~ Comclusion

State of the art of tha silicon tecnology was reviawed,The
efficiancy of the single orystal silicon solar cells were found to ba
limited to 720% o It had been shown in the literatures that the base
recombination st residual defect and impurity recoambination ceaters
was identified t0 be the omuse of the XK efficiency barrier . To break
this barrier,recombination losses must be reduced , New technologies wuch
as passivation, back wurface field,doubls anti-reflection coatings and
back surface illumination snhance the solar cell efficiency .

Experiments to measure the J_. , V _, FF and Eff % for solar
cells illuminated at the back separatly or sioultansous were performed.
Increase in the efficisncy Wy 126 , 13% and 59% had been achisved . A
new V-shaped reflectors were used to optimise for the highest sfficiency
parformances ., A proposed high current high efficiency ™ Double Drift -
Double Sided Illumination ™ solar cell of the forms n*m* amd p'mp* to
achieve up to 60% efficiencies were yresented ,
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Table: 1

Comparison of State-of-the-Art Ribbon Technology

{Scaled Up) with Projections of Ribbon Technology

Intermediate Long-Term

Projection

- {Late 1980s)

Projection
(Early 19905}

Scaled-up
State-of-the-
__Art
Factory size, Mi/yr 25
Year of production 1905
Ribbon type Dendritic web
Silicon cost, 1980 Blkq 55
Web growth rate. cm¢/min 10
Growth machines/operator 6
Encapsutated-cell
efficiency, % 12.1
Packing factor 0.92
Hodyle efficiency, - 11.3
Cumulative cell orocess
yield 0.77

25
1988

Dendritic web

14
2%
18

13.5
0.92
12.4

0.93

25
1990

14
35
8

15
0.92
3.8

0.93

Table 2

Comparison of State-of-the-Art Ribbon Technology

(Scaled Un) with Projections of Ribbon Technology

{19805/vp)

Dendritic web

Sheet growth {incl. silicon)
Cell processing
Module assembly (incl. encap.

_mat}. )
08 factory dock module price

(1980 wgl
(19380 $/m)

Scaled-up

intermediate Long-Term

State-of-the- Projection Prajection
Art {Late 19805} (Early 1990s)
1.6 a2 0.14
0.27 0.22 a.19
0.18 0.16 0.15
2.06 0.59 0.48
23 73.3 66.2
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Table ) Hecant y of develor s in a=5ilicon solar calls.
Type Conf fgurstion EfE. ¥ I FF Year Institute
@ @ )] (miend)
By ITO/nipn &-Si/p poly 0.082 12.7 1.380 14.18 0.65 1984 Susrd tomo
S1/Al
sJ IT0/rdpn a~51/p poly 0.04 12.% 1,325 14.2 0.66 1982 Osaka Univ.
SEFAL -
W Ag/nl #=51/P aSIC/ 1.0 1.5 0.869 18.9 on 1984 Sawo
text, TD.glass
Hi He/nl a-5i/p a-Sic/ 1.05 1.6 0.850 18,7 0,12 1985 TIK-SEL
text. 50, /TT0/glass
9] 170/, a51Ce/ 1.0 11.2 - - 1985 KD
p a=51/stainless steel
H Me/nt a-Si/p a-Sic/ 1.0 1.1 0.864 17.6 o 1984 Fujl
T/glass
w Ag/nd a-Sifp #-Sic/ 1.0 11,0 0.860 21.5 0.6 1985 Kanegafuchi
text. /glass
I Me/nd a-5l/p a-Sic/ 0.32 10.7 0.840 18.8 0.68 1984 Komabsu
text. TOD/glass
W A/ [TO/nd a-5i/p a- 0.045 1.2 0.802 2.3 0.57 1984 ETL & Talyo
Sic/MIG
HJ Al/ni a-Sifp a-Sic/ 4,15 1.2 0.865 16.1 0.73 1984 ARCD
text. 5o),/glass
wl ag/nd a-Si/p a5 1.09 10.1 0.840 17.8 C.676 1942 RCA
Srﬂzlglm
iy Ag/p a-Sic/in a-S1/ C.084 9.6 .848 17.1 1,664 1984 TIT
T) To/nipnipn a-51/i &=  0.09 B.5 2.200 6.7 0.%7 1982 Mitsubishi
SiCe/ p a=5i/stainless
steel 5 61 198  Sanyo
Tod “e/nl a-S1/p a=SLC/TCQD/ 100 6.1 11.9% 15.6 0.
glass
W Me/nd a=Si/p #-S1CSTQY/ 100 8.0 0.930 14.4 Q.63 1984 Fuji
glass
5J Al/nigni a-Sifp sS4/ 4.15 1.7 1.710 6.23 0.1 1984 ARD
SnD,/glass Osaka .
) AVSL a-SUp #-SiC/ 1.0 1.1 0890 la.l 0.62 1982 Undv
S0, /glass
“od u/-zu *Sifp aSit/ %00 7.5 418 14 m 0.5 198% Kanagafuchd
Sn0,/glass
" iod r:/:zu‘-suP -Sic/ 600 7.0 16,0 12.5 0.63 1984 Sumi tomo
5n0,/glass
“od ?‘l:()Ini.!l-SUp a=51¢/ 3200 6.7 48.7 890 0.5 1985 Kanegafuchi
Srozlzl.an
Tj+ Touble-stacked Junctian,  1U: Hetero-juction  TJ: Triple-stacked junction Mod: Module
=16~



TABLE 4

Petformance of four highest elficiency silicon solar cells and comparison with idesal diode

cell theory
Celitype Thick- Lg 17 ) Jie V.. FF AMI1 Sy Steps J (n/mf) vm(mv) FF EFF (%)
{flcm) nest (pm) (ua) {A) (mA) (mV) EFF  (emyY) BC
tpum) (%)
. 1.1 2.1 564 0.729 13.4
M/IN/P Call q 1.2 338 564 2.7%  11.86
ldeal theary 0.2 170 3.2x10™" 360 660 0.B4D 200  B50 1.3 ¥6,6 564 0.73  15.0
0.2 170 66x1071 360 641 0.835 193 1750
Exp* 0.2 280 20 3.2x10°'* 236.0 653 0.811 8.1 1.1 3.2 5Tz G A Y] 13,6
n'/p/p’ " Cell 1.2 333 572 0.731 14.0
Ideal theory 0.3 13 1.2x10°% 36.2 627 0634 189 1100
Expb 03 380 150 36.2 622 0.801 18.0 1 1.3 3.0 572 0.737  15.2
359 627 0.800 18.1
n'fpip’ Table &6, Smmmary of the back surface illumination for ssparate
Tdea) theory 4.0 23 20x10°7 362 605 0830 18.2 6560
Exp® 10 150 263 2.0%10°1? 136.2 605 0.786 17.2 solar cells .
0.2 36.0 627 0.800 15.1
n'/p
Ideal theory 0.15 1.0x107" 360 628 0834 189 2200
Expt 0.15 36.0 625 0.805 18.1 The results of the above measuraments sre tabulated in iabls 7.
100 36.5 610 0.775 11.2

% Green ef al. | 6], University of New South Wales, Australia.

B Spitzer ¢t of. | T |, Spire Corporation, Bedford, MA, U.S.A.

© Rohstgi et ¢f. [ § ], Westinghouse R&D Center, Pittsburgh, PA, U S.A.

4 ASEC 5.9 |, Applied Solar Ensrgy Corporstion, City of Indusuy, CA, U.S.A.

-
Step I (ma/on%) T (mA) v ()  EPR(Z)
Cslls 2.1 2.1 1.8 564 13.4
4.2 16,8 492
TABLE 5 182 36.9 146.6 567 15.0
Characteristics of baseline PESC cells as s function of the float zone subsirate resistivity 1 2.2 2,7 130.8 564
: ' " ’ . 2 10.7 42,8 552
142 43.4 173.6 566 17.8
- T o “E‘:F_—— 13 2] K9_ 103.6 564
Cell no. Resiativity v, J, FF
(£l em) (:V) (;A em™t) (%) (%) 2 26,0 104,0 572
- sermm e s Tmme e 142 51.9 207.6 566 21.3
M55T 0.5 629 36.9 80.4 18.7
M56f1 0.5 630 37.0 B80.2 18.7
. 19.4
g:::c g‘;g ::: gg:g g;.; 19.8 Table 7. Comparison of the performances of the molar cells when
M4lp 0.20 662 36.5 819 198 cohnected in parallel ,
M4lpp 0.20 860 36.1 82.3 196 B
~18-
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Fig. 1 State Of The Art Cf The Singl Crystal Silicon

Soler Cell Technology .(Reference Kumbers Are

Indicated)
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Fig.2 Typical current-volatage characteristics

of a solar cell.
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Fig.4 1lluminacion of the two cells 1 and 2

back to back with a Y-shaped mirror.
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