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1 Abstract

A review is given of commercially interesting solar cells and sach other cells which
may acquire commercial interest in the near future. The review coatains a summary
of the relevant theory, the status of the present technology with attentirn to critical
material parameters, cell and panel processing, achieved efficiency and other performance
data, economical aspects and status of the present commercialization. It also discusses
emerging technologies and research and development trends. It includes histings of R
& D centers and industries in the USA and several other countries. The review gives
examples of commercial applications and summarizes the recent market development.
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1 Introduction

The dirsct conversion of Night inte electsic energy through photevelinic effect,
knowa in ssmicondettors for mere then & centuty®, bocams of intesust for commercial
 solar energy conversion with the inventivm of the Aigher aliciency 8%) 5i and OdS/Cu,S
solir colle®® in 1954 end their fest succumbal dsploymasat In sileliites, starting with
Vaageard I in 1957. This was followsd in supid succession with larger and larger, Snally
“swialti kW-panels (Fig. 1), mede mestly from Sisingle crystals with typically ~10% panel
efiiciency, which was reached is 1983 and rasistained Sor the sext decade with best cell

efiiciencies near 12%. The production cost' of these panels drepped from >soos/w-
1958 to ~100 $/W ia 1971,

~ Mthumtheummmwb-mm

mm:ht‘d’a-lﬂl'[y The only othét selar coll materisle with promise were

single crystal GsAs of slightly. higher afliciency Bown by soiie USSR space crafts end

thOdS[ﬁ;SM“d.mwhﬁtw

siled since it is substantially more

expensive than Si. mwmaoﬂ[@sn&wwm
discontinued because of cell degradation and its incomplete wnderstanding.

u.mawu&-mwwum-ﬂwm- ’

‘National Academy of Scietice; it became evident in 1972 that & substantial reduction in
production cost to approach 18/W$ and an inc /ease of eliicienciss beyond 10% for thin-
flm and beyond 20% for single crystal cells were foasible®. With significant government
sspport maialy in the USA, Japen, and Westera Burope, rapid progress 'was made and
essentially all technical goals set in 1972 have been achieved and surpessed (thin-flm
efficiency 12% for CdS/CulaSe; and 13% for o-Si, sinple crystal AM1 efficiency 23%
for §i and 23% for AlGaAs/GeAs; recest Si-cells in concentraters have achieved 27%
conversicn efficiency)’. The ecomemic goal (wpdated for competing with the incressed
electric energy generation cost and inflaticnary devalsation &f the dollar) seems to be
within reach and large quantities of soler ‘pansls sell currently for ~3 $/W. The Ele
expectancies of better Si-pancls (conservatively estimeted) are well in excess of 20 years.

¢ wumnmumammmmmmm
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Figure 15 Spece appBicasions of solar ceir and Mstory of progress (Hughes).
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single crystal cells) and production cost below 2 $/W for single crystal panels and telow

-1 $/W for thin-flm pasels in"1986 dollars.
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generators in remote applications (see Sec. 3.5). With the above given projections large
scale terrestsial solar energy conversion in conjunction with power utilities has & very
realistic potential beyond the presently already available matksts, which have absorbed

. in excess of 80MW (Fig. 2) and produced revenues in excess of 1B$ during the last 5
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years. ﬁmd&hw’mmeSd‘ru&m,wﬂha
substantially increasing market share of o-Si (Fig. 3)

In order to amist in judgment of possible further cell development we will start
thia review by a short summary of the theory of solar cells. Then a review of recent
achievements in the research and development of the more promising types of solar
cells is given with an overview of the present production methods and deployment
examples of solar cells, panels and conversion systoms, including an evaluation of present
commercialisation and a lsting of current producers. We will close this review with some
prospects for developing countries and Jong-term implications.

2 Solar Cell Types and Materials

‘ The pbotovoltaic effect in modern solar cells is based on the separation of excess
carriers in the built-in field of & pa-junttion within & semiconductor (Fig. 4). The excess
(over thermal equilibrinm) carriers are created by absorbed sunlight. Their separation
cieates a photo-emf which makes the solar cell act like a battery and permits through
muwndmmtthmddmtaﬂdthemm(thewﬂum
eﬁmcywonhalmbmu&)
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identifed (after Fabreabruch and Bube®).




Different cell types can be distinguished by

o how the built-in el is established (homo- or heterejunctions, or Schottky basti-
ens);

o how the Eght is abeorbed (direct or indirect band gap materiaks);
o the type of the cell design (front--or back-wall, or multijunction cells);
o the crystal state of the device (single or polycrystalline, or amorphous); and

o whether special surface coating or shaping (antirefiection, Eght trapping) electrode
" arzangement (to reduce optical sbeorption or recombination) and connecting
materials (tunnel junctions or supetiattices) are wsed. .
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Pigure §: Thesresical maximum solar cell efficioncy as funciion of she bund gup alier Lofersht®.
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the short-circuit current juc: |
5= G -1) - s @

Under certain simplifying conditions there is justification'® for sich a shift which is
sometimes referred to as superposition principle, but rarely holds fo actual solar cells'®.
Even for better cells there are slight deformations of the jV characteristic from the

* shifted jV curve (Eq. (2))whnchvillbedmmedbe\owmmed¢tul. Such a typical
characteristic is shown in Fig. 6.

- 'The V-axis is crossed at the open circuit voltage V. andthe:nmncmned
nmmmm;,,:;,u.m&um'hlmhm“
duectlymnectedwuhudnotbu :
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Figure 6: Current-voltage characteristic for & hypothetical homo-junction solar cell. The
dashed curve tmeenutheﬂeddbkwnw by j. = 50mA fem®.

Thisdeviuicabktoddimdxki:dmwhamudbtbemw
of the jV-characteristic. When exposed to sunlight, it converts a fraction of its energy
into electric energy. The maximum extractable power from such & diode is given by
the maximum inscribable sectangle within the fourth quadrant with voordinates of the
mazimem pover point Ve, and ju, (Fig. 6). mmdmv.,,.,mdmuv..;.
is called the fill factor:

FF = /mpimp (3

Vcdu
~ Together with V,, and j,, the fill factor is & measure of the solar cell pezformence. The
ratio of extractable eloctrical power to the eptical input powes is called the soler cell




efficiency
: (¢)

Sunlight at AM1 (Fig. 7) even at clear weather days is ill-defined and, depending
on ozone and water vapor content and on the turbidity changes to some degree!”. It has
an optical power density of approximately:
 Poge(AM1) = 100mW /cm?. (5)
: Porptu:tu:dpnrpo-uasyectmmn-ha—fumml’ng.'lmthP—INmW/cm’

is assumed for most computations. However, saly a certain fraction of the impinging

photmﬂumbeubmbed,dm;uthbn“dthmmndutw(hg.ﬂ
- The computed electrical power that can be W from the hypothetical device at the
maxmmpmpomt(hgﬁ)uthepmductdv = 0.525 V and 3., = 45.6 mA/cm?,
yielding & maximum efficiency for this hypothetical solar cell of

4 (am)

Pigure 7: Tbechngm; soler spectrum with the airmass as family parameter. The air mass
" s defined as the relative path length through the earth’s atmosphsre compeared to the sun at
the senith: AM = 1/cos(90° — p) with p the solar elevation above the horison.

Since the dark saturation current 5, is usually negligible compared to 7, and since
for j=0Oonebas V = V.,,mmmmzq (2)by¢lim.tmg,1.

iminfon (L)1) ®
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Figure 6: Photon fiux for AML, integrated from A = 0 to the given waveleagth. The photon
flux at wavelengths shorter than the bar< edge for CdSe, GaAs, and Si are identified as o, b,

udcmpecﬁvdy;dkﬁephomlui.theuﬁnnlnmmw}\ﬂco.

ThemnnmmpmpomtmbeobtumdfmmEq (6)byoettmgd(jV)/dz 0,
yielding an implicit eqnatnon for Vep:

o= Voo 1o (14 Z), o

which can be approximated® as
v...,_.v..-—-ln(——--z) (8)

By introducing Eq. (10) into Eq. (6), one obtains:

Vomp

J'm’_j M
"~ “1 QV,,' 1 ]

kT

o

+

which can be approximated as

Vo
*T

J'-.,zj.eH Vo' (10)
kT

* A reasonsble approximation is obtained by siting Vimp = Vey — SKT.
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‘This results in a ill factor of

&V —kTh &—2
. FPe (H‘ ), : (11)

Voo +AT

which is plotted as a function of V. in Fig. 9. It is typically about 80% and increases
slightly with increasing Vg. '

MR . e 1
VulV)

Figure 9 Fill factor for an ideal photo diode as function of V.

In most actual devices the fill factor is substantially smaller, usually between 60
75% and only high efficiency devices exceeds 80%. There are several reasons for this
deviation:
e a network of parasitic esistors (see Fig. 10),
‘e deep trap level depletion responsible for a flfactor reduction!®!?,
o the recombination overshoot, discussed in Sec. 8.1.
. 1 TV

R,
ited /\p$na
1.1 B

_ Pigure 10: Simple equivalent cirenkt to explain some deviations from the ideal photo diode
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Figure 11: Influcace of series resistance, shunt resistance, and diode quality factor on an
otherwise ideal photo-diode characteristic.

The parasitic network of resistors in an actual device is composed of series
resistances, which are due to insufficient conductive paths to the external circuit®, and
_shunt resistances, which are due to macroscopic defects bridging the diodet. Such a
network is usually represented by a single series and shunt resistance (Fig. 10).

Both resistances cause a reduction in the fill factor. The series resistance R,
reduces the slope of the characteristics near V,,, and the shunt resistance R, increases
thedopepedommﬂym;..--bwunmll.

A reduction from the ideal shape nesr the maximum power point of the charac-
~ teristic is usually introduced by a diode quality factor A > 1. With the introduction of
R,y Ren, and A into the diode equation

gV___l -1} WY R.’f' - o (12)

i= J-{up[

. smummmmmyasummummmm
the top electrode (based on the three-dimensions] problem resulting in extremely high current
densities near the electrode grid Enes), or insuficient thicknese of the electyodes.

tThmddmmmmhbkhMuhdhumhMm
cxtmdudmwm:hj-uﬁn




one has three adjustable parameters in an attempt to fit experimental data. The influence
of changes in thuse three parameters on the JV characteristic is shown in Fig. 11. »
I is cbvious that such attempts can give grossly misleading indications when the

reasons for the deviations from diode ideality is of more basic mature, relating to deep
trap depletion or recombinetion eversheot. _

- An extensive analysis of the solution curves of the transport, continuity, and
Mm-mdu-ﬁﬂ&ﬁd-“dmdmﬂm
*dmm

‘JMMM"*I‘MI.

. AmwmﬁMﬂhMmdmm

§=i":—;ﬁ . (1)
rEr
py=—LE (16)

[ (o)’ |

$-w (7)

%-w (18)
u=v.=cu..%+..,. for dy<z<0 - (19)
U=U,= ;-"—:i.-;q-..,. for 0<z<d; (20)
& _do-N)  for dy<z<0 (21)

dz [/

\ "‘!h-oddbﬁ’ﬂdh.nym(-ommmﬁuhthmm
when recombining. enly ene doner and scospior level, ne spacial distribation of N,, N,, N,

ond gope). nwuﬂuwhmmm Heze only the general
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‘I’= L ke 05254, (22)
“ |

T=-F (23)

n = 2ncook S (24)

with the relavant parameter values for i lsted in Table 2.

Table 3 Parameters Used for the Silicon Diode.

arameters| N, Ny |  Nn Na N, N,
Values - | 10 | 10 107 10 | 2.04-10' |6.54-10"
Pimensions| em=* | ab~? em? | em? | em? | em?
wameters| mi0 | P | e Pz Bno_ | By
Vaiues | 22 10** 10*¢ 220 1450 490
imensi cm—3 em™? cm™? em™® | cm?/Ve | em?/Vs
arameters| E, Ei—E |te=Cr=¢| vy =0} € T
Values 1.12 0.15 107 | 54-10° 118 300
PDimensions| eV eV cm®s? em/s - - °K
IParameters| d; d; La{p) | Lyn) | Lo, Lp
Values | 5-10-® | 10-? | 6.13-10~¢ |36-10-3{4.14-10"7 [4.14-10"*
i 3 cm am cm cm cm cm
arameters| vp, YD, Vo n? Ta T
Values |6.13-10* 13.56-10° 0467 |22-10%] 10-* 102
imensi cm/s an/s v cm—*¢ s )
arameters| Made | Tpas My My n3 n;
|l Values | o0.188 0.409 0.26 024 |4.84-10"| 1.48-10°
Dimensions| m, m, m, m, em-? em™3 -

Tbetypmhetofnhtwnmforantbuthmdenu(mudeﬂoempbum
the junction properties) is given in Fig. 12.
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Figure 13: Solution curves for a symmetrical thin Si pa-junction device with gop¢ 83 family pa-
rameler; gop¢ = 0,10'7,10'%,10%¢,50%%,10', 10*",10", 10'°,10%,10*", and 2-10*' em~%!
for curves 1-12 respectively. Shown are the distributions of the carzier demsities (A), the gen-
eration rates (B), the band picture (C), the feld (D), the recombination rates (E), and the
quasi-Fermi levels (F) (enlarged scale from C).

sem) -

1 p————

g (p/tam%""%))

Open circui voltags as a function of the optical generation rate; obtaized from the
compstation shows in Fig. 13, The theoratrcal curve b obtained by nsing Eq. (28). computation




Pigure Qigir&n% t distributions in & thin symmetrical Si pa-junction
i&l&fl&cﬂ%ilirﬁog Popr = 0 and

1-10'® em™"%~" for curves 1 and 2 respectively. For higher optical generation rates the shape
o:rogg tion remains the same, the amplitude increases Enearly with gope. :

gﬁlggggﬁgg%«aliﬁg
generation rate. This is shown in Fig. 13: Engg#igl-ﬂgg
v&l?g{%ﬂaﬁgagv This is caused by the recombination
overskoot® near the center of the junction (compare subfigures B and E of Fig. 12). This
recombination overshoot requires a large generation /recombination loss curreat to flow
from the bulk regions to the junction (see Fig. 14). The height of the recombination

, overshoot depends on the device parameters, and its influence on V,, varies accordingly

as shown for variation in the density of recombination centers, doping density and optical
geaneration rates in Fig. 13 for various device thickness or surface recombination velocities.

indicated by the current at = = +4-10~* cm as family parameter. With appropriate
.gacﬁggggganr;

In addition, there are losses at the §§q§§&g§
gong%sgag or /acceptor pairs) due to unavoidable cross-doping.
and at the surfaces due to surface recombinition (with the Enag—agc
velocity 8 2 vy, expected at évery metal surface).

?gv—ng%-ﬂv%nn%ovo%sgc intrinsic
loss mechanism. This causes a reduction of the opén circuit voltage and fill-factor below
Eggi—-ﬂr’- g?ﬁn&o%g%«gigﬂog

c n.«r__un . . .
- ._\..u ..A.Lwnv. (@)

* For any given-optical generatios the recombination rate is larger thas the nﬂa.ia.ou
sate near the junction interface (in thermal equilibrium they are the same).




 thebolecamrent at £ = &y in mA /em®,
reat a shorter device and /ez & mere s |
efiecrive surface recombination. » » »n  J
ab/im-%t)
When (for simplicity) assuming® that most of the minority carriers are collected

from the p-type region, one obtains® (see also Eq. (31)):

i () o () 09
and . . |
j.zj.,._.=.;u..op.m’f =¢;—"i.-.,.m(%) (27)

where ngy and ng, are the optically or thermally geasrated minority carrier densities
and z,, is the position of the maximum of n(z) as shown ia Fig. 19A and B. vp,, is the
diffusion velocity L, /.. When inserting these results into Eq. (25) one obtains

' 1 NN,
V.;"_';(E,—u'h(-n'—'. ). (28)
m&mmmnmo&ﬁhhwd&gﬁwknbhﬁcm
of the predominant minority castier generation (assumed here to be the p-type region):

A N P

* The same sevalts can be obtained in & move rigerous analysis accounting for both, the
p and a-type oide of (he device.




. < . N B SRR e
) .

]
)
oh

2 &M
# (am)

Figure 16: Selution curves of Eqs. (13) - (24) for & symmetrically doped, thuSinhzull,
and for gops = 10" cm™?s7%; curves (s) for N, = 10"’ "hﬁcdhdenuudam(l)
h&m%dm&“mhhmmn‘hﬂ.=m“m %in
the p-type region.

' Another revealing example is shown in Fig. 18 where the densily of the recom-
binstion centers is increased by a factor of 10 in the p-type region of the device only,
resulting in a carrier lifetime reduced by the same factos. However, rather than reducing
the minority carrier density only in the p-type segion by this factor of 10, both minority
carrier densities are reduced by a somewhat lower factor of 8.8. Pamwmdnmlu-

R tion curves for the symmetsic case (same density of recombination centers of 10'7 cm
on both sides) are also plotted in Fig. 16. :

A similar decrease of the minority casrier density, here by & factor of 2.3 (rather

ms)uumdummbmmmmmbm
hdymﬂb.dnvnh!k.l‘l.




Figare 17: ;&olgl'?ncag (s) are repeated), however curves (a) are
obtained or a reduced generation rate from 10”* te 10™ ecm~% " in the p-type region.

These examples indicate that both sides of the junction communicate well with
each other in respect to the minority casrier density, and that non-linear recombination
is significant. The reason for the perfect communication is the continuity of each current
(J» and j,). This communication persists for a characteristic length, the diffusion Jeny :b.
In Pigs. 16 and 17 the device width 1 much smaller than the diffusion length of both
minority carriers, bence we observe perfect communication.

The resulting current voltags characteristic obtained from the computed solution
curves shown in Fig. 18 ace substantially different than czlculated for the ideal case: the
open circuit voltage and the fll-factor ase reduced, the ssturation currest is not®. The

. u.lf‘i"prtarr;l;i%;‘it-.v&wraau'.—»
423 by elgopt,ids + 9078, 24s) fox curve $ In Vig. 18.
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M‘Bnon-n Currest-voltage characteristics for the symmetric Si ssler cell (curves 1), for the
cell with a jump in recombination center densitiss (curve 2) and with & jusmp in generation rates
{curve 3) as given in Figs. 16 and 17. The dashed curves are the ideal diode characteristics
computed for the same values of 5. and V..

iegfgm?gngfiiogﬁﬁgggwgu
to a value substantially Inrger® than 1. In Eght of this discussion the diode quality factor
appears with different significance. The deviations fiom the ideal diode characteristics
occur as a result of the recombination overshoot is the junction. This effect is amplified
bereby choosing a very thin device.

The results given as examples here have significant impact in the design of im-
‘proved devices. For instance, the effect of the recomnbination overshoot can be minimized
by an appropriate choice of the device parameters. The effect of communication of mi-
nority carriers through a junction, however, indicates the need for rethinking of the
design of both electrodes: since every electrode acts like a perfect recombination surface
and a junction does not appear to provide s perfect separation from the active region,
such separation has to be provided by a thicker layer of the semiconductor or by a

. two-dimensional grid or dot-structure of soth electrode contacts, thereby reducing the ,

effective recombinstion surface area. ﬂoiazasgsgggsg
detail.

. Since a comprebensive analysis of the transport properties (except for a few
examples) is still missing, we will now resort to s more general, semiempirical description
in the next section, to categorize the different Joss mechanisns.

* The quality factor is A=1.52, 1.88 and 2.4 for curves 1-8 respectively (see Sgure caption).




o optical losses (reflection, iccomplete absorption and shading effects),
o intrinsic losses (recomlination-relat~d),

o surface related Joases, and .
ogﬁgfa'-—_wg&; i&‘l..mnnl.lnﬂ.&.
%E!‘l%gg '%}l'.nr:lrﬂgiﬂ

reflection to below 5% in the photosleciric active part of the solar spectram of better
solar cells. Jucomplete absorption: (for indirect bandgap material) can be minimised by

. making the celi thick enough, making the back-cobtact reflecting and by Kght-trapping

(i.e., by shaping the surfaces 50 that most of the Eght impinges below the Brewster sagle).

rgsfiv;l.l;gtﬂgag E)s
girig!l’o‘.

and continuity equation® Bl-_nln ’

%?v%&??lseg?gv.&vg&a
?E&.—K‘E%gi&w E?%%v

( 3
l&&n’igrgiﬁo;%rgr;g




current is magligihle, than 2., = d, and =, = d,. The dependunce of o, on sxface
and velume secombinstisns is shown is Fig. 0. :

3.2.3 Driftfeld-Enbanced Carrier Collection. rflﬁni ,
eficiency by introducing a &zift field in the base (neglecting o Sicld ness the back electrode g
~ toreduce back surface recombination) is of advantage for solar calls with & Jow uv product - -
as one can see from the selation between Schubweg L, and difflusion length. For the -
requized L, > L, > n&vﬂoi{;rfii’f




minority casrier generation of

Farin > t (2ara)- (32)

: This condition is Ern’é&ﬁ.ﬂlﬂa&-l&grﬁng

pensated part of the CulnSe; layer in CdS/CulnSe; solar cells with a shifted junction.
A theoretical analysis of the set of solution curves of the set of Eqe. (13) - (24)

o for &-Si is most instructive and i Er&lrgs&'?ﬂl&ﬂo«_—!ﬁ-l

slightly and & beavily %’»&T{

324 bgri?'ErF{? The i-layer can
r«gl'%{ang%frarﬂgu

- ,E%.—n«-ﬂ% Fig. 20. ,

- N P#n
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Pigure 20: Schematics of a doping profile in an’ mip-junction as assumed for the following

The principal set of parameters is given in Table 3 for o-Si. In the following
analysis we will use this principal set while varying one specific parameter in order to
demonstrate its influence on the solution curves.

For boundazy conditions we assume neutral outer surfaces. They are the easiest
8‘??&&5%5&!&%—«2&%9«9&:5&

: gnrogg% ggn&%ﬂnng opu.:.ad:

Ja{d1) = 5p(d1) = Jalds) = 5(d3) = O in open cizcuit conditions. Field and majority
" carrier density at the surface ase chosen so that they approach asymptotically the singular
points at both surfaces (i.e., £ = 4 = 0 in the n-type region, and £ = &£ =0in the

- p-type region). ?aggﬂggggiiﬁosgfg

igg‘iﬁo%%
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‘Table & Parameters Used for the o-Si Colar Cell

Pazameters] N, - N N, N, Ny N,
Valwes | 10V 10t 10°Y 107 | 10" | 10V
Dimensions] cm™® | em™®* | em™? a®iam?® |
Parameters| pyo o L -9 n;e S
Valoes |[6-10"° 10%7 6-10"* 10'* |6-10-%] 107
Dimeasions| cm~* | am—3 am? |am?| an? | am?
Paraieters| N, ‘N, T n? " ne
Values [25-10" [1:8-70'"* | 300  |6:2-10°| 7.9- 10% |1.6- 10°
Dimensions| em=® | em® | °K ‘em® ] an? | em™?
Pusmetens| E, |E—B lco=cm=c|ta=1p| ot | Soptto
~ Values 1.7 0 10-* 107 | 2-10% |2-10"
Dimensions| eV eV cm’s? s |lem ™% em™?
Parameters| &y 4 d> e [ v | % |
Values 500 |5.5-10°% S00 1.7 [2.7-10°) 3-10°
Dimensions] com cm cm — cn/s | cm/s
Parameters| pno Po | Maa | myu | may | m,,
Values 1 0.1 1 0.8 1 08
Dimensions| cm?/Vs | cm?/Vs m, m, m, m,
Parameters| La(p) | La(i) Ly(n) Lo, | Lpi | Lpa
Values | 1600 | 1600 510 130 | 1,300 | 130
Dimeasions| A A A A A A

rumnmrdyadjnued‘nthattbecmmtdmuufulﬁnthe.pprmmdimnu ‘

both outer surfaces.

Por solution curves of Eqs. (13) — (24), we will discuss the sets of n(z), p(z), and
F(x), the potentials E,(z), E,(z), Era(z) and Er,(z), the currents j,(z) and J,(z),
the generation and recombination rate distributions g(z) and r(z). Specific variation of
thnedmbuhmccmumtwefuundeutndmgtbe specific operating modes of this

“solar cell.

: In Fig. 21 a family of solution curves is plotted with the donor density in the bulk
(i-layer) as family parxmetes. At higher doping densities the bulk region is thick enough
wmcuhmﬁdmuvhkbnzﬂandmmﬂy ¢ = 0; bete P(z) bas

- ® The itesation actually iuvolves ali three fres vasiables, n(d,), p{ds), and F(dy), wish
¢ artiicially fixed ot ¥(d;) = 0 (when mmthmpumhul.udm
dizection of lowes x values).
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decreased to very Jow values: bothjnncﬁol;mionsueupnrgtedﬁommhothaby.
substantial center region within the i-region of vanishing field (Fig. 21, curve set 1).

Pigure 31s Solution curves computed for open circuit conditions for an o-5i cell (0.85 ym
thick), with gops = 3-10** cm~%s~! and parameters listod in Table 3. Family paraneter is the
donor density in the center region: Ny = 10°%, 10'%, 10%¢, and 10" for curves 14 espectively.
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The cross-over of n and p nrlnoenrnlvwg'&il & Imajor recom-

. binatica ovarshoot there.

With reduced donor demsity (curves 2-4) the space charge doss ot wenish in an
extended region. R is given in the n-type bulk by n(z) or p(s), essentially fexcept Sor
the very ceater of curve set 2) independent of the doping. This canses many solution

curves (%(s), p(s), r(z), F(z), ju(z), and j;(z)) to become mearly symemetrical®.

?’Erp’;rgiisgrﬂ! a wide minimem (here

' at about 2 wiﬁwlru!r-.&rwfrz < 10"%cm—>. This minimum feld

xgo..orngam.rnlﬁgo and p* regions and on the width of the
. i-region.

?Eaggguégfﬂgﬂs
higher compenssted bukk causes 3 gtﬂi&aﬂ&.%g?ﬂ?
_nasnnnv !—nﬁr.l r‘%lﬁniﬂ%;gb&»

gug !1%5’?.&.«%!?
is’ Bittle-dillerence in the quilitative bebavior from the oét at much amaller dogree of
,ign’noﬁ’;a?zigs amoge

where satisfactory drift ield ussistance can be rendered. When sstimating the Schubweg

“for holes cne recognises that at an average field of 5 kV/cm this Schubweg is only 10%

of the thickness of the i-layer with only %%’g while for electrons it

has reached the thickness of the i-layer, causing already & collection efficiency in excess of
80%. Hence a somewhat unusual situation occurs in o far as & major contribution to the
photo current stems from electrons created in 8 a&g,v%«g?roév

The maximum field at the junction changes Jittle while most of the voltage drop
occurs in the i-layer with a corresponding large change in the bulk field. As a result
of the carrier distribution s slight asymmetry occurs with more of the voltage drop
occuring in the i-layer near the np-junction, while & s somewhat smaller drop occurs near
the no-junction (subfigure H). .

The resulting jV-caavacteristics (Fig. 23) show a less pronounced sloping branch
in the highly compensated case where, at relatively small sevisee currents, the drift
field is already large enough to create a Schubweg in excess of the i-layer width for the

’ carrier Sﬁvﬁrag?ﬁofﬁogv Again, i such pronounced sloping

branch occurs, it may be caused by lesser compensation (curve vo-._ﬁ lower carrier
ﬁoﬁrigﬁog;vr&aﬁor{iﬁﬁ.

The sol:tion curves for the —ot_uoeﬂgalo-n shown in Fig. 4. A
‘substantial difference to the highly compensated case is best seen by comperison of
the field distzibutions (subfigure E). In the lowly compensated case the field rapidly
decreases from the np-junction into the i-layer and only near sero bias or in reverse bias

ggggggﬁgsgagggm&mg, -

Consequently, the jV-characteristic An__: Ew..a»av-rq! a major slopin g A

. >E§§§l?§'\a£\!lf’ml!~.
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Pigure 33: Solution curves for the -5 solar coll a9 In Fig. 21 for the highest degres of
M(mnl)ndwﬂmdm-wm,-ﬂ. -10, —15, —20 and
=21mA/cm® for curves 1-§ raspectively.
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cuzrves 1 and 2 respectively.

In addition, the decresse of n below N; in the i-layer near the np-junction
provides an extended region of constant space charge (subfigure F) and permits the use
of the Schottky approximation (linear field distribution) here, which can be employed to
estimate the minimum necessary bias to reach current saturation.

Intrinsic losses in relation to open circuit voltage are more difficult to analyse.
Previous attempts have resorted to the diode equation, assuming an already highly
simplified model. Only recently?’ was a sufficiently accurate numerical analysis of the
complete set of transport, continuity, and Poisson equation throughout the eatize cell
performed to permit some categorizing such losses. We bave given some key elements of
the analysis in the previous section. They can best be followed when plotting the band
model with computed quasi-Fermi levels as shown ia the previous figures when neglecting
surface recombination (all examples assumed j, = j, = 0 at both surfaces). The
recombination overshoot identified there causes the flow of generation/recombination
currents, hence losses of V,,: the computed V,, is less than the one calculated from the
simple model given in Eq. (28).

Such recombination uversboot is caused by the fact that the minority carrier
distribution in the junction is controlled by the majority carvier, i.e., by the built
in field created from the space charge which is produced by the majority carrier. In
thermodynamic equilibrium, drift and diffusion cusrents of each cassier are equal to each
other (and bave opposite signs) at each point of the device; here generation is equal to
recombination at each point. In steady state (with light) and open circuit condition,
this is no longer fulfilled. The density of minorsity carriers is substantially increased
(ﬁﬁﬁ%ebmdﬂaﬁycurh),wm&yﬁntd&ﬁmﬁq
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howevez, for low compensation (Nuy =

pasameter for § = 0, ~10, ~18, —15, and

i 22
family

for cazrves 1-§ sespectively.

Il;unwlohduumktuoﬂhx
10** cm~") with the tote] current as

~18 mA /e’




carriers, i.e., decreasing the diffusion current of the minority carriers which no longer can
compenssts the &it. The resulting net minerily carrier curreat is now compensated by
a net majorily carvier cusreat, the gemeration/recombination current, cousing a Joss in
V.- ,

This is the minimum unavoidable loss, the magaitude of which changes with the
density of recombination centers, doping demsity and other cell parameters and were
Mmd-!&.(u)h.-qu

hdﬁmhmhm&mmﬁuhemednw
density of recombination centers (do.u/meptwpun) due to unavoidable cross-doping,
and at the surfaces due to surface recombination (with a recombination velocity s ~
Yrmos expected at every metal surface). An analysis of the influence of the surface
W-MM

Losses. We now extend the analysis to an ssymmetrically doped Si-sclar cell with
a%,%hﬂ%ﬁdhﬁﬂamﬁ(h>bﬂmb@em
is not protected from sxzface recombination ot the back electrode. The set of solution
curves is ploited in Fig. 25 for opea circuit conditions. This figure contains a beoken
scale at 2.5 - 10~° cm (ses arrow em top for emphasis) in order to show the behavior in
the bulk, which contains several interesting festures.

-3 = -
<43 0 01 15 25-0°-030 &3 13 35.30° 3.00°°

s (cm)
" Vigure 38; &unmdolngcqnmrkﬂn—dnkcwulmpwnmm‘
tion at both electzodes for gops = 2:10" em~%"3, N,; = m" N3 =10"%cm~?, and ¢ =

107 an"a"

‘nnniutitymdaahybmm indicating electron diffusion to-
mmmthmethjm(uMmc)ud




~ clectron out-diffusion for recombination at the cuter electrode (indicated by the mega-
tive slope of n(z) acer the right cuter surface in subligere A). In the bulk the electroa
density has increased close to its steady state value (§opi7us = B39}, consequently meking
the recombination rate nearly equal to the generation rate and causing there a vanishing
generstion/recombination curreat (subfigures C and D).

Cloeer to the right outer surface the recombination cusrent changes sign (subfigure .

D) where the electron demsity decresses towards the thermodynamic equilibrium valve.
The near-bulk recombination rate decreases below g, creating a net generation rate
to approach U = Ilg&t;&*%gi
increases o d./dz = —dj, [dz = egope-

Because of the large width of the p-type bulkk near the right electrode, a large
current (near saturation curreat for the: assumed optical generation rate*) for each carrier
is accumulated:

() = Ja(d3) = egepeLn = O mA /em®. (33)

This current & gl%ilﬁn%%!ﬂ-

Ja(d3) = e{n(dy) —mF}o = en(d;)el, 9

requiring a density of minority carriers of n{d,) =~ 4 - 10'® cm~3, which is substantially
larger than ths thermal equilibrium density of niS =~ 200 cm~3. Therefore, one cbeerves
-a decrease of the minority quasi-Fermi level near this surface, however, with a remaining
substantial jump
: n{d:)

Epa(ds) - Ep E.FMRP«.&« (35)
The majority quasi-Fi 8.5—#3—-—5’3 aEmnl. E at z = d; due to the negligible
ggagﬂ.qgemb 4-10'° cm—2 compared with the thermal equilib-

rium value of pi = 10!® cm~3, which is necessary to maintain the same recombination
currert of j,(d3) = —3u(da).

At the left electrode the situstion s somewhat different. Only a very thin
layer of n-type material is svailable. dere the minority carrier density continues to
decrease imumediately after passing through the junction. This decrease towards the
thermal equilibrium ~alue occurs as rapidly as out-diffusion towards the left electrode will
permit. This is controlled by the minority castier current now provided from the near-
juncticn region, a current which was accamaulated in the bulk of the p-type material (i.e.,
approximately 35 mA/cm? because of additional recombination in the recombination
overshoot region of the junction). Agsin s jump of the minority carrier density at -
the electrode surface occurs which can be calculated with & relation corresponding to
Eq. (34), bowever bere for boles. The jump is of the same order of magnitude as the

® For simplicity we have here assumed homogeseous eptical geaerstion. In actusl practice
the generation rate decresses towards the back electrode, making this recombination current

~ consider o!«u!-.__anﬁao&nllwr thickness lorger than the diffusion leagth.

t Fsom Ey - E), wu._u—.‘u....b!\"_.!grprr.fl of the majozity
quasi- Q!:Q&gg
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Pl‘u: 26: A: Cross-section; B: Band model of a npp* Si solar cell after Fahrenbruch and
Bube™".

(using an Al back contact with Al-diffusion into a thin layer during 2 15 minute heat
treatment at 500-800°C) one obtains also high current collection efficiencies and achieves
cell efficiencies of typically 14%".

By reducing the thickness of the front n-layer and the density of recombination
centers there and in the pn junction, the blue/violet response is raised and the efiiciency
improved beyond 15%2®. Purther substantial improvements of the current was achieved
by etching the frobt surface to reduce reflectivity and create light trapping (velvet
effect3”) with efficiencies in excess of 17%.

After almost a decade with httle further progress, Green and coworkers?® have
pushed the efficiency of the single crystal Si-cell well above 20% by further reducing
the recombination at the front surface (by introducing a thermally grown Si0O; layer
(Fig. 27A)), by sepasating the front electrode through a thin §iO; layer (Fig. 27B), or
by reducing the contact surface through such a layer (Pig. 27C), thereby increasing the
open circuit voltage to 694 mV (AMO, 25°C). When surface etching is also applied to
reduce reflection aud cause Eght trapping (Fig. 28), Green®® achieved 20.9% efficiency
at AM1 with indication that still higher efficiencies can be expected realistically with

this type of device design.
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Figure 27: The use of a thin Si0; layer to reduce wpper surface recombination (A) and
momhm»ndth(mnlekdude(BndC).MGmud."
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Figure 38: High efScieacy Si solar cells with parivated and structared surface to reduce surface
recombination and achieve light trapping. Deep, vertical contacts (B) reduce shading effects.

Very recently a research group at the Department of Material Science at Stanford
University under Swanson® has further developed the idea of an intedigitated back
contact®® and has been successful to further increase the conversion efficiency of Si-
solar cells by a significant step to 23% afier redesigning the cell geometry radically.
In_conventional cells a fraction of spproximately 5% of light is lost because of grid
shading from the top electrode. Another, not yet specified fraction is lost because
of recombination at the extended back contact. Both Josses can be eliminated or
substantially reduced by alternatingly providing casrier collection via small n* and p*-
type “dots” at the back-side of the device?® with alternating metal contacts, as shown
schematically in Fig. 29°. The actual geometsy of the back-contact can be obtained from
Fig. 30 (the cell is turned around; Kght impinges from below).

* Wih m&ruhﬁmu&bmﬂhd”%mhoﬁchq»l”om”
and recently 27% as 900 suns’.




PFigure 80: Geometry of the back point contacts of high-eficiency Si solar cells after Swanson.*!

The theoretical Emit for the attainable efficiency in Si solar cells depends ou a
variety of factors, such ar
o the speciral distribution of sunlight which varies with the solar clevation and the
composition of ‘he earth atmosphere®®;
o the losses of excess energy due to Eght with Av > E,;
o Eght not absorbed to producs free electzron/hole peirs for hv < E,;
o the ratio of the achievable spread of the quasi-Fermi levels (V,) to the bandgap;
o the fill-factor;




° thﬂ-:ﬁ-c&i-ty;

o the losses due to rellection and shading; snd

o other (geometry related) lossss due to coll defacts.

" Factor

ﬂmituhémdﬁcmmbu.hmbm

potential for improved 8i solas cells afies Wolt**.

19738 solar cells and the




ascounting for sech of the majer Joss facters and arriving at & ber chart for the actual
and for a best prejected device (Fig. 31).
The example of the prossnt best Sieclar call (23% efficiency)®® exceeding the
“impeoved Si solar coll” estimate of Welf indicates the need for careful wpdating of the
) Joss amalysis. This incledes & new evalustion of the solar spectrum influencing the two
; upper bax sepnents snd a resveluation of the Slifscter. The product of the three factors
seems to be & fow percent low fioc’ AMI hsiination (updetes to £2%). The voltage factor
(Era — Ery)/B, spposss to be realistic in the Kght of our preseat knowledge sbout the
._ should be upgraded, beth to 95%. Series sesistance lessss are negligible, reflection and
: shading losses may be a bit eptisnistic and prebebly should ramsin ot 5%. This would
result in & maximam oficiency of 27% at AML. B is, however, ot impossible by further
: i?'i'%grgi!’
- encouraged. v ) , ‘
tr‘ﬂ;ia’ﬁ %gaﬁn%. :
,glﬂnj.f"g%sa@ﬁ\\&rk.ﬁavnﬁu!‘
at a concentration factor of 1000. However, now series resiitamce himitation becomes
27% at X = 900 in Si solar cells™. - ,
How realistic the above given estimates are can caly be judged after extensive
additional material science studies including more woek on Auger recombisation and on
donor-acceptor pair recombination to desigs Si with a high minority castier lifetime yet
with high acceptor doping. Such high dopiag will diminish the effectiveness of the back
surface field, and therefore may require additional steps in device designt.
4.1.1 Si-Material’. Presently there are two trends discernable: to develop and
produce low cost row Si material which is weeful for cells with modest efficiency (in the
10-16% range), o¢ to develop uliza-high efficiency devices izrespective of the present cost
of the zaw material, however assuming thst & reasonable modification of the material
production process could yield the necessary material for such high efficiency devices
without adding cignificantly to the cost.
tplollrﬂg i» wed to produce Si-solar cells. This Si is
made by the Siemens process in & quantity of & fow thousand metric tons/year} at &
price in excess of $70/kg. Several alterastive processes have been studied, capable in
* A mere ganeral estimats of menimal coaversion oficiencieos were obtained by Shockley
t 3¢ bs, howoves, somachabls thet possent best $i-soler colls have appreached theorstical -
Nmit efiiciency sathes closaly. On o difarent nots it should be pointed out that the best currently
&s"o‘t';’wi’l!ggii{
would be nesded for soler culb in 1900 with o tesjected production zate of SOMW/y woeld
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Figure $8: Hemlock semiconducter dichlorvsilane process flow diagram.

producing solar grade Si (a material with slightly higher impurity concentration, but
capable to yield modest efficiency solar cells) at & cost of less than $20/kg.

One of the processes is based cn Silane rectification and is already developed
through pilot (100 mt/y) and production plant (1,200 mt/y) by the Union Cssbide
Corp. Another 1,200 mt/y plant is in coastruction and a 3,000 mt/y plant is in design.
The Sow diagram of the Siiane process is shown in Pig. 32; it is capable of producing
solar cell grade silicon at & cost below 20 $/kg




Anocther process is being developed by the Hemlock Semiconductor Corporation
in the USA and based on the dichlorosilane process shown in a flow diagram in Fig. 33.
The feasibility of this process has also been demonstrated in a process development
unit. The process, howevez, is estimated to be slightly more expensive (35 $/kg) than
the silane process and subject to some autoignition hasard, which can be minimized by
proper factory design (avoiding the storage of dichlorasilane).
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METAL IMPURITY CONCENTRATION somenmd)

Figure 84: Sensitivity of the relative cell efficiency in respect to concentration of typical
impurities in n- and p-type materials used in cell production.

The rationale behind the development of solar grade silicon is the insensitivity
of medium efficiency solar cells (“baseline® cell) in respect to some typical impurities.
Pig. 34 indicates that certain impurities, e.g., Cu and Al in n-type and P and Cu in
p-type material, can be tclerated in excess of 1 ppm without major cell degradation.
Other elements have to be avoided much more carefully (e.g., transition metals).




It is expected that solar grade Si will become available in the near future and,
because of the lower production cost, price elasticity can be expected in due course.
41.3 Si Crystal/Sheet Growth®. Substaatial reduction in production cost can be

Figure 836: Csochralski growth technique and advanced Csochrabki-grown Si by the Hamco
Division of Kayex Corp.
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. ) Pigure 86: Ingot-carting-by-s-heat-exchanger method, developed by Crystal Svstems. Inc.

® Examples listed here contain only material available in the open literatuse.




Figure 38: Waler preparatios from
rods or blocks of Si.
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For instance, in an advanced Csechrakeki growth system of the Hameco Division .

of the Kayex Corporatien, in en automated growth from a 130 kg ingot/cruicible with

2.2 kg/he throughput, 15 cm reds cam be produced yielding 15% efficient solar cells
(Fig. 33).

A ferther cost reduction can be achieved by wsing polycrystalive Si for solar celis,
which show moderate efficiencies in the 8-15% range (typical 10% for large quantities)
l‘.’"&oiorlga 37) snd grain boundaries are

appropriately passivated (wsually by a Hj treatment).>™® Examples are the ingot casting
by Semix, Inc. and the ingot-casting-by-a-hsat-exchanger method of Crystal Systems,
Inc. (Fig. 36). Uﬂriﬂog&%ﬂ‘fﬁg%ﬂ?
The Semix process preseatly preduces 30 x 20 x 15 cm® semicrystalline blocks with 83%
laooul—.—l»n.aru\' The Crystal Systems process produces slightly larger blocks of
xupx-ﬂanlrlrlnval-a—nilsglsrvaulﬂ.

g‘lﬂn@ ililé&gs

» - lﬂluln!nl-cll- n’i&.ﬂ"’%—ngg%

All of these rods or blocks need to be sawed into thin wafers. Several methods, as
of 17 wafers from a 15 cm vod aad 20 walers from a 10 x 10 cm?® cast block per cm
{log&gl:l&\l%ga yield. The finished wafer
area per kilogram of ingot is 0.7 and 1.0 m?/kg respectively. Sarface damage due to

. - _the sawing requires substantial etching to remove these damaged layers. The resulting
material losses are additional cost factors which present a substantial handicap to the
sbove Ested methods.

Major advances can be achieved by direct growth of Si-sheets. Several methods to
produce such sheets are being developed; some results are availsble in the open Eterature
and are Ested below.

?o&?&ig%igv&vn?gggﬂ
Corp. has achieved a respectable 40 cm? /min growth of 10 cm wide ribbon, simultaneous
multiribbon growth of 8 ribbons @ 10 cm width or § ribbons @ 5 cm width with 0.15 mm
sibbon thickness and 80% yield of cells with >12% efficiency (Fig. 39A). More recently

nonagon growth technique was developed in which a hollow, polygonal shaped tube
of 150 mm diameter is grown with nine flat sides, each one 50 mm wide and 0.3 mm
thick and later cut into rectanguler blanks (Fig. 40). These nonagons can be grown to
an impressive ight (Fig. 41).

?glig&seaﬂngg can produce
. ‘—ua\ﬂrnﬂ! fgggg{g{g?ﬂo
-nrl-!— —P’v?gl&ﬁ- ?gtﬁng!«r%







Pigure 42: Deadritic web silicon ribben progress from 1968 to 1978 in Westinghouse Electric

Co. pilot plant.

Table & Dendritic Web Development.
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There are other methods to produce directly mm.-ro&u-—ainconﬁ somewbhat
earlier developmental stage. For instance a Si-on-ceramic pick-up from a liquid surface
developed by Honeywell produces sheets of <0.lmm thickness and cell efficiencies of
10.5% (Fig. 39C) with & growth rate of 60 cm? /min.

Another method is being developed by the Eaergy Materials Corp., in which a
crystal sheet i picked up from the meniscus of a Si melt (Fig. 39D). This method has
achieved a much larger throughput of 430 cm? /min, but at a lazger ribbon thickness of
cbagziaa\gwsmnﬁrsanr&:g Best achieved cell efficiency

is 12.9%. Still another method® (Wakefield patent) uses liquid silicon poured over a

uvﬁaﬁnivo«:w..n 39E) and achieves 0.25 mm thick and 5 cxa wide sheets at a rate of

15 m/min Best cells made from such a sheet bave 9% conversion efficiency.

Other methods are vigorously being developed and judged promising by the in-
volved industry. It can be expected that with further snnr-aaao«o_ovﬂ.g an
improved production reliability (acceptable yield) can be achieved snd increased effi-

ciencies in the 17(+)% raage can be obtained in & 88&083!&5838& izonment. .

“The state-of-the-art in Si-sheet technology is summarized!’ in Table 6.
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4.1.3 Cell and Panel Production. Cell and panel production contains a large
Eﬂ&l{g&hgli’ni;g&ﬁl%
tion (reduction in steps) ond automation are being developed. A typical example is given
in Fig. 43 for the conventional and for more advanced production sequences containing
some cost estimates in 1980 dollars.

Recent &558—8&89«2&%9«%5&&5
overall process yield. They also include further improvement in Equid-dopant processing
and in thermal pube diffusion to produce simultanecusly the np- and pp*-junctions.
Laser annealing of jon implanted dopants and microwave powered plasma systems are
used, Egssgaﬂgvisgsgggamzv New

‘means to produce the top electrode, including laser pyrolysis of metallo-organic liquid )

flms*® (Fig. 44) at the cell surface and printing with newly %gan..z?
m&:ﬂrnﬁa.—««o—aﬂ&?cgn;&erg&mua&nr 3 pm). New inter-
gﬂnn:.-n!_g c equipment wsing ultrasound is employed. A double chamber
vacaum lamination is llm Purther development of satomation in cell production
(Fig. 45) is in progress.

78°C
FOCUSED LASER SPOT DECOMPOSES SPUN-ON Fa M
METALLIZATION PATTERNS ARE FORMED BY DIRECT WITING

‘Figure 44: Laser pyrolysis of Spun-on metallo-organic flm. -

An illustrating example of two different cell and panel assembly methods is given

" in the flow disgram comparing s recent Solarex and Westinghouse precess starting from -

polycrystalline walers or from dendritic web ribbon respectively (Fig. 46).

The economic development om.ro!omsr‘emﬁsa%oﬂmﬁﬁ oro_nn
12 years is impressive and can be cbtained from Fig. 47 for the example of Czocralski

grown Si.
| Fig. sgsﬁaﬁzg%glg!g&in 5 -

gives some sample panels as they evolv: !:non:ro.l._w gesor-ggav




Pigure 45: Automation of wafer treatment by TRW.

- high packing density and improved edge to edge efficiency (presently up to 12.6%).
Overall further development it in progress and a “Strawman” process analysis predicts
feasibility of & 28/W low cost cell and module fabrication, and, whea fully automated,
a possible 0.758/W cost (in 1986 dollars). .

The updated goals established in 1983 of bigh efficiency 15% Si modules at a
cost of 903/m? with 30 years deployed panel life svem to be realistic, altbough not
- without additional effort in research and development, but not requiring a technology

breakthrough. |

The trend in the development of commescially available Si-solar cell panels is
chownh?ip“whkhckulynhowthcmljwadvmuh&ndduﬁn‘tbchndeadc,



Figure 46: Module experimental process system development unit.
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Figure 49: Development tread of commercial Si solaz cell panels during the last dmd_c.u

) most significantly in sales price from an average of 308/W in 1975 to 5$/W in 1985 (all -

. in 1980 dollar}, module efficiency (edge to edge) from 6% to 10% average, and -packing

: factor from 55% to 85%. Significant fusther progress is expected when high efficiency

3 cells will be used for production units, boosting the persent average 11% encapsulated

-, cell efficiency potentially well above 15%. A variety of solar cell modules as they became
: . commercially availeble during the last 10 years is shown in Fig. 49.

. Iu sunimary, there is no doubt that the present achievements in thick sheet Si-
solac panel technology will see major improvements during the next few years in terms
of panel efficiencies and further significant reduction in panel cost. An idea about a-
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possible price development for large scale procurement (1 megawatt) may be obtained
from Table 7%,

Table 7;
7984 1986 1990
Modules 600 400 150
Balance of system:
Power conditioning 050 030 020
Racks/mounts 100 050 040
Wiring 620 0106 010
. Installation 100 050 040
Engineering/profit 130 0260 050
installed system 1000 6.10 310
I - ".“‘ .;:;.?:,If
2-Si i e /./
.;EIO‘F !//:9 o
s 7 .Onoader
‘_’ /./ 7 diftererce
f /‘//
3“’ 7 | 5
§ 7
% /
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Figure 513 Optical absorption coefficient of o Si in comparison with microcrystalline and
single crystal Si after Hamakawa*?.
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4.2 The Amorphous Si-Cell.

Aubunhdwdtbemueﬁmyofdncdhumudbymg
amorphous, hydrogenated, or Suorinated Si as the active cell-material*®*t. It has a
much steeper optical absorption edge (bebaving ke a direct band-gap material) at an

energy (~1.7eV) wbnchnbettermﬁdndtotheopﬂulspecﬁmofnnhgbt,ushm
in Fig. S1.

The amorphous silicon layer can be easily deposited on a large variety of materials
acting as the base electrode. Such materials can be thin layers of stainless steel or
pdyimﬁeﬁhn,wﬂdwddwﬂhﬁmwm(mdmm&m 15 —.
- 40 pn) snd may be used to fabricate (Bexible) very light weight monolytic photovoltaic -
modules with the best currently achieved power-to-weight ratio of 2.4 kg/kW.4%

The deposition is done in & gas discharge and permits via changes in the gas
composition a rather simple change in doping and chemical composition of the deposited -
layer. It requires typical deposition temperatures of 200~300°C, i.c., temperatures which
_ are low enough for c use of inexpensive scbstrates: The band gap can be changed
_ between ~ Tand 2.8 eV by changing the host material from S$i to SiC, SiGe or SiSn, using
mixtures of Silane and Methane, GeH, or Sn(CHj),, ot similar fiuorinated compounds
with possibilities to produce stacked cells, super lattices® or window layers with relative
- ease.

Only ten years ago the use of amorphous Si of efficient (>6%) solar cells was
~shown by Carlson and Wronski®’. Consequently, the development of such cells with
higher efficiencies proceeded rapidly (Fig. 52)

- The amorphous silicon can be made n- and p-type by doping, similarly to cys-
talline Si. However, the a-Si sohr cell is disﬁnguuhed by menl pnnapnl features from
the crystalline Si cell:

e it is about lMumathmnernncemMphoneoeﬁmtnmbsunudly
higher,

o its main region of generating minority wnm contains a substantial electric ﬁelu
(~ 10* V/cm) to assist collection,

o 1ubandgapliudooettotheopummnnlue(x.e nwlseV)fotsohrenerg)
conversion,

o however, the carrier mobility is < 1 cm?/Vs, i.e., only ~1/1000 of the carrier
- mobility in crystalline Si, and

o there is cell degradation which requires careful development of commercially viable
solar cell panels.

® Alternating this layers (typically 10-50A) of different composition. As an example of -

- such alternating deposition, higher and lower band gap o-Si was deposited as the top layer of an

0-Si solas cell,*® thereby incrensing the effective band gap to 2 ¢V and its conductivity, causing
_an increase in V,, by 50-70 mV.
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Figure lis Development of the a-Si solar cell during the last 12 years.
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Figure 83: Band model of & highly efficient thin-Slm pin amorphous Si solar cell (A) wiik
space charge (B) and field distribution (C).




4.2.1 o-Si Solar Cell Operation, Losses and Degradation. The higher efficient
@-Si cells are pin-cells which have an extended i-region interfacing the po-junction. Most
of the Bght is absorbed within the i-region {Fig. 53). The conversion efficiency of such
cells exceeded 10% in 1962 (Cataleno et al.**) and presently Ees in the 11-12% range for
_a pin-a SiC/a Si heterojuaction cell of 1 cm? area®® (the o-SiC abo acts as window).*®
'hhemﬂywbachiudﬂxiﬁcimyuuﬁphhm-edl (see below).

The low carrier imobility (x, < lem?/Vs, g, < 10~ 2cm? /Vs) requires drift-field
mwd&twdt&m“'bdmmddn&edcnud
a thickness of 0.5 um, since typical ifetimes are < 10~7s for electrons and < 1053 for
boles, indicating a diffusioc length of substantially Jess than the width of the i-part of the
cell (5-10~%cm). With F = 10° V/cm in a higher compensated i-region one estimates a
Schubweg for electrons,

L, = paFr,, (36)

which exceeds 10“unfotr.>10"|,ndthctdonpmmduumfotmhmnet
collection (see Sec. 3.2.3).

- . p i n
- J > ' '
NP (o T~ Y Dark
by — A I :
- o I d ~o :
14
' v
Ji1=Const JulVv)
Xuminsted —7T  IBummated
(s) Crystal Solar Cell {b) Amorphous Solar Celt

Pigure 84: Current-voltage characteristics for a crystalline (A) and amorphous (B) Si solar

The penalty for such drift-field is a sloping current-voltage characteristic with
reduced fill factor (Fig. 54). The observed highest values of V. ~ 0.81 V, j,. =
19 mA/cm?, and FF = 0.7 are respectable in the light of this discussion. Typical
material and deposition parameters of a-Si:H cells are listed in Fig. 55 (after Sabiski®?).
For major furtber improvements in cell-efficiency a redesign of the cell is indicated, as
indicated below. -

Presently two effects seem to counteract each other: increased compensation in

the i-layer produces a higher field resulting in an enbanced collection efficiency, but
" probably reduces the minority carrier hifetime due to enhanced recombination by dosnor
acceptor pairs (compensation effect). Au incresse in minority carrier Eifetime, bowever,
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Figure 5s: Typical material and deposition parameters.

e

w
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Figure 86: Light trapping by using rough surfaces and back urfue reflection to increase the

‘collection efficiency of a-Si cells.
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for which the optical absorption depth is Jarger than the active cell thickness. Light

Gi!%!?i.r%‘g&rl;ggn«u
(as indicated in Fig. 56)- :

Wronski®, the decresse in cell efficiency in time is a function of trestment and doping and
sally. ) to
and boron to decresse degradation™*7 was already indicated in 1982 (vee Fig. 57).

A ) L A | U A A '] | T

........

PFigure §7: Accelerated eficiency degzadation of & pin-a-Si solar cell with eptical radiation
of AM1 spectrum, but -Slaxnlu. sormakised.

The degradation is probably based oo several mechanioms, the most important of
which may be described as photochemical reactions. These seactions are thermally acti-
vated, need Egbt to become active, and anneal out in tie dark (accelerated st elevated
temperatures). Hence, continuous illumination at clevated temperatures and light inten-




sities produces accelerated degradation® and permits a comapressed timescale research of
the degradativa mechaniome. The application of an appropriate time expansion factor
peimits some estisnate of projicted feld Ke.
Mm-“‘&mmmmw
wmmmm&m-bmm-
ters, thereby reducing carrier (and mimesity carrier) Efetimes, hence decreasing photo-
m,ﬂ,whmﬁnw,&mm. This catses first a
reduction in the fillfactor, since nesr V,, the i-layer field is not strong enough to produce
a sufficient Schubweg:- With fatreised reverse bias, again, even with somewhat reduced
minority carrier hife, most of the photogenerated excess carriers can be extracted; heace
the saturation current is caly shightly reduced. .

With an intentionally reduced spreading of the quasi-Fermi levels, a less severe
redistribution of carriers occurs; therefore photochemical reactions are reduced and
degradation is less severe.- This secems to De one of the reasons that present commercial
cells (wsed as power source for calculators, watches, etc.) have satisfactory Efe when -
expmdmmmnhnﬁyndalymdyhnm-nl@t.

v

Figure 88;: Stacked a-Si solar cell with varying band gep (largest towards the light) achieved
by alloying Si with C or Ge; n*p* tunaeling interconnects the stacked cells.

* But not necessarily larger degradation since the annealing is also enhanced at elevated
temperatures.

1 One therefore also observes & reduction in the dark conductivity.




Another prom:sing way to reduce the spread of quash-Fermi levels in each indi-
Mﬁn&mﬂdﬁnﬂe&b”)(’ﬁ.ﬂ)%mﬂl&tw
of kfe expectancies have been reported in such multi-gap colle®*). A large body of
research papers appear in the recest proceedings of the IEBE Photovoltaic Specialist.
Conference®?~"2 | which indicates in addition to a sensitivity to doping, temperature and
Eght level also a semsitivity to material i-layer thickness, as can be expected from the
change in defect structure during these photochemical reactions, hence inducing changes
in the space charge dinsity, camsing in turn changes in the built-in-fields and therefore in
the cell performance for insufficiently compenseted wider cells (see Sec. 3.2.4, Pig. 24).

The recent progress in the development of stacked, multi-gap cells has sparked
lmdopﬁliunhth&sdnal'ﬁmbnﬁeﬁmcusmm
- of 15% and Efe expectancies i excein of 10 years in field deployment”. -

Government sponsored fundamental research activities for further development
of the o-Si solar cell and the inveolved ressarch teams in the USA are Ested in Table 8.

Specific industrial involvement in this field with goverament support is Ested in Table 9
(pupuadhy&hl&yetd. recently™).
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by the US Government. :
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Table &t Amorphous Si Partasrships With
US Goverament Support.
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' 43.2 Production of o-Si Calls, Economical Aspects. The production of the
a-Si cell 28 & thin-Slm cell is rather inseasitive to the substrate structure and can be fully
automated. A typical cell crom-section of such cell is shown schematically in Fig. 59.

Figure §8: Cross-section through
- o typical o-Si solaz cell.

A schematic of a production line is shown in Fig. 60, and for a partial view of
an actual line in Fig. 61. Using & variety of substrates, from stainless steel to polymide
films*! to bybridisation on already formed units such as roof shingles (Fig. 62), bas the
potential to reduce the balance of system cost to highly attractive levels.
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Pigure 61: Actual production line segments of » roll to roll fabrication at Sovonics.
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Present opezation of production lines in ssvezal companies has entered a learning
curve which promises » high probability for full-scale commercialisation after freezing of
an attractive long-life-expectancy cell design with o reascnable efficiency (~10%).




Figure 64: Amorphous Si pnth Vlor commercial appEcations. (Sovonics)

It is therefore expected that the a-Si cell production line will swiftly expand
from the present consumer application market (Fig. 63) to the larger scale solar market
(Fig. 64) which is  presently dominated by the crystalline Si solar pauels.

It is also expected that the ptoducuon cost of these solar cells can be reduced to
below 0.5 $/W (1985 dollars).

4.3 Other Promising Solar Cells.

Some of the inherent limitation in the present generation of crystalline and
amorphous Si cells justifies vigorous further development of alternative mat-;ials. These
limitations relate to

e a too-low band gap in Si, limiting its maximum efficiency, »

o the indirect gap optical absorption, requiring a rather thick crystal sheet of Si,
o the low mobility of both carriers in a-Si, and

o photochemical reactions at room temperature in a-Si.

Other materials, such as GaAs and CdTe, have advantages in respect to the
above listed limitations, suggesting the potential of bigher efficiencies and extended life
expectancy for homojunction solar cells made from these semiconductors. However, both
compounds contain elements of very limited supply (Ga and Te).




Figure 68: Variaa 1000x concentration medule with GaAs cell

- The present developsnent of GaAs is justified since it can be operated at higher
tempesatures and high Eght intensities making the cell attractive as & receiver is con-
centrators with concentration ratios up to 1000 (Vazian) — see Fig. 65. Presently best
GaAs cells achieve a couversion efficiency of 23.7% ot 209 suns™ and of 26% at 753
suns™. A cost comparison™ shows that such GaAs cells with an efficiency of 25% can
cost between $3.50 and $10 per cm? to support an array cost of 1.308/W, while for the
same array cost the price of Si concentrator cells of 20% efficiency must be reduced by
a factor of 12 below the above-projected cost for GaAs. The present state of the art
mmnmﬂhdmyﬁddubphnwtwﬂ/Wmhwmﬁy 17% of
the subsystem cost allocated for the solar cell”®.

mwmmmm.uﬂemmmw/cw
cell is reported by Hamaker et al.”” at 26% in a concentator deployment.

The development of thin-film GaAs is another posibility if surface and grain
boundary pessivation can be achieved. A high recombinstion velocity at these surfaces
is & major drawbaeck of the GaAs. This is circumnavigated by using ax Al Ca;__As
window on top of highly efficient single erystal cells. A very interesting approach is the
double heterostructure of two AlGaAs/GeAs cells on top of each other,” which achieved
23% efficiency at AM1 with j, = 25.3 mA/em?, V,, = 1.05 V and a fillfactor of 87%.




Presently thin-film polycrystalline cells bave a disappointingly low efficiency while thin
il single crystal cells still require a GaAs substrate (epitaxy), yielding 20% efficient
cell~ or, being thinned by etching, require a thickness of ~ 70 pm with efficiencies in the
167, range..

Figure 66: Schematic diagram of
the CLEFT process illu..trating the
separation of the thin top all frox:
its reusable substrate aftes Fan «t
al.”. .

A potentially interesting =pproach is a process known as CLEFT (cleavage for
lateral epitaxial film transfer). Here lateral growth on a propesly oriented, mostly masked
GaAs substrate can be used to form GaAs sing)s crystal sheets which cai easily be cleaved
from the substrate {Fig. 66) after it is bonded to glass, and cells of 17% efficiency with
only 5 um thickness have been produced™.

Recently studies begun of & GaAso.75Po.3s solar cell, ohich could become an
interesting partner in a stacked multijunction cell. The achieved®® 15% efficiency is
encouraging.

- As a direct band-gap material with a high electron mobility, GaAs and some
othe: III IV compound materials bave sufficient potential to warrant further research and

development (see the numerous papers in the Proceedings of the 18th IEEE Photovoltaic
Specialist Conference).

The CdTe solar cell is another, potentially highly efficient cell which, as single
crystal cell, bas already shown in excess of 13% efficiency. The Kodak group has reported
10.9% efficiency for a polycrystalline thin-film Cd>/CdTe device at AM2 while, for a
slightly thickes, sintered CdS/CdTe heterojunction celi, the Matsushita group®’ reports
an active area efficiency of 12.8%. (See alsc zef. 84). Problems wiib a rapid development




of this cell relate to the difficulties to make & highly p-type material and to produce good

ohmic contacts on the p-CdTe.
Ancther II VI solar cell is the Hg,_o,Cd,Te cell which has recently shown a
promising 9% eficiency®®.
. FA LSO.MM
»ype 24 pm Deposiied st 200°C 1%-I% in-doped CaZnS
05 1Spm —__Oeposted 91 200°C Undoped hegh-resstienty CaZnS
1-Ipm Depossiec 450°C High-resistwity (low-Cu) CuinSe,
-3 g Deposied 350°C - Low-resstwity CuinSe;
03 w2222 NPT RT LT womenss oo matel bock contact

FPigure 6%: CdS/CulnSe; solar cell structure developed by Boeing.

Other posssbilities snclude Aeterojunction cells, such as CdS/CulnSe;. Such a cell
was developed by Michelson et al. at Boeing Aerospace Co. and yielded 11% conversion
efficiency. It is deposited by eveporation of the components in a multi-layer thin-film
structure (Fig. 67).

This structure has the potential of obtaining cell efficiencies in excess of 15% and
excellent long-term stability®3.

Other materials which have been studied to some extent in respect to their
photovoltaic capabilities and have shown conversion efficiencies in excess of 1% include
Z03P3, Cuy0, CiSiAs, CdSe several copper-ternaries and a number of heterojunctions,
including CdS/Cu3$ and CdS/InP.

A list of US government sponsored research projects in the field of polycrystalline
thin ilm solar cells given in Table 10 indicating a wide variety of activities®.

By far the most attention received the CdS/Cu3S heterojunction in the recent
past. This sor good reasons: the topotaxial growth of the Cus$ into the surface layer
of CdS provides the most intimate contact and guarantees a compatible crystallite
structure. The field limitation in illuminsted CdS due to field-quenching®® prevents
tunneling even for relative high density of impurities in CdS. The almost liquid Cu
sublattice in Cu;8 permits annealing even in cold winter nights of defects in Cu,S
created by ion diffusion during illumination. Ample availability of raw materials and the

ease of fabrication indicate feasibility for very low cost production. The possibility fo:
) passivation indicate feasibility to permit inexpensive encapsulation. Initial hesitation to
restart further intensive research and development was overcome when cell degradation




Table 10:
Polycrystalline thin film research sponsored by the US
goverament (after Zweibel et al.*). "

Swuchure (substiate} Deposiiion Methed® Soct Reported EMiciency  Group Comments
C4...20,$/CuinSe, Mo/{sluming) Open-bost evepessiion 11.0% (12.5% sclive ores) Boeing  25°C. Xemon. 1 e’
CeS/CutnSe,/MoNsluming) Open-bost svaporstion n*% SEN SERI Stenderd 7 -
©ES/CutnSe,Mo/piese) Ehusion ooll ovepersiion nm ec 28°C. 0TS mWAm ELH
C4S/CutnSe,Mo/igless) Reaclive magnetven sputiering e .t:::”h 20°C, 075 mW o ELK .
ZnO/CESCuinSe,Molgiess) Clechodapesiion (Cu )/ Se wow) 'SET
CeS/CuinSe, " Wiigraphtie) Solution {Cu in)esieninstion (new) Poly Solee
ITO/CutnSe)/W Eleciredeposition ow) Weizmann
CoS'CuGa,in, Se,/{gless) Open-bost evaparation 7.2% Boeing  SERI Slenderd
CIS/CuGase,Naluming) Open-bost evaperntion 2 SER 25°C.EAM
(9093)/S00,7C4S 01 C0/C4. .20, Te  Close-spaced subiimation 8.2% **(CdVe) MU SER) Standerd
191035)/$n0,/C4S or CHO/C4, . Zn.Te Chemicol vaper deposiion (CVD) new) sMy
170 or CE$/Cd..2n,Yo/{Wigraphlle) CVD 8.2% (x = 0, CéTVe) sMy 23°C,. e\

CES/CaTe/igraphite) 10t well vacuum eveperaiion ™ Swntord  25°C,EAM
-(TO/CES/Ce, Mg, Te/(gless) Efusion coll evaperalion [V S ®C 2°C. 07 .S mW e ELH
{giess) ITO/CES/CaTe EMusion coll svaporetion (mew) %C
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could be controlied by avoiding copper pbase segregation from the Cu;S. This was
achieved using a graphite interlayer, and by avoiding needle-like protrusions of Cu,$
(hence excessive fields) by a modification of the etching process of CdS before Cu,S
formation®®.

The reason for the most recent discontinuation of the CdS/Cu3S cell development

(SES, Inc. in 1982) was the relatively high interface recombination which seems to
prevent conversion efficiencies much in excess of 10%.

It is, bowever, not impossible by a redesign of this cell to reduce the interface

recombination and consequently arrive at a potentially very attractive thin-film solar
cell.

Finally, the trend to develop higher efficient cells has sparked several researck
efforts to stack cells of different band gaps on top of each other with the goal to approack:
30%% conversion efficiencies. Even though the net benefit from the added cell is expected
to be of the order of only 10% or less, savings in the deployment structure could make the
effort cost-eJective. Careful matching of cuszents and of certain intrinsic cell parameters, .
such as the lattice constant (Fig. 68) and the electron affinity limit & two terminal device
in material selection. Four terminal devices are more flexible in design and may be
more promising to surpass single cell efficiencies, however, have otber problems in array *
interconnection.




Substrates: GaAs L4 Gt nSd

Figure 68: Band gap vs. lattice constant for numerous I V and II VI compounds indicating
reasonable match for four groups of materials. Solid solutions of one of the components offers
an intermediate band gap. Desirable band gap combinations are skown as Ey, ... Eg,.

Stacking of AlGaAs/GaAs on top of Si bas resuited in 22% coanversion efficiency.
The progress is slow as the combination of two cells poses many technology problems
due to interrelation of treatments®’. The most promising multijunction solar cell com-
binations are listed in Table 11.

Table 11:
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4.4 Commercial Markets of Solar Panels.

As the first introduced commercially awailable solar penels, the Si panels have
become the panels with by far the lergest share of present deployment. In the following
section we will list & number of examples for such deployment.

A target scale for a break-even cost of different photovoltaic modules is given in
Fig. 69 indicating different interim markets and final, very large scale applications. An
instructive and typical entry scenario is shown in Fig. 70 for a sizable interim market
for solar panels replacing diesel driven generators. It indicates a cross-over in the 5 to
11 $/Watt range dependent om installation and fuel coat and shows an attractive market
potential for present-day technology. '
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Figure 69: Break-even costs for .
various photovoltaic spplications®’, Camtoel srotion (Minmmi)
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Figure 70: Eaergy price comparison®’ between 1 kW photovoltaic continuous power system

and diesel drivea generators reflecting fuel prices of #60/gal and $1.50/ga: (lower and wpper
curve).

H ol

‘The market developed rapidly from only a few kW deployed in 1974 to shipments
of more than 25MW :n 1984 with the following distributions:

Remote Deployment 8MW
Consumer Products ™W
Utility Grid Power MW
Off-Grid Power MW
Government Use MW

Presently a total in excess of 100MW of Si-Solar cell panels are installed, providing
ample experience of marketability and performance and offering the basis for a broader
public awareness.

A recent summary of the present photovoltaic technology and a breakdown of the
1985 production figures was assembled by Maycock and Strivewald (Table 12).

A list of the present active photovoltaic cell manufacturers is given in Table 13
(reprinted from Alternative Sources of Energy, May 1986, Vol. 81).

Other industrial firms and institutions actively involved in photovoltaic research,
development or commercialization are listed?! in Table 14.




the Different Si-technologies.

Table 12: Present Photovoltaic Production Figures for
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Teble 18: Industry Worldwide Involved in Solar Cell Development

and Commercialization.
AEG Corp. Heliodvinamica SA. Rsubishi Elaciic Sol- " snemtors
Route 22 PO Box 8085 Corposstion Si. e Pylud.
Sommervide, NJ 08876 01051 Sao Paulo - SA. Rars Works 151 Luong Choan
AEG-Telofunken Brazni 1-1, sukaguche Honmachs Singapore, 1955
AT, 2000 Wadel Hosan Corporation 8Chome. Amagasak. Sotartherm Inc.
Germany 2 Nesh 1-Chome. Hyogo. 661 1315 Apple
ARCO Soler nc. Ksa 30 Jepen Saver Spnng MO, 20910
9351 Deenng Ave. Cnuo-wu. Sapporo 060 Photowan Solavok
Chatsworth, CA 91311 Japan mu- insernasions!
Acurex ; intorsol Power rEmpereus PO Box 2934
Mountan View. CA 94042 H"usn' w c:ba;;a France SOLEC international
Apha Solarco Lakewood. i 12533 Chadron Ave
1014 Ve St teotoron SA. Heoewa 1 Hawmorme. CA 90250
Suse 2530 Okonas Comme B-1511 Haaingen Solenargy Corp.
Cnonnat. OH 45202 Comandante Zorta 13 France 17t Memmac St
Applied Ressarch Center Madnd 20 Polycrystaine Woburn, MA 01801
100, Dasvciwgaste-Machs Soan Siiicon Technology Corp. Sovonics Solar
Monguctwsh. Osaka JW. Yorkes 1819 S. Dobson Ra.. . Syswms
Japan indusinal Design Dobson Ranch 6180 Cocivan Rg.
Applied Solar 273 Thompson Ave Mesa_ AZ 85202 PO Box 39608
Energy Corp. Chatsworth CA 91311 Pragma SpH Solon. Ohwo 44139
15251 E Don Jukan Rd. i Chemical Via Manno Ghetaick 64 inc.
Cay of industry. CA 91790 indosty Co.. 130 100143 Rome 12500 Gladsione Ave
8P Solar Sysiems 2-80 Yoshudacho Naly Syimar. CA 91342
Aytesoury Vale 1-Cnome Sanyo Electric Springborn
Incustral Park Hyogo-ku. Kobe 652 Company Lid. Laboratones, inc
. Stockiake X Electronic : . Amocion Dept S Coip.
GB-Aylesbury. Metals Co.. Lid. 2612 222-1 Karmwnazen, PO. Box 1396
Buclnghamswe Shinomyya Sumotor-stw Hyogo Carbondale. CO 81623
Englana Muratsuka Japan Suntronic/Sotar
PO Box 3999. M58843 Japan PROIOVORMCS Dwision PO. Box 60 53 44
Seatve, WA 98124 K 282-1 Haphams 0-2 Hamburg 60
PO Bor 177 iematonal lnc 4 by En-,'w
0. Box 8611 Baiboa Ave Kaskatssurageoun Tideland
Prnceton. NJ 08540 San Dwego. CA 92123 Nava 63921 Japan Pry. Lid.
2103 Mannix Chwba Sakura Plam Sekiyv, kk. B:o0kvale, N.SW 2100
San Antorwo. TX 75222 Sakusa Dar3 Kogyo 7-3. 2 Cnome, Maruno Austraha
Energy Conversion Dancn Crwyoda-Ku. Tokyo Utility Power Group
Devices Osaku 1-Chome Japan 9410 De Sow Ave.,
1675 W Maple Rd Sakura-sh Siemens AG, Um G
Teoy. Mi 48064 Cniba-Pret. 285, Posttach 100 Cnatswonh, CA 91311
Entech Inc. Japan D-8000. Monch 1, Varian Associsies
1015 Royal Lane Martin Marients Corp. Wes! Germany 611 Hansen Way K 219
PO Box 612246 Solar Energy Sysiems Sikcon Sensors Inc Palo Ao, CA 94303
OFW Axpont. TX 75261 PO Box 179. Highway 18 Eas! Westinghouse
E- s M.S 60450 Dodgevie. Wi 53533 Esectric Corporation
P.O Box 226118 Denves, CO 80201 Silonesx Inc. Advanced Energy
Daras TX 75266 Matsushits Batery 331 Cornetia St Systems Division
Mouni & Red Hi Roaos Soia Banery Piar: Solar Celts Lid. Pasburg. PA 15236
P.0. Box 3030 21, Maisushia-Cho 3327 D Manway Zontec BV
Lenn, PA 19052 Mongucr,.. Osana 570 PO. Box 1025 Lage Dwk 26
Fuj Electric Co., Ltd Japan Burington, Ontario NL-5700 AA Heimond
New Yurshucho Bidg. Mobé Soler Canads. L70 350 Beigum
12-1 Yuwakucho 1-Chome, Energy Corp. Solerex Corp. Zymet Inc.
ky 16 Hickory Dr. 1335 Prccard Or. 33 Cherry Ha Drve
Yokyo, 100 Japen Waltham, MA 02254 Rockvile, MD 20850 Denvers, MA 01923
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Table 14: Solar Industry Related to Photovoltaic Commerciakization.

USA

AAIl Corp.

PO Box 8767

. Dalitmaare, MD 21204
(%01) 628-3481

Abecus Coutrols, Inc.
PO Box 893
Somerville, NJ 08876
(201) 526-6010

AFG Industries, Inc.
PO Box 929
Kingston, TN 37662
(615) 245-0211

American Power Conversion Corp.
89 Cambvidge St.
Burlington, MA 01803

(617) 273-1570

Arctic Cold

3 Ol Windsor Rd.
BloomSield, CT 06002
(203) 242-2211

Asthur D. Little

Acorn Park

Cambridge, MA 02140
(617) 864-5770

A. Y. McDonald

4800 Chavenelle Rd.
PO Box 508

Dubugque, IA 52001
(319) 583-7311, Ext 227

Balance of System Specialists (BOSS)
T74S E. Redfield Rd.

Scottsdale, AZ 85260

(602) 948-9809

Best Energy Systerns
Route 1, PO Box 106
Necsdeh, W1 358548
(608) 565-7200

Bradea Wire & Metal Products, Inc.
PO Bex 5087
San Antomie, TX T8201

(512) 7345199

C & D Batteries
3043 Waltoa Rd.

Plymouth Meeting, PA 19462

(215) $18-9000, Ext. 305

Crystal Systems, Inc.
35 Congress St.
Salem, MA 01970
(617) 745-0088

Delco Remy

2401 Columbus Ave.
Anderson, IN 46011
(317) 646-7404

Dynamote Corp.
1200 West Nickerson
Seattle, WA 98119
(206) 282-1000

Energy Materials Corp.
PO Box 353

Ayre Rd.

Harvard, MA 01051
(617) 456-8707

Exide Corp.

101 Gibraltar Rd.
Hoesham, PA 19044
(215) 441-7480



Gates Energy Products
1030 S. Broadway
Deaver, CO 80217
(303) 744-4805

General Electric
PO Box 8661, Rm 114
(215) 962-5835

Giobe-Union, Inc.

Battery Division

5757 Nocth Green Bay Ave.
Milwaukee, WI 33201
(e14) 228-2581

Hesrt Interface

1626 S. 341t P1.

Federal Way, WA 98003
(206) 838-4295

Helionetics .

Delta Electronic Control Div.
17312 Eastman St.

Irvine, CA 92714

(714) 546-4731

Hydsocap Corp.
975 N.W. 95th St.
PO Box 380698
Miami, FL 33138
(305) 696-2504

Iots Engineering, Inc.
4700 S. Park Ave.
Suite 8

Tucsen, AZ 85714
(602) 294-3292

March Maaufacturing
1819 Pickwick Ave.
Gleoview, Il 60025
(312) 729-5300

Norcold, Inc.

1510 Michigan St.
Sidney, OH 45365
(513) 492-1111

Nova Electric Manufacturing Co.
263 Hillside Ave.

Nutley, NJ 07110

(201) 661-3434

Opto Technology, Inc.
Solar Systems, Inc.
1674 S. Wolf Rd. -
Wheeling, IL. 60090
(312) 537-277

Parker McCrory

Parmak Division

2000 Focest St.

Kansas City, MO 64108
(816) 221-2000

Photovoltaic Energy Systems, Inc.

2401 Childs Lane
Alexandria, VA 22308
(703) 780-9236
(703) 180-92.8

Polar Products
680 Stone Canyon Rd.

Lost Angeles, CA 90077
(213) 476-0082
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Polaroid Corp.

730 Main St.
Cambridge, MA 02139
(617) 577-225%

Power Sonic Corp. .

PO Box 5242

3100 Spring St.

Redwood City, CA 94063
(415) 364-5001

Pulstar Corp.

Baird Center

619-P S. Main St.
Gaingville, FL. 32601
(904) 373-5707

Roger Ethier Assoc.
203 Franklin St.
Alexandria, VA 22314
(703) 683-2657

Silicon Materials, Inc.
999 E. Arques Ave.
Sunnyvale, CA 94086
(408) 737-7100

Silicon Sensors, Inc.
Highway 18 East

Dodgeville, W1 53333
(608) 935-2707

Solar Contractors & Builders, Inc.
8 Charles Plaza #3805

Baltimore, MD 21201

(801) 727-6740

Solar Design Assoc.
PO Box 653
Lincolo, MA 01778
(617) 250-9426

Solar Usage Now, Inc.
Box 306

420 E. Tiffin St.
Bascmn, OH 4809
(419) 937-2226

Solarwest Electric

232 Anacapa St.

Santa Barbera, CA 93101
(805) 963-9667

Solec International, Inc.
12533 Chadron St.
Hawthorme, CA 90250
(213) 970-0065

Solenergy Corp.

171 Merrimac St.
Woburm, MA 01801
{617) 938-0563

Sollos, Inc.

1519 Comstock Ave.

Los Angeles, CA 90024
(213) 820-5181

Specialty Concepts

9025 Eton Ave., Suite D
Canoga Park, CA 901304
(213) 998-5238

Spire Corp.

Patriots Park

Bedford, MA 01730
(617) 275-6000, Ext. 223

Surrette Storage Battery Co.

PO Box 3027

Salem, MA 01970 .
(617) 745-4444




Teledyne Inet
2750 W. Lomita Blvd.

Torrace, CA 90509
(213) 325-5040

3M Corp.

M Center

St. Paul, MN 55144
(612) 733-1110

Tideland Sigunal Corp.
4310 Directors Row
Box 52430

Houston, TX 77052
(713) 681-6101

Topaz, Inc.
Powermark Division
9192 Topaz Way

San Diego, CA 92123
(619) 279-0831

TriSolar Corp.

10 DeAngelo Dr.
Bedford, MA 01730
(617) 275-1200

JAPAN

Electro Technical Laboratories

1-1-4, Umerzono, Sakura-mura,
Shinji-gun

Ibaraki-ken, Japan

Hitachi Ltd.

Nippon Building

No. 6-2,2-Chome, Ohtemachi
Chiyoda-ku,

Tokyo 100, Japan

United Energy Corp.
Poster City, CA 04404
(e13) s570-3011

William Lamb Co.

North Hollywood, CA 91601
(213) 980-6248

Wilmore Electronics Co.
PO Box 1329
Hillsborough, NC 27278
(919) 732-9351

Windworks
Box 4A, Route 3

Mukawongo, W1 53149
(414) 363-4088

Zomeworks
PO Box 712

Albuquerque, NM 87103
(505) 242-535¢

New Energy Development Organization (NEDO)
Subshine Building

3-1-1, Higashi Ikebukuro,

Toshima-ku

Tokyo, Japan

Nippon Electric Co. (NEC), Ltd.
1753, Shimonumabe,
Nakahara-ku

Kawasaski-shi

Kanagawa 211, Japan



Inatitute of Space and
Astronautical Science

6-1, Komaba, 4-Chome, Meguro-ku

Tokyo 133, Japan

Japan Solar Energy Company, Ltd
11-17 Koga-honmachi
Fushimi-ku

Kyoto 612, Japan

Kyoto Ceramic Co., Ltd. (Kyocera)
52-11 Inove-cho, Higashino
Yamashina-ku

Kyoto 607, Japan

Ministry of International Trade

and Industry (MITI)
Sunshine Project Headquarters
1-3-1 Kasumigaseki, Chiyoda-ku
Tokyo 100, Japan

Dr. Yoshihiro Hamakawa, Electrical Eng. Dept. )

Toshiba Corporation

i Komukai, Toshiba-cho
Saiwai-Ku

Kawasaki 210, Japan

Tokyo Denki Co., Ltd. :
1-14-10, Uchikanda, Clnyoda-kn
Tokyo 101, Japan

Tokyo Institute of Tecknology
12-1, 2-Chome, Ohkayama
Meguro-ku

Tokyo 152, Japan
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owned)
ENE. Cetty/Modules Solasex
Enesgie “ouvelle ot
Eswisounement
England Lucas—BP Modules/Sysems  —
{Ux) Solur System
‘Solapax Systerms (lmpont Solarex
. modules from U S.)
de Phowpiles )
Photon CellsyModules Soiarex
Total Gil Syseems Photon Power
Germany Wacker Chemitronics No
sificon refining
AEC Telefunken Modules No
Siemens Modules No
faly Ansaido Cells/Modules -
(100% government
owned)
ENI
1479 pv!mnt)
a) Solaris 3) Solas Crade Solarex
Silicon Axc
fumace
b) ingot Casting
SEMIX
c) Cells/Modules
d) Syseems
b) Pragma Solat Crade Solarex
Silicon
ENEA lumb & -
agency) Systems
Adriatica 8) Modules Siemens
Comgponerti b} Solar Grade
Electtronici Silicon
Netherlands Holec Solar Svitemn Solaren
Energy
Switzerland - Fully-inegrated ENI (Staly)
PV Production Plant  Standard Oil
(Solarex) |
Photonetics Modules Societe Roma
¢ Electrict
Parsan, inc
*informetion hased on wetimony by Dv B R ferber of ML 0125 House of Beprgsentatnves
Subcommiees en Science and Technology (lune 1982)




5 Illustration of Tvpical Applications

The following examples mey illu..race some typical applications for solar cells.
Most economical today is the use in remote areas where previously batteries or diesel-
powered generators were employed. Examples are shown in Figs. 71 - 83.

Figure 71: Agricultuial irrigation, (Heliodynamice) (A) and rural telephone (B) (Solavolt
Internatisnal).

Figure 72: Military application (Integrated Power Co.) for microwave transmitters (Sclarex)
{A) and cathodic protection of oil or gas pipes (Mobil Solar) (B).
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Pigure 74: Remote communications (Sovonics (A) and Arco (B)); billboard lighting on free- .
ways {(Kyocera) (C), electric fence for farmers (Solarex) (D).




Figure 78s Recreationa! transportation (ARCO).




Figure 76: Remote use in small villages (Solarex) (A and B} and remote lighting {Mobile
Solar) (C). ’




Figure 77: Remote solazr home by Kyocers Internstional, Inc. (A); desalination to produce
drisking water ia Jeddah, Saudi Arabia, using Mobile Solar Ribbons, (B), and Caslisle House
in Massachusetts with 7.3 kW solar roof penels, feeding excess power into the wiility grid.




Figure 78: Stand alone power station by Solarex.




Figure 79: Micsror aseisted 6.5 MW
collection system for the Southern
Califorrin Edison Co. power uti)-

ity at Cariss, California, with 11%
module eficieacy (ARCO Solar).




Fi;ure 80: 1 megawatt power utility installation for the Southern California Edison Co. ir
Lugo, Califosnia (A) (two axis tracking) and the now operating 2 megawatt plant for the
Sacramento Municipal Utility Distzict (SMUD) (B), both by ARCO Solar.




Figure 81: Example for a concentration deployment at the Energy farm ia Borrerc Springs
desert (al.) providing heat and electricity for an ethanol plant (United Enezgy Corp.)
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Figure 82: Amorton experimental housing (Japan).
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Figure 83: Commercial building instullation at Georgetown University, USA, using Solarex
Modula)




6 Long Term Projections and Prospects for Developmg
Countries

From the precesding discussion summarising the present achievement, it is evident
that the technology bas arrived at a point in the Jearning curve that makes it virtually
certain that even without external premsure the photovoltaic alternative to large scale
electric energy production will become reality. Even competing with the very low cost
central power utility market, photovoltaic cogeneration is less than a factor of § away
from an unassisted entry, compared to a factor of 100 a Little more than a decade ago.

There are sufficient interim markets to bridge the way to the final goal, so that a
relatively amooth progress could be predicted. In addition, there are external pressurea
from environmestal aspects, ranging from nuclear risks to the simply unacceptable
w&m&%mﬁmm'ﬁﬂm“bm
the burning of fossil fuels within the next two decades.

The question arises, however, if sufficient time and resources are available to
guarantos an crdesly and timely development of the technology. Compared to the high
technology of the eazly solid state diodes and transistors, the technology of highly efficient
inexpensive and long lasting solar cells may be coined as sltrakigh technology. With al’
the knowledge acquired we siill are lacking some of the most besic parts in the puizle
to predict with near certainty which material to choose, which process to apply, which
design to select to produce such a desirable cell for the solar panels of the next century.
We recognize some of the handicaps of the present technology as being acceptable, and
we can Live with them, but, looking ahead our research efforts mirror the intense desire -
to achieve still another breakthrough.

It is the hope for such a breakthrough which at the same time instills hesiviwon
for large investments into critical sise factories which may be outdated before amort™
in the necessarily slow interim markets. ;

Assistance is therefore essential to proceed with research and developmer* This
assistance, if not provided at sufficient levels, can be crucial for possibly failing  _orm
the basis for a bealthy world economy whith is based to a large extent on energy, and
without doubt will have to be based on solar cell technology in the next centur

The goal to achieve the entry into the solar cell large scale energy technology is
a goal which is equally important for all nations. Contributions to achieve this goal can
be made by many means, whetber it is passive by learning how to use this technology as
a consumez, or active by researching new cells or by educating the necessary cadres. It
will have to becoms a political moveme:: ; which will involve all of us, the population of
this globe, a8 consumers, as educators, as economists, as technologists, as researchers. It
is almost too late now, since we know that the introduction of a new energy technology
takes close to balf & century. But knowing that the needs eze undisputed and the penalties
of not acting promptly will not only be very severe for our children, but as severe in our
Lfetime, we must convince all of us to step forward and to accept the greatest challenge
for bumankind yet, namely to bring swiftly to reality the economical utilisation of solar
cells for major electric power generation.
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