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ABSTRACT

The main goal of research andé development on
photovoltaic cells 1s to reduce the capital
cost of electric power generation. This can
be accomplished by reducing the ccst ¢f the
cells and by impreving their efficiency. The
materials and technology of such photoveltaic
cells as single crvstal, zolvervstalline and
amor=hous silicon, copper—-cadmium salfide, and
gallium arsenide are reviewed. Alsc reviewed
are innovative technigues used to increase
cell efficiercy includinc Schottky junction,
shallow junction, multijunction, inversion
layver and back surface field, The operation
prirciple of semiconductor/lizuld iunccoion
cells is presented. The technolcaical develop=-
ment of concentrator-enhanced cells is deg=-
criked, The economics of photeoveltaic cells
is discussed, and specific present and future
aprlications are presented,

1. INTRODUCTION

Altbough the photovoltaic efZect has been ob-
served in the junction ¢f anv two dissimilar
materials, the primary materials used for pho-
tovoltaic converters are semiconductors. Semi-
conductors are a class of materials with elec-
tric conductlivity scmewhere between metals and
ins.lators. Silicon 1s the essential ingredi-
ent in the manvfacture of semiconductors and
sol.r cells. It does not exist in single-cry-
sta. form in nature. PRather., 1t exists as
silica, or silicon dioxide (3i0.,i, a compound
of <he two most abundant elemen%s in the
earth's surface {(almost 60% of the earth's
crust i1s siliica). (Quartzite, which can be al-
mogt 99% silica in high=-grade mineral depo-
sits, 1s the usual starting point for produc-
ing silicon for solar cells. Other materials
are not good raw materials, because they have
too wmany impurities that are costly to elimi-
nate. The demand for silicon has grown from
150 metric tons in 1965 to over 2500 metric
tons in the last vears. This level apprcoaches
the estimated total producticn capacity of
3000 metric tons i1n Western nations.

Three main directicns for low cost, high effi-~
ciency silicon photovoltaic cell production
are being followed: one is based on the use
of single crystal material sliced from large
diameter ingots; another approach employs di-
rectly fabricated sheet material «f reduced
quality that offers the potential for lower
cost; and, the third direction is to produce
silicon wafers sliced from cast polycrystal-
line blocks. Research work is underway on
wafer surface preparation, cell junction for-
mation, metallization, cell string assembly
and automated process module assembly. Also,
more than sixteen different mater:al combina-
tions are being investigated for thin-film
cells. Thin-film cells have the advantage of
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using little active material since they can
absorb sunlight more efficientlv than sincle
crystal silicon. In general, the goals of the
U.5. Photovoltalcs Program are directed toward
producing economical photovoltails cells of
high durability at factory target costs of
$700 per peak kilowatt by 1986, as compared to
about $i000 per peak kilowatt now. The perfor-
mance goals of the arravs include sfficiencies
greater than 10%, and an expected operating
lifetime in excess of 20 years.

Intensive research is being carried out on new
types of cells ranging from single crystal,
polycrystalline and amorphous cells to cascade
cells and semicondugtor-liguid junction cells.
Moreover, two major photoveltaic system tech-
nologies currently under intensive development
are: {1} flat-plate cells which have a power
capacity of B80-120 W/m2, and {(2) concentrator-
enhanceu cells, with possible capacities up to
150 W/m? or more, depending on the concentra-
ticn ratios, optical system efficiencies, and
solar cell conversion efficiencies of the spe-
cific system.

o FLAT-FPLATE TECHNOLOGY

The flat-plate technology is oriented toward
development of a new process of high purity
silicon production, mass manufacturing of sil-
icen sheet, orocessing and fabrication of low
cost and high efficiency cells and arrays. The
research 1s being conducted on single crystal
silicon and gallium cells, pclycrystalline sil-
1icon and gallium cells, amorphous silicon
cells and other types of thin-film solar celis.
Innovative technigues to enhance cell effici-
ency are also being implemented.

Z2.1. Silicon Technology

The technology for making high purity, single
crystal silicon for solar cells is well known(1].
To make a solar cell, quartzite that is 90% or
mere silica (Si0,) must be refined and its im-
purities removed. The guartzite is heated in
the presence of carbon te break the SiC, into
elemental silicon ($i) and carbon dioxiae {CO,).
Since the silicon still retains impurities or-
iginally in the guartzite, an approprizte chem-
ical vapor is blown over the silicon to remaove
most of them. The gas reacts with impurities
such as aluminum, carbon, and magnesium that
leave as part of the gas. After this process,
the silicon still retains some impurities; so,
using hydrogen chloride and a copper catalyst
it is converted toc a liguid called trichleroc-
silane (SiHCl,}. The trichlorosilane is then
distilled (much as are petroleum products), to
separate the SiHCl, from the remaining impuri-
ties. Finally, the SiHCl, is broken dewn and
pure silicon isolated by a slow, expensive,
energy-intensive "chemical vapor deposition
method" at 2680°C. Vaporized trichlorosilane




1s reacted with hydrogen gas to precipitate
pura silicon. The above procedure raises the
cost of silicon ingots to about $70/ka; aporox-
imately 80% of this cost occurs in the last
proccess which reduces trichlorecsilane to a
hich-grade silicon. This kind of silicon is a
poiycrystalline material maje up of numerous
rardomly packed "grains” of single-crystal
silicon. To make effective sclar cells, poly-
crystalline silicon must be processed intc the
large-grained or single-crystal material used
in the typical cell's base layer.

To turn polycrystalline silicon into single-
crvstal silicon, it must be melted at 1410°C
and allowed to solidifv in such a way so that
the silicon atoms arrange themselves in a per-
fect lattice. The melten silicon is cocled
very slowly while it is initially in centact
with a single-crystal "seed" of silicon. As
single-crvstal silicon is grown, appropri-
atc substances, or dopants, are introduced to
mase the base material behave electrically in
the way necessary for solar cell operation.
There are a number of dopants that can be used.
Ho-ever, single-crystal silicon technologies
nae generally been developed ror bororn doovant
in the base and phosphorus in the collector
laer.

i
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Tk two most established and dependable means
ci srowing single-crystal silicon are the
Czschralski crocess and the floating-zone

tezhnigue (see Fig., 1}.
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Production Process of Single~-Crystal
Silicon {1]: a. Czochralski Growth
Apparatus, b. Floating-Zone Process.

The Czochralski Process: Here, a seed of
single~-crystal sillicon contacts the top of a
molten mass of purified silicon. The seed
crystal is slowly raised (less than 10 centi-
meters per hour) and rotated. As the crystal
rises imperceptably from the melt, silicon
ireezes on its surface, extending the single-
crystal structure. The final product is a
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long cylindrical ingot, or "boule," typically
7.5 centimeters in diameter. The silicon in-
gots are then cut with diamond saws to wafers
about 0.5 mm thick. Since during the cutting
process up to 60% of the material is lost.
this contributes to the high cost of silicen
cells.

The Fleoating-Zone Technigue. This procedure
recuires an ingct of polycrvstalline silicon
and a seed crystal of single-crystal silicon.
The polycrystalline ingot is placed atop the
seed crystal and heated, causing the interface
between the materials to become molten. While
the inget remains stationary, the heating
coils are slowly raised. 8Single-crystal ma-
terial solidifies below the molten interface
and perpetuates upward as the heating coils
move up. Newer processes that incorporate
this strategy by producing ribbons {long, thin,
rzctangular sheets) of single-crystal material

include: edge-defined film-fed growth (EFG),
dendritic web growth, and ribbon-to-ribbon {RTR]
growth.

2,2. S8ingle Crystal Cells

il el B IRETH CEBY

The most normal configuration for a single
crystsl cell is to make a p-n junction . If

the junction has the same basic crystalline
material on poth sides, it is called a homo-
junction dicde. A p-n junction can also be
made by bringing two different materials to-
gether, one of which is basically a p-type

and the other a n-type. The energy band gap*
is thus different on either side of the junc-
tion. This kind of juncticn is called a "heter
ojunction.” The junction of "p-type" and "n-
type" materials provides an inherent electric
field which separates the charges created by
the absorption of sunlight. This pP-h Jjunction
is usually obtained by putting a p-type base
material into a diffusion furnace containing a
gaseocus n-type dopant (usually phosphorous) to
diffuse intc the surface about 0.2 um;: ion im—
plantation could be another means of ¢cbtaining
similar results (the p-type dopant is usually
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Fig. 2. C(ross-Sectional View of Typical p-n
Junction Cell [2].




boron). The juncticn is formed slightly below
the planar surface of the cell and the light
imringes perpendicular to the junction. The

positive and regative charges created by th
absorption of photons are encouraged to drift
to the front and back of the sciar cell. The
back is completely covered by a metallic con-
tact to remove the charges to the electrical
load, The collection or charges from the
front of the cell is deone bv a rfine metallic
grid. An antireflective coating is applied on
the top of the cell [2]. Figure 2 shows a
cross-secticnal view of a typical p-n junction
cell,

In general, the p-n junction, silicon solar
cell is fairly well understood and efficien-
Ci2s up to 18% have been obtained in labora-
tory conditicns for single crystai, float-zone

silicon wafer fabricatad substrate [3]. Theo-
retically, silicon p-n junction cells can con-
vert a maximum of about 22: of the enargy in

AMO** sunlight to eletrieie.

2.:2.2. Gallium Arsenide Cells

Gallium arsenide (ZaAs) ig SHerging as i very
promising material for both high-efficiency
single-crystal and thaip-£ilm solar caells. It
is superior to silicon in several respects,
except the cost. The ererday band gap of Cads,
about 1.4 eV, is higher than silicon's 1.1 eV
arl is in the range that gives “he highest
thaoretical conversion erficiency for a single-
crystal, single-iunction cell, about Z&% at
AMOD compared to 223 for silicon. A gallium ar-
senide cell which used a sindie crystal cnly
0.04 um thick, has shown efficiency as high as
2l.8%, In the high efficiency sincle-~crystal
cells, the active single-crvstal laver s
grown on a GaAs substrate. This technology a-
walits, however, further refinement and adap-
tion for mass producticn. Gaas sinagle-crystal
cells are alsc being used in concentrator en-
hanced cells because of high efficiency at
eievated temperatures. Also, the efficiency
of GaAs cells does not decrease with tempera-
ture as rapidly as that of silicon cells.
Tzble I compares the performance of a gallium
arsenide cell with a silicon cell.

Table I. Performance of Single Crystal p-n
Junction Cells [4],
N Absorber 'F11l™ax.
;giérial [Energy'cap Voc l Jsc tPac- Eff.
1 eV volts mA/cm?|tor | %
R e T T
Si | 1.1 0.63 | 34.0 i0.80(16.8
{ t
LCSAS—G&IALAS! 1.4 0.99 | 27.3 0.76l21.8

The energy characteristic to each materiatl
and the atomic structure at which electrons
are freed upon the material heing struck by
photons,

L
Alr Mass Zero is defined as the power den-
sity of sunlight just above the earth's at-
mosphere and is equal to about 1350W/m=2,
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«3. Polycrvstalline ang Amorphous Cells

The corcept of thin-film polycrystalline and
amscrrphous sclar cells is attracting much in-

terest. In this process, a thin layer of semi-
conductor material, such as polycrystalline
siliccn, polverystalline gallium arsenide, cad-

mium sulfide, or amerphous silicon, is depecsi-
ted on an inexpensive substrate, plastic or
glase. A basic thin-film solar call can be
describted as having five lavers: the opague
electrical contact, the photen absorber-minor-
ity carrier generator, the minority carrier
collector-majority carrier converter, the
transparent electrical contact, and the trans-
parent encapsulant.

Since chin-film cells require much smaller
smolnts oF active photovoltaic material angd
tolerate more imperfections in that material,
their production cost is expected to be consi-
derably lower than those achievable with sin-
gle-crystal silicon cells.

The search for new thin film materials appro-
priate ta solar cell applications is of parti-
¢ular impcrtance. Features such as the elec-
tronic structures, traps, mobilities, and the
characteristic ontical absorption are frequent-
ly those that determine material suitability.
Researeh is being done on such promising new
thin-film materials as indium phosphide (Inzy,
cadmium telluride (CdTe}, zirconium phosphide
{2¥,P.), and copper indium selenide {Culnse,).
However, the most widely studied thii Fim cells
are cadmium sulfide/copver sulfide (Cds/Cu, 3y,
pelycrystalline gallium arsenide (Gaas), poly-
crrstalliine silicon ($i), and amorphous hydro-
genated silicon!A-35i:K), Table IT shows selected
parameters of thin-film cells.

2.3.1. Polycrystalline Silicor Cells

A number of wvariables have to be controllied in
preparing a polycrystalline film for a high
performance cell. Some of them can be listed
4s: Iilm thickness has to be optimized to ac-
count for the optical absorption depth ang
grain boundary recombination, grain size
should be large (about 100 um and 1 am across)
compared to the absorber layer thickness, the
grain boundaries should show high resistance,
epitoxy at the junction sheould reduce the re.
combination velocity at the interface, and
maximize the minority carrier diffusion length
in that region. These requirements are guite
demanding and the proper fabrication technique
for polycrystalline silicon cells has been
elusive,

The polycrystalline thin-film silicon cells
are grown by chemical vapor deposition on re-
crystallized metallurgical silicon substrates,
and are about 206 to 30 um thick with crystal-
lites varying up to several hundred microns In
lateral extent. It is expected that the cost
of such cells could come down to $1.50 per
peak watt, if a cell efficiency*** of 6% ang
mass production could be attained,

2.3.2. Cadmium Sulfide/Copper Sulfide Cells

The cadmium sulfide solar cell is a hetero-




Table II. Selected Parameters of Thin-Film

Cells [5].
f : i T
: ; Semicond.{Cell pbsorber [11lum- |Max,
| ceil Thicknessjirea EnergyGapinatioJEffic
‘ Maverial . e v S
‘ :
Si/€i 0.25 19.0 ! 1.1 93 |9.5

i :

Cu,5/Cds 0.25 0.9 [ 1.2 88 [9.15
CdTe/Cds 7.08 0.1 [ 1.44 70 8.7
Cu,£/2uCds 0.25 1 .23 1.2 87 8.7
CuInSeg/CdS 0.01 T2 L_}.04 100 6.6
Gads/Insu- N T
TatoriMetal .25 9.0 __%.43 93 16.5
IInpP Cds Q425 0.25| 1.3 74 5.7
'Si/ nsula- | N \
ltor Metal 9.0k 0.02) 1.6 ; 8> o8
CdSe/ZnSe/Bu|l  0.02 0.01| 1.7 100 5.0
"Cu.,'le/CdTe 0.10 6.0 : 1.4 100 4.8
L2 b
[CuIns.,/ al
: 2 7.04 0.12: 1.55 100 353
Culnsy - iy ‘ i

i N i !
[En,7,/Mg | 0.1¢ @002 1.5 I 33 3.0
— - ; oo
"InSo/Bi 2.1 !t - 1.3 70 1.3
SR ANl OO et
|cu,0/Cu I 2.5 |l.o, 2.0 | 100 1.1

2 . ! o

|casa/zare T{ 0.10 [0.1 ] 1.7 a5 lc 6
| i g T f T
(Aloteros 1905 1.0 2.0 | - 0.7
iCyanine/Ag | e o
jurction of Cu,S ané CdS {see Fig. 13). The

active region of the cells consists of a 100-
300 nm layer of copper sulfide (Cu,5) formed

on a thicker cadmium sulfide (CdS) f£ilm which
has been grown on an appropriate substrate

such as electroformed Cu plated with about 1 um
of zinc (Zn). Light is absorbed in the smaller
tand gap Cu,S5 layer. The light absorption of
Cu,S is well matched to the solar spectrum.
Because of the high absorpticon coefficien+t, a
very thin layer is sufficient to absorb a sig-
nificant fraction of the incident sunlight.
The cell fabrication procedure ig simple. 1In
one process, CdS 1s evaporated on a thin Cu
feil and the Cu,5 layer is formed by dipping
into a high temperature cuprous ion sclution.
The evaporated layers without additional
treatment are relatively conducting because of
the presence of excess cadmium., The resistiv-
ity of these films could be as low as 1 tol(ohm.
These layers are about 5-10 pm thick. With

the present fabrication process, the CdS layer
must be thick enough to prevent the Cu,S from
diffusing along the grain boundaries deeply
enough to reach the metal substrate and short-
circuiting the heterojunction. However, imper-

* % 3
The conversion efficiency of a solar cell is
defined as the ratio of electrical power ocut-
put to sclar power input.
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fections such as grain boundaries, and low mo-
bilities and lifetimes of the carriers in the
1,5, are not critical because this layer (an
active one) is thin,.

While the Cu,S must be well protected against
oxygen and water vapor, there is no need for an
antireflection crating, because the cell sur-
face is rough. A laboratory Cu,S/CdS cell has
produced a conversion effliciency of about 8.6%
in sunlight. Figure 3 shows a cross-sectional
view of a typical Cu,S/Cd5 cell.

LIGHT

vl
; txi\ \\\\\\\\\\\\, \\F\\\ ‘kgTRANSPARENT

4 CONDUCTING
SUBSTRATE
TC EXTERNAL COPPER LAYER CdS FILM
CIRCUIT
Fig, 2.

Cross-Sectional View of CdS/Cujs
Cell [6]. =

Selar cells made of cadmium telluride {CdTe) ,
which has energy gaps between 1.2 and 1.4 ev,
have attracted attenticn in recent years be-
cause of their maximum theoretical conversien
efficiences of ahout 26%.

2.3.3, Gallium-Arsenide cells

Gallium arsenide (GaAs) is emerging as a very
promising material for both high-efficiency
single-crystal and thin-film solar cells. Qais
possesses the desirable properties of a high
absorption of the soclar spectrum and acceptable
values of the carriers' mobility.

Three different high-efficiency types of Gahs
cell structures are currently being developed:
Gahs homojunctions with a top "window" layer
of GaALAs, Gahas thallow-homojunctions, and
GaAs MIS junctions. Each type 1is aimed at min-
imizing the effects of the surface recombina-
tion of charge carriers. Such recombination
effects are more severe in GaAs than in sili-
con because of the shallower absorption depth
of sunlight in GalAe: they can severely reduce
the photocurrent which reduces the conversion
efficiency.

Although gallium is much more expensive than
silicon, it is capable of significantly higher
efficiency. In addition, it has a much higher
tclerance to heat - a major benefit for photo-
volitaic thermal hybrid systems. The limited
natural abundance of gallium will restrict
large~scale use of either small concentrator
cells or thin films.

The thin layer of GaALAs transmits almost all
the sclar spectrum and forms an effective solar
"window." Single-crystal cells built in this
manner have produced conversion efficiencies

as high as 21 to 22 %. For comparisocn, poly-
crystalline silicon in 24 um thick layers pro-
vided cells with efficiencies of 10%. The tech-




nol gy based wun polycrystalline GaAs cells is
sti.l at an early stage. Unfortunately, in
thin-film cells the p-depants in the GaalAs
layer appear to diffuse down the grain bound-
aries and short-circuit the junction. Research
efforts are being directed at solving this
proslem.

Thin layers o:r Gaas {a few tens of microns
thick} grown on potentially inexpensive for-
eicn substrates such as tungsten, graphite,
molybdenum or glass have the petential for mak-
inc use of the desirable characteristics of
the gallium arsenide while at the same time
corserving Ga. However, the development of
this technology has been slew; this is reflec-
ted in the low efficiencies, which are signi-
ficantly less than 10% for cells formed from
lavers grown on fSoreign substrates. Thin-film
polycrystalline Gads cells of the MIS type
(metal-insulator-semiconductor) have been fab-
ricated in this way to vield efficiencies in
the range of 6.5%. By comparison, cells of
the same type have yielded efficiencies as
hiczh as 17% for single crystal GaAs and 14%
for polyecrystalline Gaas wafers cut from an
ingot with crvstallite sizes on the order of
100-500 um,

The

o3

est Gads cells are al-

efficiencies o th
th

e
re.dy high, out ar development should be
en::ouraged with im of achieving effici-
en_ies in the range ci 27-:107% ar approxlmately
50 C and a ¢oacentration ratio or 500X,

2.3.4.

0f the classes of thin films ready for pilot
production, amorphous silicon devices are the
most promising. Amorphous semiconductor solar
ceils have been fabricated in various device
st-uctures: Schottky parriers, metal-insula-
tor-semiconductor (MIS), positive-intrinsic-
negative (PI¥), and heterojunctieon, While
most earlier research involved Schottky bar-
rier and MIS device structures, the more re-
cent work has been devoted exclusively to PIN
and heterojunction structures, PIN cell effi-
ciancy up to 8% was obtained for a cell area
of 1 cm2.

amorchous Siliceon Cells

Figqure 4 shows the cross section of a ;ypical
amorphous silicon solar cell. It consists of

SUNLIGHT

%,000,000nm GLASS

TF77 72l Ll Sl 70 nm TRANSPARENT CONDUCTOR
_____________ 10nm [}

300nm i AMORPHOUS SILICON
_____________ 20.50nm n

103-300am METAL CONTACT

Fig, 4. C(Cross-Secticnal View of PIN Type Amor-

phous Silicon Cell [7]
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three thin layers deposited on a supporting
sheet of glass. The first layer is a trans-
parent conductor approximately 7C nm thick.
The transparent conducting oxide is either
flugrine-doped S$n0, or InTO (indium-tin oxide).
The second is the amorpheous silicon photovol-
taically-active layer, which typically con-
sists of three sub-layers: (1} & 10 nm thick
D~type contact layer; (2} a 500 am thick in=-
tringic layer; and {3} a 20-50 nm thick n-type
contact layer. The last layer is a 100-500 nm
thick back metalization laver of aluminum or
ancther reflective metal or metal combinaticn.
Thus the total thickness of the amorphous sil-
tcon thin £1lm device is less than 1 um as
compared with a typical crystalline silicen
cell of 100-300 pm thickness. Amorphous sili-
con can pe effectively used in such thin lay-
ers because 1t absorbs much meore sunlight than
itg crvstalline counterparts.

The hichest verified efficiency report for an
amorphous silicon solar cell of 1 cm? area 1is
less that 3.5%. A comparison of similar sc¢lar
celils based on two to five micron thick layers
of polycrystalline silicon indicates that the
polycrystalline silicon will have at least a
25% higher efficiency than the amorphous sil-
icon [&].

For amorphous silicon cells that use platinum
Schottky barriers, efficiencies up to 6.1%
have pbeen realized for cells of 100 cm? area.
Fill factor and short circuit currents must
still be improved to obtain an efficiency
close to the theoretical value of ~15%. Cur-
rent reasearch concentrates on the elimination
cf sunliight induced degradation of cells and
the fabrication of cells of 12% efficiency
tarea of 1 cm?) or 8% (area of 100 cm?2) by
glow-2discharge deposition [9].

The anticipated low cost of amorphous silicon
sclar cells will be due mainly to the low sil-
icon reguirement and to the low-temperature,
large—-area, continuous deposition processes.
The major material component of the cell 1s
the supporting substrate on which it is fabri-
cated.

During
search

the past decade, a large amcunt of re-
has been performed in the United States,
Japan, and Europe on hydrogenated amorphous
silicon (A-Si:H) materials for solar cells.
Hydrogenated amorphous silicon is a glassy
semi-conducting material, a discrdered alloy of
silicon and hydrogen. The hydrogen concentra-
tion can be adjusted to produce an energy band
gap well-matched to the solar spectrum. The
optical absorption coefficient is high. The
standard amorphous n-layer consists of hydro-
genated amorphous silicon doped with phospho-
rus and is typically 200 A in thickness. The
doped layers in a PIN solar cell are mainly
responsible for determining the voltage of the
device. To complete the sclar cell, a layer
of metal such as aluminum is deposited on top
of the amorphous material to cocllect the gen-
erated current.

The material differs from the more familiar
crystalline silicon and polycrystalline sili-
con in that it also contains hydrogen, and the




material thicxness for cells is typically I pm
inrtead of the 100-300 um vequired for single
crystal and polycrystalline silicon solar cells,

Alrhough considerable research has heen done
on hydrogenated amorphous silicon there are
Yer not answers to many fundamental problems.
A nasic difficulty is that the structure of
the material and its stacilicy under solar
illumination are rot sufficiently known. It
is also not clear whether these cells' longevi-
ty can be made adequate for solar applications.

Tc increase the efficiency of the amorphous
hydrogenated silicon cell, a new type of cell
structure has been introduced. The cell con-
sists of three stacked cells, one of standard
hyirogenated amorphous silicon while the
other two cells vse an alloy of silicon, ger-
marium, and hydrogen for the intrinsic {cur-
rent-generating) layer. This stacked hydro-
gerated amorphous silicon cell has already
reached a conversion efficiency of 8.5% in
laboratory conditions, and is referred to as

a stacked-junction or cascade cell. The high-
er efficiency results from capturing a larger
percentage of the solar rodiaticn. Tn this

case, the A-31:H cell captures the blue-green
en.l of the scler spectrum while the A-SiGe:H
ce.l captures more of the red part of the

sclar spectrum.
this three-cell

“heoret:cal calculations of
stracture with band gaps of

2.0, 1.7, and 1.45 ev give a conversion
efliciency or 24% [10]. Figure 5 shows a
cross-sectional view of 3 -cascade hydregenated

amerphous silicon c2ll. The three amorphous
silicon lavers can be deposited by a number of
techniques of which the glow discharge method
1s presently the leading method of Zilm pre-
paration. Using glow discharge technigues,
coth doped amorphcous silicon as well as mixed
allovs can be deposited over very large areas.

METAL
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SUBSTRATE

Fig. 5. C(ross-Sectional Viaw of Stacked-
Junction Hydrogenated Amorphous

Silicon Cell [i0].

The best amorphous silicon material is made
using a glow discharge in a low pressure atmos-
phere of silane-SiH,. Under the action of

the electric discharge, the silane decomposas
and an amorphous hydrogenated alloy of silicon
is deposited on a heated substrate. Cptimum
substrate temperatures range from 140-330°C
depending upon other deposition parameters. To
form the c¢ontact layers it is only necessary

422

to add small amounts of dopant hydrides to the
gaseous atmosphere. For example, the addition
of dibecrare, B.H., forms p-type material typ-
ically 50-100A& thick by the incorporaticn of
boron in the silicon, while the addition of
rheosrhine, ?H5, incorporates phosphorus to

form n-type amorphous silicon. The "I" layer
of the undoped hvdrogenated amorphous silicon
film is deposited to a thickness of 0.5-1.0 um.
“his ig the active layer of the cell where sun-
light is absorbed and ceonverted to electric
current.

Futhermore, by the additicn of other elements
such as carbon, nitrogen, tin, germanium, or
orvygen, new mixed alloys of hydrogenated sili-
con can be fabricated with different and ad-
vantageous optical and electrical properties.

2.4. Innovative Technigues

The main reason for using innovative technigues
is to inereass cell efficiency and to directly
or indirectly decrease ¢cost. Various techniques
such as using an inversion layer, a shallow
junction, a back surface field, a Schottky bhar-
rier ar a new cell structure (metal ~insulator-
seniconductor or MIS; multijunction) have been
experimnented with.

2.4.1.

& new <ell design which gives high efficiency
(currently 17% in laboratory conditions) and
high voltage potential was accomplished by us-
ing the inversion layer technigue. It has
been found that a layer of $i0 deposited on
5i0; -coated p-type silicon induces a junction
near the top of the p-type silicon. Vapor 510
loces electrons as it solidifies, causing the
layer of 3i0 tc have a positive charge. This
positive charge pulls the few free electrons
in the p-type silicon to the interface between
the 51 and sic-, causing that region to behave
as if it were n-type silicon; the value of the
insulating $i0. layer is that it prevents
these electrens from entering ard neutralizing
the Si0. Since the layer just beneath the
510: Ekecomes n-type and the bulk silicon is
P=t¥pe., a p-n junction is induced in tie sili=
¢on. When the cell is illuminated, the junc-
tiocn separates electrically opposite charge
carriers just like a regular p-n junction. The
light-generated electrons have enough energy
to tunnel through the Si0, and preferentially
enter the metal contacts.

Inversion Layer Cells

Advantages of these cells are the relative
simplicity of hardling Si0 and 8i0,; the
induced junction within a relatively fault-
free material {less doping means fewer lattice
defects); and the potential for high voltage
and efficiency. This inversion layer or back-
contact cell produced also 6-8% higher short-
circuit current than a traditional silicon
solar cell. By applying antireflective coat-
ing the light reflection losses in this cell
could be reduced up to 4% with respect to
about 5% for other cells and to 36% for un-
treated silicon. The main advantage of this
cell, however, is the elimination of all self-
snading because the cell has no front contacts.
The disadvantage of this cell ig its high cost.
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Singe diffusicn lengths asually vary from

167" te 10 cm and the charge carriers' gen-
erstion decreases exponentially from the junc-
tien surface, one would desire the junction to
be very shallow. Investigationg of the influ-
ence of junction depth con the photovoltaic
ce:l short-cireuit currert and the short-wave-
length response indicatec tlat the majority of
the current gain could be obtained by forming
a ‘unction bebtween 0.10 and 0.15 vm in degpth,
in comparison to 0.35-0.50 wm in Traditibnal
cells.

Shallew Jurction Cells

The shallow iunction allcws the cellis to con-
vert more o° the short-wavelength portion of
the solar spectrum to useful eneray. Today
all shallow -unction cells or "wiclet" cells
Usc elther a quartz covar coated wi<h a 350 am
filter or ceria-doped microshee<.

The disadvantages of a shailow Aunetyon
that the ser:es resistance,
in that thin layer,

are
due to conduction
becomes high; and, the re-

combination of charge carriers at the surface
1s much higher than in the

bulk material.,

f charge
t the
the

2 back
thus

1 ; 0 elec-
trons toward the back contact where they
would have been lost due to recombination ang
renulses ther back toward the junction.

drifting

The BSF is set up in a cell during 1ts fabri-
caviorn in much the same w3y as a o-n ‘unction.
For instance, a BSF can 5e created in a Evpil=
cal cell that has a thir n-type silicen layer
atep a thicker base layer of p-doped silicon
by doping a thin laver (1 um) of nigher con-
centration p-dopant {(boron) intc the back of
the cell by raisinag the silicon temperature

in the presence of horon during the fabrica-

ti1on process. This creates a cell having
three layers: n on p on p* (the p* indicates
the higher concentration of p~type dopant).

A back-surface field can enhance a cell's ocut-
put voltage by 10% (about an extra 0.05 volts)
and raise a cell's efficiency by z few per-
cent, Due to higher voltage output, the fill
factor* of a BSF cell is higher with respect to
non~BSF cells using identical contact configur-
ations and starting materjal. This effect is
especially pronounced iu the case whera the
bulk resistivity of silicon exceeds 15 Ohm.

Research is being conducted to develop a rae-
liaple economic manufacturing process for BSF
cells combined with shallow junction technol-
agy.

Typical fill factor for single-crystal sili~
con cells is 0.72~0.80 while for thin film
cells it could vary from 0.25 for a AL/Mero-
cvanin/Ag cell to 0.72 for a pelvcrystalline
silicon cell.
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2.4.4. fohousky Barrier Cells
rhotovoltaic devices are not limited to charge
separation bv use of p-n junctions but can use

a4 jurction of any two materials which have
different elactrical properties. One of the
tyges of suncticns beling investigared for
solar cells is the Schottky barrier, which re-
sults at interface of a metal and a semi-
zonducter,

tha

barrier is formed when a thin metal
is deposited on a surface of n-tvpe
#3 & result of the electronic pro-
silicon arnd metal, charge carriers
distributed at sither side of the contact
erface in a way that induces a built-in
just inside the surface of the silicon
filar to fhat of a p-n junction. When light
ikes the Zcheottky barrier cell, the elec-
2-hole palrs are generated in the silicon.
MLgrate inte the metal contact, and
‘rom the metal migrate into the sil-
LCoOn {assuming n-tvpe silicon); this causes a
currert to flow. The advantages of the Schot-
tky cell is that it eiiminates the top-surface,
appesitely doped collector laver,
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Unfortunately, Schettky cells have exhibited
Tuch smaller efficiercy *“han PN Junction

cells and are prone to degradation, especially
in humid climates. Other designs that are he-

ng studied include metal-insulator-semicon-
ductor (¥MIS! and semicenductor-insulator-semi-
conducter (S18% cells, which are variations of
the Schottky cell.

tllicen oxide-siiicon (MIS) structure
works tter than a regular metal-silicon con-
tacrt. The insulater is usually very thin

{20 & or less) so as not to impede the passage
of current duving solar illumination. In a
SIS cell the thin transparent layer of metal
on the surface of the cell is reclaced with a
somewhat thicker layer of heavi.y doped, con-
ductive, transcarent semiconductor such as
irdium tin coxide, This top layer acts just
like the metal cto induce the junction {(in the
oxide layer), but has the added advantage that
1t can be made thick enough to reduce substan-
tlally the need for the top-surface electrical
contact required in Schottky cells without in-
curring resistance losses.

A metal-

MIZ and 5I5 cells have most of the problems of
normal Schottky cells, especially guality con-
trol during Fabrication (because of their thin
but very electrically sensitive layers) and
degradation during cperation. As of now, MIS
and SIS cells on single-crystal silicon wafers
are not very promising.

2.4.5. MIS Cells

To form a MIS ceil, an ultra-thin ( 30 &) in-
terfacial layer (sc that carriers can tunnel
through it} is inserted betwsen a suitable
thin ( 100 &) metal and a single crystal wafer
of p-type silicon. The version suitable for
photovoltaic operation is one in which the se-
lected metal has a low work function, such
that an inversion layer is created in the
semiconductor under the metal, causing minor-
ity carrier current to dominate.




%

For MIS celis that use silicon as the semi-

corductor, aluminum has bLeen found to be the
most suitable metal, and an insulator thick-
ness of the order of 12-13 A to give best re-

suLus, The recently cbtained results at AM1*
on MIS silicon solar gells could be summarized
as: Voo = .615V, Jge = 29.3 majcm2, FF = 0,75,
and conversion gfticiency of 10.2% [11] The
facter limiting the efficiency &

the short circuit current densi wh

theoretical maximum of the order of & 1=
In general the results maY e more oromising
by using polycrystallire or amorphous silicon
in the future.

2.=.6. Multi-unction Cells

Muttijunction cells supnly @ possibility for
hivher cenversion efficiency by providing a
fetter match to the solar srectrum. This 1s
doie by empiovine several sunctions cf differ-
ent o energy gaps to convert different portions
¢f the solar spectrum to electrical energy.
So:ar cells with different enerqgy gaps are
stucked in susch a way so that the tep cell,
the one facing the sun, has the largest energy
aar . This cell absorbs 211 the photons at the
Bat:d atove i1ts enercy gap and trarsmits less
gncrastic protons ¢ 2lls below. The
naut cell dowrn in the X abscrbs all the
who tons with BNergles Lo Gr greater than

Lt energy gaw, and s the rest down-

Ward in the stack, an s cor optiong Sor
Combining materials of tferernt 2and gaps to
match the solar spectrum sre limitea ov lat-
Lise mismatenr which must not 2xceed | to 2%
amng the differernt se rnductor layers. The
ctinem thickness for zhe m er cell has
Rern datermired to be 10-20

Broaking up sunlight with maltifunction cells
arl oselar spectrum splitting wizh filter-re-
flectors are two navel cell approaches that
rromise to Loost conversion efficrency. Photo~-
voltalc conversion efficiencies of 25 to 30%
have been reached by dividing the spectrum so
that hign-energy photons fall on solar cells
wish high band gans and lower erercy photons
fall on solar cells with lower bang gaps. A
wa. of packaging the sclar cells that makes
gond electricasl contact without blocking off
most of the incident sunlight is also being
em::loved.

Spectral splitting isg ancier o implenment than
multijunction cells and offers a wider choice
of semiconductor combinations. Theoretically,
by splitting the solar spectrum into ten dif-
ferent porticns and matching these portions
with suitable solar cells, 43% of the light
can be converted to electrici ¥ with respect
to up to perhaps 30% at sresent (depending on
the cell). The stacked cell configuration has
the advantage of simplicity and compactness.
Fabrication may be accomplished by expitaxial
dercsition of several layers of different
semiconductors with corresponding distribu-
ticns using liquid or vapor phase deposition.

*
Arr Mass 1 is defined as the power density of
stnlight at the depth of atmosphere equal to
I mile; solar power density eguals 930W/m=2,
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An examnle of a multijunction celt using
stackec iunction hydrogenated amorphous sili-
con is shown in Fig, 5.

3. CONUCENTRATOR TECHNQLOGY

Concentrator ootics vary from L0X-ratio de-
sigrs such as the 10X concentration of Winston
czllectors, which do not require elaborate
tracking of the sun, to much higher-ratio sys-
tems that use parabolic mirrors or Fresnel
lenses and which reguire precise two-axis
tracking. The loss of some of the sunlight
occurs by the use of a lens or mirror. This
loss is often about 15% of the total sunlight,
a significant fraction.

Cell temperatures can easily rise to the point
whera conversicn efficlency decreases, rather
than increases, from the concentrarion, and

for this reascn some concentrator cells must

be eguipped with cooling systems., Silicon
cells perform poorly at high temperatures and
are appropriate for concentrations of less

than 190X. To be used in concentrating arrays,
silicon must be cocled to near-ambient tempear-
atures. Uor example, the decrease in the con-
versicn efficiency of ordinary silicon cells
with increasing termperature is guite large,
down from 4 theoretical maximum of about 223
at 20°¢ so ¥ 14® at 160°C, while the theo-
retical amaximum efficiency of GaAs cells is
still about 203% at 100°4C.

In practice, silicon cells have achieved con-
version efficiencies as hich as 18% at aM)
with a 300X concentration of sunlight and cell
temperatures of about 25°C. Gahs cells have
atraired remarkably high efficiencies of about
24.6% at AML with a 180X cencentration of sun-~
light aréd cell temperatures of 50°¢.

tormally, the efficiency of a solar cell is
fundamentally limited by the ability of a
single semiconductor to use optimally only a
small fracticn of +he broed solar spectrum.
Optical filter-reflector systeme can he used
to split the solar spectrum into several dif-
ferent energy ranges, directing each range
apon cells that are optimally designed for
that particular range. Figure 6 illustrates
the principle of the beam splitting concen-
trator enhanced cell system.

An especially promising approach 1s the use

of novel concentrators and high efficiency
cells such as GaAs-ALGaAs. Thisg high-band
gap cell Gdiffers only slightly from the nor-
mal GaAs solar cell; its' p-n junction is
formed in a layer of ALGaAs for a band gap of
1.65 ev. The cell consists of: a high-effi~
ciency optical filter that transmits light
with energy above 1.5 eV or below 1.1 eV and
reflects light with energy between 1.1 and

1.6 Ev; a silicon, low band gap cell; an alum-
inum/gallium/arsenide, high band gap cell.

The conversicn efficiency of this cell is not
Very sensitive to temparature. Howewver, since
only the narrow band of the spectrum between
1.1 and 1.6 eV is reflected ontc the Si cell,
most of the absorbed thermal energy is absorb-
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Another solution being researched 1s the dve
concentratcor approach which combines features
of beth Zlatr panel and concentrator designs.
Surnlight (direct or diffuse) incident on =
piastic sheet of high refractive index i1s ab-
sorbed by dye molecules in the sheet, or in

a £ilm below it, which reradiate light of
lenger wavelength isotropically. A large
fraction of this light 13 trapped within the

plastic by total internal reflection, reducing
the losses.

The concentrator enhanced cell development is
proceeding toward goal achievement with the
development of solar cells and devices for
high levels of concentration, highly efficient
concentration optical svstems, and concentra-
tor-cell arrays.

4. SEMICONDUCTOR/LIQUID JUNCTION CELLS

Semiconductor/liguid junction cells are inno-
vetlve devices that convert sunlight either
directly into electricity, store it in the
form of chemical energy, or do both. Such
calls have an obvious advantage over solid-
srate-photovoltaic cells because of their in
siltu storage capacity. Figure 7 shows a sche-
matic of an electrochemical cell with storage.
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With Storage

In semiconductor/liguid junction or electro-
chemical cells at ieast one of the electrodes
1g a semiconductor. The junction is formed
by simple immersion of the semiconductor in
the licuid. Such a semiconducting electrode
resuits in an 1induced flow of current in an
external circuit when subjected te sunlight
exposure. Such a cell is distinct from a
photogalvanic cell, in which light absorption
occurs in the solution and not 1n the elec-
trode.

Electrcchemical cells with large-area photo-
electrodes (27 cm?! without the storage foa-
ture that convert sunlight directly inte elec-
tricity atr an efficiency of 4 to 5% have dem-
gnstrated stapllity for a period of one vear
under surnlight conditions. To date, the over-
all conversion efficiency of an electrochemi-
cal cell with storage is akout 2%.

However, thecretically, like all other semi-
conductor-based photovoltaic systems, electro-
chemical cells have an efficiency controlled
by the thresheld excitation energy, namely,
the mand gap of the semiconductor.

The stability of the semiconductor photoelecg-
trode against photocorrosion under cperating
corditions 13 one of tne research problems to
be solved. Other problems include encapsula-
tien of the liguid, and the counterelectrode
and i1ts positioning. Also, the kineties of
interfacial charge transfer is poorly under-
stood, and has heen limiting the potential of
semiconductor/liguid junction cells.

5. ECONOMICS

The space market has continued, until the
1970s, to provide the major impetus for the
solar cell develcpment, and single crystal sil-
icon cells have continued to dominate and sat-
isfy the space program demand. In part, this
is because the solar cell industry has been
able to borrow from the technological advances
made by the silicon-based microelectronics in-
dustry, to increase the efficiency/weight ra-
tio of silicon cells to relatively high levels,
and to develop cells of high reliability and
durability in the AMO environment. Because of
these ané cther technclogical advances, the
cost of solar cells, since 1973 alone, has
dropped one hundred fold, from $1,000 to less
than $10 per peak Watt by 1980.




The silicen cell cost problem is related to
the expensive process used to manufacture sil-
icon. The current process preoduces silicon at
a cost ranging from $40 to $75 per kilogram.
The outlook “cr newer, low-cost manufacturing
technigues is good. But advance technologies
probably won't be ready “or commercialization
before 1986, one orf the Zechnologies in the
development stage is the use of a fluidized
bed reactor for the pyrolysis of silane. The
latest econcmic analvsis shows that the fluid-
ized bed resctur is capable of producing sili-
cor at $1l.e57kg (19808%) and 10% return on in-
vestment cost, utilizing a 1000 Mt/vear pro-
ductien plant [13]. The current polycrystal-
iine silicon technology i3 based on large
graln cast ilncots and cannct be expected to
achieve cell cost much below $2.00/W_, while
the thin-film agproaches are expectef ulti-

mately to acrnieve a cost well helow SO.TWWLD1]
IS

The photoveltaic system -ost requirements

vary for different types of applicaticns, so
two system-price gcals have been adopted: S1.60
- 2.60/M, by 1986 for applications such as
distributed, yrid-zonnected uses, and €1.10 -
1.20/Wy for long-term apolications such as
central power stations [14].

Cne key assumption underlving the U.S. Photo-
voltaic Program is that only extensions of
rresently established technology and its sca-
LaAE-ng B e producticn levels are neces-
sary to achieve these goals.

To calcuilate the cost per kWh of electricity
produced by a
formula can be used [13]:
Cost /kwh = 1000/ (yrs of life x

sunlight/vyr. + inter-
outstanding principal)

\Cost/wp) e
Ars of beak
Sol gogt on

Using 20 year cell life, 12% interest costs,
lirear amcrtization of rrincipal, and 2,000
nours of peak sunlight eguivalent per vear, a
phetovoltalc array with a cost of 510 per peak

Watt to the purchaser, cne will obtain the
electricity cost of 55¢ ver =Wh.
In the near future, however, majeor cost reduc-

tions are expected with the use of extremely
thin semiconducting films on inexpensive glass
substrates. Thin-film cells in flat-plate
systems will probably be a viable approach if
array efficiencies near 10% can be combined
with cell costs under $20 per sguare meter.
High-concentration systems, which invelve con-
centrations greater than 100X , also appear
promising if cell conversion efficiencies of
about 25-30% can be achieved. However, these
systems may reguire forced cooling, which
would be a marked disadvantage in some areas.
On the other hand, from the cost reduction
point of view, low- and medium- concentration
approaches {i.e., 3¥X -50X ) appear to have
little potential in the long run.

The major thrust of the photovoltaic industry
ls to reduce the cell module price from $10/
Watt to $1-2/Watt as required by the long term
residential/utility market. However, photo-

bhetovoltaic cell, the following -
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voltaic cells are already cost-sffective today
in many applications.

5. APPLICATIONS

Today, photovoltaic systems are capable of
transformine one kilowatt of sclar energy fall-
lhog ar one sgquare mater into apout a hundred
watts of electricity. One-hundred watts can
bower most household appliances: a television,
4 stereo, an electric typewriter, or a lamp.

In fact, standard solar cells covering the
sun~facing roof space of a typical home can
provide about 8500-kilowatt-hours of electri-
city annually, which is about the average
household's vearly electric consumption. By
compariscn, a modern, 200-ton capacity elec-
fric-arc steel furnace, demands 30,000 kilo-
watts of electricity and would require about 3
sqguare kilometer of land for a photovoltaic
Dower supnly.

Commercial markets for applications such as
cathodic protection of pipelines, wells and
bridges - a process in which voltage is appli-
ed to prevent their corrosion, radio repeaters,
and navigaticnal aids are developing for pho-
toveltaic cells even at the current high Dt
ces of $7 to SlO/Wp [16]. & principal charac-
teristic 2% all such remcte photoveoltaic SYsS-—

tems [s that they owverate as "stand-alone"
Jgenerators with a need of only partial battery
storage.

The U.S. Department of Defense is interested

irn photovoltalc systems for remote communica-
tions fac:lities and for charging the batter-
ies of portable field communication eguipment.
Another potential market is the cathodic Dro-
tection of tanks.

Cther applicat:ons for photovoltaic cells
which are beginning to appear are power for
educational TV sets in developing countries,
lightina for domestic vse in rural areas, and
power for medical refrigerators and lights in
remote medical centers of these countries. Sne
of the largest potential markets is use of
photovoltaic cells to pewer water pumps for
domestic or livestock use, and for irrigation
systems. This is a particularly appropriate
use of photovoltaic cells since, unlike most
other applications, electrical storage [(batter-
ies) is not required because the water pumped
in daylight hours can be stored for use at any
time.

Tt should be recognized, houwever, that al-
though the achievement of the projected costs
for photovoltaic cells may open up new markets
for <heir applications, it is not likely to
result in widespread utility uses soon because
of inherent problems related to gnergy storage,

7. CONCLUSIONS

The development of an economically competitive
photovcltaic technology is handicapped by the
lack of a strong scientific and technological
knowledge bhase.




The performance of currently envisaged photo-
voltaic cells depends critically on the basic
knowledge of the cell materzals and an under-
starding of the physical processes which occur
during the energv conversion. Research should
continue to identify mores suitable materials
for cells that will include solids, thin films,
and licuid solutions. Cnce these materials |
are identified and their structural, chemical,
optical and electrical rproperties character-
ized, they will have to be mass produced.

Esrecially new materials with strong optical
apsorption and band gaps matched to the solar
spectrum need to be identified and character-
1zad. Structural research should also address
changes in raterials produced bv intense and/or
long solar illuminaticn, niagh temperature, and
exposure to various environments. Research
should continue on the reliability and durabil-
1t of cells and modules that are constructed
using improved materials and technigues. A
better understanding of the photovoltaic ef-
fect when using these new materials and of the
parameters coverning the efficiency of a vari-
ety of cells will benefit the technological
development of the photoveltaic field.
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