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NOMENCLATURE

A Junction area, cm?

B Coefficient for radiative recombination, cm3/s

C Optical concentration ratio

Cy, Cp Auger recombination coefficients in n- and p-type silicon, cm®/s
d Spacing between grid lines, cm

D., D, Electron and hole diffusion coefficients, cm?/s

Er Fermi energy, eV

E, Energy gap, eV

E, Activation energy for n;, eV

f Curve factor

g Dimensionless shunt conductance

G Shunt conductance, mho/cm?

h Coefficient describing injection into end regions, cm*/s
J Dimensionless current density

J Current density, A/cm?

¢ Length of grid lines, cm

L.L, Electron and hole diffusion lengths, cm

n Electron concentration, cm™>; also used as the diode quality factor (dimensionless), as

in Equation 16.

n; Intrinsic carrier concentration, cm™

N eoff Modification of n; due to heavy doping, cm™

Ny Acceptor dopant concentration, cm™

p Hole concentration, cm™

P Acceptor dopant concentration, cm™

r Dimensionless series resistance parameter

R Recombination rate, cm™3s™!

R, Resistivity due to emitter spreading resistance, ohm-cm?
R, Resistivity due to resistance along grid lines, ohm-cm?
R, Series resistivity, ohm-cm?
Re Series resistance due to emitter, ohms

S Surface recombination velocity, cm/s

U Dimensionless open-circuit voltage parameter

v Dimensionless voltage parameter

w Width of grid lines, cm

W Thickness of base region, cm

X; Junction depth, cm

Greek Symbols

Optical absorption coefficient, cm™

o
B Temperature coefficient of efficiency, deg™
n Solar cell efficiency, %

m Mobility, cm?/volt-s

Qe Sheet resistance of emitter region, ohms/square
Qm Sheet resistance of grid metal, ohms/square
T Minority carrier lifetime, s

iv



SILICON PHOTOVOLTAIC CELLS

R.N. Hall

1. INTRODUCTION

Developments in silicon solar cell technology have
been taking place at an accelerated pace in recent
years, stimulated by the awareness among the technical
community of the need for a nonpolluting renewable
source of electrical energy, by increased federal sup-
port, and by the possible emergence of a viable large-
scale photovoltaic industry. The semiconductor prin-
ciples which determine cell performance have been ex-
tended, new solar cell structures have emerged, and
the analysis and understanding of their electrical
characteristics have advanced on many fronts.

This report reviews the current status of work in
this field. The current-voltage characteristic of the
illuminated solar cell is discussed with emphasis on
clarifying the essential concepts. Several important
areas where our present understanding is inadequate
are also pointed out and some common misconcep-
tions are discussed. Silicon photovoltaic cells are
made in many configurations, including the familiar
p-n junction cell with its front-surface grid, metal-
insulator (MIS) cells, interdigitated back contact (IBC)
cells, and various forms of vertical multijunction
(VMJ) cells. Principal attention is devoted to the
planar p-n junction cell since it has achieved the
greatest maturity both in theory and in application.
It serves as a useful reference for comparison with
other kinds of solar cell.

The emphasis in this report is upon measures which
can be used to achieve the maximum cell efficiency.
These are not always applicable to terrestrial power
generation where cost considerations often require
compromises in the quality of the initial silicon and
in the fabrication methods that can be employed. Sev-
eral important topics were found to be too complex to
be dealt with in this report. These include discussions
of the different crystal growth methods, cell fabrica-
tion practices and the consequences of using poly-
crystalline material, and the economics of the various
approaches to cell manufacture.

It is hoped that this review will prove helpful to
those working with cells made from other semiconduc-
tors as well as silicon. Silicon cell technology clearly
illustrates the principles and constraints which deter-
mine cell performance, and this insight may suggest
new avenues for achieving improved performance in
cells made from other materials.

More than a dozen different types of silicon solar
cells have emerged during recent years. For purposes
of discussion, it will be convenient to group them into
three different modes of operation.

Manuscript received November 5, 1980

1.1 Cells with Collecting Junctions

at the Front Surface

The most common form of solar cell has a thin
collecting junction at its front surface. This junction
may be a diffused or ion implanted p-n junction, a
metal-semiconductor Schottky barrier, or a metal-
insulator-semiconductor (MIS) structure. The ab-
sorbed light produces minority carriers which diffuse
to the junction and fall through the built-in field,
producing a photocurrent. If this current is not drained
off by a load, the junction develops an open-circuit
voltage or ‘‘floating potential’’ due to the excess
minority carrier population maintained within the
semiconductor by the incident light. The back surface
of the cell is often heavily doped (as in the back-surface
field or BSF cell) to produce another built-in field
region that reflects minority carriers back toward
the collecting junction. In these cells the principal
function of the BSF is to increase current collection
by eliminating surface recombination at the back of
the cell. Although conceptually one-dimensional
structures, these cells involved a lateral flow of current
in the thin front-surface layer which significantly
affects their performance.

1.2 P*-I-N* Cells

In these cells most of the light absorption takes
place in silicon that is sufficiently pure, or the light is
sufficiently intense, that the concentration of photo-
generated carriers (electrons and holes) exceeds the
background doping level in the I-region. This I-region
is not actually intrinsic, but is usually made from 10 to
100 ohm-cm silicon which contains few enough ma-
jority carriers that the electrical performance can be
modeled after the classical P*-I-N* rectifier (Herlet,
1968; Berz, 1977). Under illumination, electrons and
holes diffuse to the N* and P* electrodes where they
are captured, generating a photocurrent. The cell
may have the same configuration as the front surface
cells described above, in which case the function of-the
rear junction is to generate an additional voltage by
capture of one type of carrier while it reflects carriers
of the opposite type. Alternatively, it may have both
collecting junctions on the back, eliminating grid
shadowing and losses due to recombination and
spreading resistance in the front-surface layer. Con-
ductivity modulation plays an essential role in reducing
resistive losses in the substrate of P*-I-N* cells and
places a premium on achieving a long recombination
lifetime in this region.



1.3 Edge-Illuminated Multijunction Cells

The cells of this class contain arrays of junctions
that are oriented more or less edge-on to the incident
light. This permits most of the light to enter the cell
and be absorbed in the substrate region without having
to pass through a heavily doped junction layer. Many
different forms of multijunction cell have emerged,
some featuring series interconnection or metallization
patterns designed for operation in concentrator systems
where the fabrication steps needed to achieve their
more complex structures can be justified by their im-
proved performance under high optical intensity.

2. SEMICONDUCTOR PROPERTIES

OF SILICON

The discussion of silicon solar cells which follows
involves a number of material parameters as described
in several reviews (Baliga, 1980; Wolf, 1971; Sze, 1969).
Those properties most instrumental in determining
the design and analysis of cell performance are dis-
cussed below.

2.1 Energy Gap, E;

The energy gap of pure silicon is accurately known
(Barber, 1967; Varshni, 1967; Bludau et al., 1974).
At room temperature, 300 K, its value is 1.120 eV,
slightly below the optimum for solar energy conver-
sion. In the range near and somewhat above room
temperature, where solar cells are usually operated,
the energy gap decreases linearly with temperature
as described by,

E,(T)=1.120 — 2.8 X 107%(T — 300 K)eV (1)

2.2 Modifications Caused by Large Impurity

Concentrations — Heavy Doping Effects

Most cells contain one or more heavily doped re-
gions where the normal properties of the semicon-
ductor are modified by ‘‘heavy doping effects.’’ In an
n-type semiconductor, for example, the high concen-
tration of donor impurities causes the states near the
conduction band edge to become smeared out and
merge with the donor levels. Also, at sufficiently high
donor concentrations the Fermi level moves up into
the conduction band and the semiconductor becomes
degenerate. This happens for donor concentrations
greater than 2.35 x 10" cm™ at room temperature,
assuming that the conduction band density of states
is not changed at these high doping levels. In p-type
silicon, degeneracy is achieved for acceptor concen-
trations greater than 1.34 x 10'° cm™. In this range
the transport properties of the majority carriers are
largely determined by those electrons near the Fermi
surface away from the smeared-out band edge. The
semiconductor resembles a metallic conductor, with
the electron distribution governed by Fermi rather
than Boltzmann statistics.

On the other hand, any minority carriers (holes)
that may be present occupy states near the valence
band edge. This band is also modified by the donor

impurities, so the holes move in the tail states of the
valence band and can be expected to have transport
properties somewhat different from their behavior
as majority carriers at a comparable doping level.

Heavy doping effects are important because they
are involved in the principal compromises that must
be made in solar cell design. In cells with front-surface
junctions, this region must be thin enough that car-
riers generated near the surface can reach the junction
and be collected. On the other hand, it must have a
low sheet resistance to minimize spreading resistance
losses and therefore must be heavily doped. Another
compromise results because the open-circuit voltage
developed by a cell tends to increase as the impurity
concentration on both sides of the junction is in-
creased. This reaches a limit, however, due to sev-
eral heavy doping effects which combine in ways
that are not yet clearly understood, and thereafter
the output diminishes.

A proper description of minority carrier injection
in heavily doped material is presently lacking, but
several important considerations are evident. First
of all, Fermi statistics must be used to describe the
majority carrier distribution in degenerate material.
Secondly, the presence of the doping impurities
causes the semiconductor to behave as though its
energy gap had been decreased by an amount, AE,,
as indicated in Figure 1. The band gap shrinkage as
a function of doping concentration has been inferred
-from optical absorption data and from measurements
of diode and transistor characteristics. The optical
evidence comes from transitions between states that
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Figure 1. Modification of the density-of-states diagram of
a semiconductor caused by a large (degenerate) donor
concentration. The bands are considered to shift rigidly
toward each other by an amount AE,, while the Fermi level
moves an amount Ey into the conduction band. Band edge
tailing is also indicated.



are well away from the band edges, so they reflect
the “‘rigid shift” indicated by the diagram. On the
other hand, the electrical measurements sense the
energy difference between the Fermi level of the ma-
jority carriers and those tail states of the opposite
band where the minority carriers can be regarded as
mobile. This corresponds to a ‘‘mobility band edge’’
(Redfield, 1975). Electrical measurements therefore
yield somewhat greater values for the effective band
gap shrinkage. However, it must be emphasized that
the magnitude of AE, and its dependence upon
dopant species and concentration have not yet been
established conclusively and are subjects of con-
siderable current interest and discussion (Mahan, 1980;
Redfield, 1980; Fossum et al., 1979; Possin et al.,
1980; Keyes, 1976). Thirdly, the minority carriers
can be expected to exhibit a reduced mobility due
to tailing caused by the majority doping impurties.
The behavior of heavily doped silicon is further
complicated by the extremely short minority carrier
lifetime, due principally to Auger recombination.
Heavy doping effects and their implications for device
performance have been discussed in several recent
publications (Abram et al., 1978; Lauwers et al.,
1978; Marshak and Shrivastava, 1979; de Graaff
et al., 1977; Fistul’, 1969; Hauser and Dunbar, 1977;
Heasell, 1980; Tang, 1980).

2.3 Intrinsic Carrier Concentration, n;

The intrinsic carrier concentration is instrumental
in determining the dark saturation current and hence
the open-circuit voltage of a solar cell. Its variation
with absolute temperature T is given by (Barber, 1967),

n; = 3.87 X 10" T3/2 exp(— Eyo/2kT) @

where E,o = 1.210 eV. At room temperature (300 K)
this expression gives n; = 1.35 x 10'° cm™3. It in-
creases by a factor of 2.23 in the next 10 °C.

The effects of band gap shrinkage and degeneracy
discussed in the previous paragraph result in an in-
creased equilibrium pn product in heavily doped ma-
terial (Abram et al., 1978; Slotboom, 1977) given by,

ntey = ntexp(AE,/kT)
(3)
{Fi/2(Ex/kT) exp (Ex/kT)}

where F,;,, is the Fermi integral and Ey is the
amount by which the Fermi level has moved into the
conduction band. The first exponential factor, which
is always greater than unity, represents the effects of
band-gap shrinkage. The bracketed factor accounts
for degeneracy; its reciprocal is the activity coefficient
(Landsberg, 1980). It is always less than unity so these
factors tend to offset each other. While the use of
n; .;r makes it possible to use Boltzmann statistics be-
yond its range of applicability, it should be done with
caution since it may also obscure some important as-
pects of junction behavior.

2.4 Optical Absorption, o

The minority carrier generation rate within an il-
luminated solar cell is determined by the spectral dis-
tribution and coefficient for band-to-band optical ab-
sorption. The dependence of the absorption coefficient
of silicon upon temperature and photon energy has
been reviewed recently for application to solar cell
analysis (Weakliem and Redfield, 1979). Since silicon
is an indirect transition semiconductor its absorption
coefficient increases slowly with energy above the ab-
sorption edge and consequently a rather thick layer is
required to absorb most of the incident radiation. For
example, a thickness of 200 microns is required for
95% absorption of the AMI spectrum. For this rea-
son, silicon cells are generally made thick enough to be
self-supporting. Thin-film cells, on the other hand,
must be made from semi-conductors having very strong
optical absorption and they require a supporting sub-
strate whose properties must be taken into account as
an integral part of the cell structure.

2.5 Mobilities and Diffusion Coefficients
The electron and hole mobilities in pure silicon are
given by,

pe = 1360 (7/300) 242 cm?/V —s (4a)

and

Rh 495 (T/300)"22° cm?/V —s. (4b)
In doped silicon, these parameters are decreased by
impurity scattering, falling roughly a factor of 10 as
the impurity concentration is increased from 10'¢
to 10" cm™. At still higher donor or acceptor con-
centrations, the semiconductor behaves ‘‘metallic”’
and the mobilities assume nearly constant values,
pe ~90 cm?/V—s and p, ~48 cm?/V—s.  Curves
showing the variation of y, and p, with temperature
and impurity concentration have been published re-
cently (Li and Thurber, 1977; Li, 1978).

The output of a solar cell is derived from the dif-
fusive flow of minority carriers to some form of col-
lecting junction so the diffusion coefficient D is of
more direct concern than the mobility. They are con-
nected by the Einstein relation, D = kTu/q, so in pure
silicon at room temperature

D. = 35.1(T/300)"**2 cm?/s (5a)

and
D,

12.7 (T/300)"2° cm?/s. (5b)

In degenerate material the diffusion coefficients for
majority carriers decrease to approximately 2 and
1 cm?/s, respectively. Minority carriers presumably
diffuse somewhat more slowly, reflecting the properties
of the modified ‘tail states.”’



2.6 Lifetime, 7

The minority carrier lifetime is limited by several
recombination mechanisms. The dominant process in
most silicon is Hall-Shockley-Read recombination
which proceeds via defects having energy levels deep
within the energy gap. In the simplest case where the
only recombination center presentis one that produces
a single level in the energy gap, the recombination rate
is given by,

e np — n}
Rusn = 2 ¥ n) ¥ 1,0+ 0) &

and the lifetime at low injection level is

Lf T, a(”+ni) + Tna(p+pr)
Tusp = — n¥p @)

The parameters n, and p, describe the location of the
level within the energy gap; they are the electron and
hole concentrations which would prevail if the sample
were doped so that its Fermi level coincided with the
recombination center. Thus the position of the level
above midgap is given by AE, = (kT/q)In(n,/n;) =
(kT/q)In(n;/p,). In strongly doped silicon such that
n>n, or p>p, the lifetime assumes a constant value,
Tpo OT T, Tespectively, independent of the doping
level. These ‘‘plateau lifetimes’’ have the form
7po = 1/(N,0,v) where N, is the concentration per unit
volume of centers, o, is their capture cross section,
and v is the thermal velocity of the electrons or holes.

Actual samples of silicon can be expected to have
several sets of recombination centers present. In most
junction devices the principal concern is usually with
the generation current that is produced within the
space-charge layer of a reverse biased junction where
n = p = 0. This is dominated by those defects having
energy levels closest to midgap (Sah et al., 1957). Solar
cells, on the other hand, are operated under forward
bias with both types of carrier present so according to
Equation 6 the criterion that determines whether a de-
fect will be effective as a recombination center (for the
same concentration and cross section) is that its energy
level must be closer to mid-gap than the quasi Fermi
Level of the sample. In other words, all defects having
(n, + p,) less than the majority carrier concentration
are effective in limiting the lifetime, so there is a ten-
dency for the apparent values of 7,, and 7,, as deter-
mined from experiment to decrease instead of remain-
ing constant as the doping level is increased, as has
been noted by Kendall, 1969. The lifetime due to deep-
level recombination depends upon the quality of the
starting material and upon many details of the cell
fabrication process. Changes in minority carrier life-
time during fabrication have been reported by Graff
and Fischer, 1979. With reasonable care HSR lifetimes
as high as 20 to 50 us can be achieved in the base re-
gions of finished cells.

Under conditions of high-level operation, where
the minority carrier concentration becomes equal to

or greater than n,, p,, and the equilibrium concentra-
tion of majority carriers, 7, changes to a new value
which is called the high-level lifetime, 7.

To = Tpo + Tno (®)

According to the HSR model, 7_ can be either smaller
or larger than the low-level lifetime. The rather pure
(~100 ohm-cm) n-type silicon used in power devices
generally exhibits a modest decrease in lifetime at high
injection levels (Schuster, 1965). On the other hand,
the behavior of solar cells under strong illumination
sometimes indicates an increased high-level lifetime
(Meulenberg et al., 1980).

Auger recombination becomes the dominant pro-
cess in strongly doped n- or p-type silicon (Dziewior
and Schmid, 1977; Svantesson and Nilsson, 1979).
The net recombination rate is given by,

RAuger = (CNn it CPP) ("p s nl2) (9)

In extrinsic material the Auger lifetime decreases rap-
idly as the majority carrier concentration increases. In
n-type silicon it is given by

Tan = 1/Cyn? (10a)

where Cy = 2.8 x 1073! cm® s7*.
it varies as

In p-type silicon,

TAP = l/Cppz (lOb)
where Cp = 1 x 1073! cm® s™*. The coefficients Cy
and Cp are nearly independent of temperature, increas-
ing less than 30% between 77 K and room temperature
(Dziewior and Schmid, 1977). The theoretical and ex-
perimental evidence indicate that these equations re-
main valid in degenerately doped material (Lochmann,
1978). While these Auger coefficients are commonly
regarded as intrinsic properties of silicon, there are
other experiments which indicate much lower values
(Van Meerbergen et al., 1978; Possin et al., 1980;
Weaver and Nasby, 1980). The possibility should be
kept in mind that the values for Cy and Cp given above
may have been based on transitions involving defects
and that the true Auger coefficients are significantly
smaller than has generally been believed.

Radiative recombination also occurs in silicon, but
it is too weak to have any significant effect upon the
minority carrier lifetime. The recombination rate for
this process is given by R, = B(np — n?), where B =
0.95 x 107** cm®/s (Schlangenotto et al., 1974). The
corresponding lifetime expression is 7,,, = 1/B(n+p).

The lifetime due to all of these processes is deter-
mined by their reciprocal sum,

%=1+1+l (11)

THSR T Auger Trad



2.7 Diffusion Length, L,and L,

The current generated by a solar cell is largely de-
termined by the diffusive flow of minority carriers to
collecting junctions. The distance such a carrier can
travel is described by the diffusion length, L = /Dr.
Figure 2 indicates the variation of diffusion length
with majority carrier concentration for n- and p-type
silicon. Both D and 7 decrease as the doping level is
increased, as discussed above. The curves of Figure 2
were calculated using the Auger coefficients of Equa-
tion 10 and two choices of 7,5z, 10 and 50 ps. The lat-
ter is representative of a cell made from good quality
silicon with careful processing. Shorter HSR lifetimes,
10 ps or less, may result from inferior starting mate-
rial or recombination centers introduced during cell
fabrication.

Two regions of Figure 2 are of particular interest.
The substrate, or base region, typically has a thickness
of 100 to 200 microns and a doping level in the range
105 to 10'7 cm™3. Efficient current collection from the
base region requires a diffusion length that is greater
than the cell thickness. When high quality single-crystal
(electronic grade) silicon can be used this condition is
not difficult to fulfill, although it becomes more of a
problem at high substrate doping levels. On the other
hand, it is one of the principal criteria that must be
met by the ‘‘solar grade’’ silicon being developed to
meet the cost constraints of terrestrial photovoltaic
power generation. This material must be sufficiently
free of deep-level impurities to yield an adequate dif-
fusion length.

The second regime corresponds to the ‘‘emitter
region’’ of a cell having a diffused front-surface junc-
tion. These regions are typically made one or two tenths
of a micron thick with doping concentrations in the
range 1 to 5 X 10%2° cm™ where the lifetime becomes
very short due to Auger recombination. The corre-
sponding diffusion length indicated by Figure 2 is a
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Figure 2. Minority carrier diffusion length vs majority car-
rier concentration, assuming HSR and Auger recombina-
tion.

few tenths of a micron or less. Since this is comparable
to the thickness of the emitter region there would ap-
pear to be a high probability that a carrier generated
anywhere in the emitter region would be able to diffuse
to the junction and be collected. Such a region is often
called a ‘‘transparent emitter’’ (Shibib et al., 1979).

This conclusion must be modified by two consider-
ations. Firstly, if the front surface of the cell has a
high surface recombination velocity it will be a sink
for minority carriers and fewer of them will survive
and be able to diffuse to the junction. For this reason
it has been found to be advantageous to grow a thin
layer of oxide over the front of the cell before adding
the anti-reflection coating (Fossum et al., 1979). Sec-
ondly, in actual solar cells the emitter regions are made
with strong concentration gradients which produce
built-in electric fields (drift-fields) that can significantly
change the effective diffusion length. In the absence
of band-gap narrowing the drift-field would be in a
direction to drive the minority carriers toward the junc-
tion and would be strong enough to make the effective
diffusion length several times greater than that indi-
cated by Figure 2. Band-gap narrowing tends to re-
duce the built-in field; in fact, the large AE.’s indi-
cated by some of the electrical measurements call for a
reversal of the built-in field, which would tend to drive
the minority carriers toward the surface and reduce
the collection efficiency.

3. THE ELECTRICAL CHARACTERISTICS

OF SOLAR CELLS

A photovoltaic cell is a semiconductor diode with
provision for admitting optical excitation to generate
electron-hole pairs in the proximity of the junction. In
the dark its behavior resembles the J ~ exp(gV/kT)—1
characteristic of an ideal p-n junction. When illumi-
nated, an additional current component is added which
shifts the characteristic along the current axis by an
amount —J ., where J,. is the short-circuit current
density and is nearly independent of voltage. It is more
convenient to take the opposite sign for the current
flow so the current delivered to a passive load will be
positive. The elemental form for the solar cell charac-
teristic then becomes,

J = Ji. — Jorlexp(qV/kT)—1] (12)

Jo1 is the ‘‘dark saturation current density’’ which
results from the thermal generation of minority car-
riers within the semiconductor. It should be made as
small as possible to maximize the output voltage gen-
erated by the cell. This is the characteristic for the
case where the minority carrier concentration in the
base is always small compared with the majority carrier
concentration.

The behavior of this equation is illustrated by Fig-
ure 3. When a load is attached to the cell it delivers
current at a voltage that depends upon the load imped-
ance. If the load impedance is zero the cell generates



its short-circuit current J;. which is proportional to the
illumination intensity. If the load is disconnected it
develops an open-circuit voltage given by

s %T In (Joo/Jog + 1)
(13)

~ %T In (Ju/Jox)

Since J,./Jo, is typically of order 10'° to 10'* this ap-
proximation introduces negligible error.

Maximum power is delivered when the load imped-
ance is properly matched giving

Prax = JnVm
(14)
. JSCVOC

The curve factor, f, depends upon the ‘‘sharpness’’ of
the current-voltage characteristic. An ‘‘ideal’’ silicon
cell having a characteristic described by Equation 12
and illuminated at approximately one sun intensity to
give V,. = 0.6 volt at 300 K would have f = 0.827.
Real cells often achieve curve factors in the range
0.75 to 0.8 volt.

The equation corresponding to Equation 12 for the
ideal P*-1-N* cell is

J = Je — Joalexp (qV/2kT)—1] (15)

This form follows from the assumption that the cur-
rent is due to HSR recombination in the base region
under high-level conditions where the lifetime is de-
scribed by Equation 8. The electron and hole concen-
trations in the base are equal and are determined by the
cell voltage which is equally divided between the P*I
and IN* junctions, accounting for the factor of 1/2 in
the exponential.

3.1 The Curve Factor, f
The current-voltage characteristic of a solar cell is
often written in the general form

J = J, — Jonlexp (@V/nkT) — 1]
(16)
. Jsc . JOnexp (qV/”kT)

The parameter, n, appearing in these equations deter-
mines the sharpness of the J— V characteristic and
hence the magnitude of the curve factor as can be
seen from Figure 3. In all cases of practical interest
Jon<J s0 the second form of this equation is an ex-
cellent approximation. With this approximation we
have V,. = (nkT/q) In(J,./Jy,) so the cell character-
istic can be written in the form
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JSC
In——————— i Pmax
I
|
|
|
|
: Voc
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N\ m
\
\
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Figure 3. Dark and illuminated current-voltage charac-
teristics of a solar cell. Maximum power is delivered at

Poox = IV = NscVoc-

A Vo | V. _

ot e"p{nkT [V,,c 1}}
or

Jj=1—-exp[UWv-1)] 17
where j = J/J,., v = V/V,,and U = qV,./nkT. The
curve factor is equal to the maximum value of the (jv)
product, which is seen to be a function of the single
dimensionless variable, U. f(U) and its derivative,
df/dU, can be evaluated numerically with results shown
in Figure 4. The lower scale gives V,_ for the case
n =1 and T = 300 K, which is of principal interest
for silicon cells operated near room temperature. Fur-

ther discussion of the curve factor can be found in
Hovel, 1975, p 61; and Green, 1977.

3.2 AM1 Short-Circuit Current Density

The short-circuit current density depends upon the
rate of generation of minority carriers within the cell
and upon the fraction that are able to diffuse to the
junction and be collected. If we assume the standard
(but rather optimistic) value of 1 kW/m? for the power
density of unconcentrated sunlight at the earth’s sur-
face, the maximum possible value for J, is approxi-
mately 45 mA/cm? corresponding to one electron hole
pair per incident photon with energy greater than E, =
1.12 eV. A range of values for this limiting photo-
current can be found in the literature but reliable
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Figure 4. The curve factor f and its derivative with respect
to voltage. The upperscale gives the dimensionless param-
eter, U = qV,./nkT. The lower scale shows V,_ for the
casen = 1 and T = 300 K. The table (inset) gives ad-
ditional values of f and df/dU.

documentation is difficult to obtain. The value
43 mA/cm? is obtained by correcting the AMI.5
spectrum (ERDA, 1977) which has a power density of
844 W/m? to 1 kW/m?. The AMI spectrum is some-
what richer in near band-edge radiation and would
therefore give a slightly greater value for J,.. A recent
analysis by Sah gives 37.1 mA/cm? for 891 W/m? for
AMI1 insolation which corresponds to 41.6 mA/cm?
at 1 kW/m? (Sah, 1978).

A more realistic value for the maximum achievable
Jsc is obtained by considering only radiation that can
be absorbed in ~200 microns of silicon which corre-
sponds approximately to the spectrum beyond Ay =
1.24 eV. A calculation similar to that above gives
38 mA/cm? instead of 43 mA/cm? for the AMI.5
spectrum, or approximately 40 mA/cm? for 1 kW/m?
of AMI insolation. Wolf has obtained values as high
as 41 to 42 mA/cm? in his calculations of the limit ef-
ficiency for specific cell geometries using the same in-
solation (Wolf, 1980).

Several factors can be expected to reduce J,. below
this value in actual cells. Front surface reflection losses
can be reduced to only a few percent by applying an
antireflection layer and by ‘‘texture etching’’ as de-

scribed in Section 4. Shadowing by the front surface
grid can be expected to cause an additional loss of 5 to
15% in typical cells. The current collected by the junc-
tion is reduced further by recombination of the photo-
generated carriers in the bulk and at the surface and
junction regions of the silicon.

The change of energy gap with temperature de-
scribed by Equation 1 will tend to cause an increase in
short-circuit current with temperature. This depen-
dence can be calculated from the photon flux near the
band edge relative to that in the entire absorbed spec-
trum giving,

_l_ dJsc
Jse dT

= 3 x 107* per degree K (18)

This variation is small compared with the changes
of other solar cell parameters discussed later in Sec-
tion 4.11.

3.3 Superposition
Equations 12 and 15 imply that illumination causes
a simple translation of the current-voltage character-
istic along the current axis. While this is a useful con-
cept, it is not exact and its limitations should be kept
in mind (Lindholm et al., 1979; Tarr and Pulfrey,
1980). The more common instances where superposi-
tion fails to apply are:
® Modifications of the J-V characteristic caused
by series resistance cannot be described by a
simple translation.
e Superposition also fails if the injection level in
the base goes from low-level to high-level as the
light intensity is increased.

4. FRONT SURFACE JUNCTION CELLS,
N*-P-Ohmic AND N*-P-P* CONFIGURATION
The planar front surface junction cell will be dis-

cussed in some detail here since it is the form that has

been most intensively developed. The analysis can be
extended to other kinds of cells employing front sur-
face collection with minor modification.

The construction of a silicon solar cell generally
includes most of the features shown in Figure 5 which
illustrates the N* front junction configuration. The
photocurrent is collected by a shallow N* junction
formed over the front surface. This layer must be thin
enough to allow light to penetrate through it to the
more lightly doped base. A metal grid is provided to
make contact with the front layer without obstructing
too much light and to minimize resistive losses due to
the lateral flow of current in it. The loss of light by
front surface reflection is minimized by applying a
quarter-wave antireflection coating (Revesz et al.,
1976, lles, 1977; Kern and Tracy, 1980), and by ‘‘tex-
ture etching’’ the surface to produce a myriad of pyra-
mids which trap the incident light by multiple reflec-
tion (Restrepo and Backus, 1976; Arndt et al., 1975).
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4.1 Equivalent Circuit

A real solar cell is more than a simple one-
dimensional structure and it is not adequately repre-
sented by Equation 12. A more accurate description
is obtained by taking into account the following addi-
tional features:

e Inclusion of a series resistance term to account
for the difference between the terminal volt-
age and that which actually appears across the
junction.

e A shunt conductance term to represent current
leakage across the junction.

e Additional current components varying as
exp (qV/nkT), where n = 2 or greater.

These can be represented by the equivalent circuit
shown in Figure 6. This, of course, is not an exact
representation since a real cell consists of a distributed
network of cell elements connected across an R; trans-
mission line. Nevertheless, it gives sufficient accuracy
for most purposes and is widely used as the basis for
analyzing cell performance. This circuit gives the fol-
lowing J-V characteristic for the photovoltaic mode of
operation:

kq—T(V+JRs)
J = JL ey J01 e — 1

q
——(V+JR))
e J |}nkT - lj]

— Gu(V+JR)) (19)
Jy is a constant current generator representing the pho-
togenerated current. The appearance of J on the right
of this equation when R, # 0 accounts for superposi-
tion failure when the series resistance is significant.

The short-circuit current density will be somewhat
less than J, if G, is appreciable. Setting V' = 0 we
obtain

Ji

~T¥G,R. (20)
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Figure 6. Lumped constant equivalent circuit of a p-n
junction photovoltaic cell.

since the terms involving Jy,; and J,, are then very
small compared with J; in cases of practical interest.

The cell parameters are often determined by mea-
suring the dark J-V characteristic, assuming that the
same values apply when the cell is operated in the
photovoltaic mode. The corresponding equation is
obtained by setting J; = 0 in Equation 19 and revers-
ing the sign of J to make it positive. This gives for
the dark current-voltage characteristic:

J=Jo

q v_
[kT(V JR)) :|
e -1

—_(y-Jr)
+ Jon [e”kT( = l:|

+ G (V—JRy) 21)
The contributions of the different terms of this equa-
tion are illustrated in Figure 7 with parameter values
chosen to represent the J-V characteristic of a typical
silicon solar cell.

Comparing Equations 19 and 21, it will be seen that
the dark current subtracts from the photocurrent that
can be generated by a solar cell. It is the exponential
increase of the dark current with voltage which limits
the open-circuit voltage to a value which insilicon cells
is approximatley 0.6 volt under one sun illumination.
The cell parameters appearing in these equations should
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therefore be made as small as possible to minimize the
dark current, as discussed in the following sections.

4.2 The Jo; Component of the Dark Saturation

Current; Emitter Efficiency

Our discussion of the factors which determine
Jo: will be directed to N*-P-Ohmic and N*-P*-P* cells
since analogous arguments apply to the opposite con-
figuration. It is sufficient to consider one-dimensional
structures as shown in Figure 8. We are concerned
with the diffusion currents J, and J, which are in-
jected into opposite sides of the junction when a for-
ward bias is applied. Current components due to
other mechanisms will be discussed later.

For a preliminary evaluation of Jy; we note that
the impurity concentration in the N* region is much
greater than that of the base; consequently this junc-
tion can be expected to have a high emitter efficiency
so we assume that Jy; is due entirely to electrons in-
jected from the N* region (often called the emitter)
into the base. With this assumption Jy; is easily
evaluated. For the N*-P-Ohmic cell the metal contact
on the back serves as a perfect sink for electrons (sur-
face recombination rate S = oo at this boundary),
giving
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Figure 8. Basic N*P cell configurations.
_gD.n}
Joi = NiL. coth (W/L,) (22a)
— gD.n}/NuW ifL,>> W (22b)
— gD,n?/N4uL, ifL, << W (22¢)

D, and L. are the electron diffusion coefficient and
diffusion length in the base, and N, is the acceptor
concentration there.

The N*-P-P* cell is called a back surface field
(BSF) cell because the high-low junction at the back
produces a built-in field which reflects minority
carriers. Assuming complete reflection at the P-P*
junction (S = 0) we obtain,



gD.n}

Jor = 7 tanh (W/L.) (23a)
— qn*W/Nyr ifL.>> W (23b)
— gD.n*/NaL, ifL, << W (23¢)

Comparing these results, we note that for any
given cell thickness and diffusion length the BSF cell
is always superior to the N*-P-Ohmic cell. Both types
of cell are improved by using material with a longer
minority carrier lifetime.

These equations also indicate that Jy; can be re-
duced, apparently without limit, by increasing the
doping level in the base. Experimentally, however,
it is found that this approach is no longer fruitful for
N4 > 10"7cm™ (Hauser and Dunbar, 1977; Iles and
Soclof, 1975; Fossum et al., 1978). As the doping
level is increased further, the emitter efficiency begins
to decrease and eventually Jy; becomes dominated
by the properties of the front N* region rather than
by the base. Cell performance is further affected by a
reduction in J,. due to the shorter minority carrier life-
time that is encountered in more heavily doped mate-
rial. Most of the experimental results indicate that
there is an optimum base doping level somewhere in
the range 10'® to 10'’cm™ (0.3 to 2 ohm-cm) where
the best cell performance is achieved. The optimum
base doping level is somewhat higher in cells designed
for operation in concentrated sunlight.

The analysis of cell performance near this optimum
must take into account the hole current J, injected
into the N* layer as well as the electron current in the
base, since both components contribute to Jo;. J,
cannot be described by simple analytical equations
like (22) and (23) for several reasons. The analysis is
hindered by the lack of understanding of the heavy
doping effects discussed in Section 2.2 and by the
strong concentration gradient that generally exists
in the N* region. Furthermore, this region is often
made thin enough (0.1 to 0.2 micron) that surface
recombination must be taken into account at the
front surface of the cell and under the metal grid con-
tacts in spite of the very short minority carrier life-
time (Shibib et al., 1979; Fossum et al., 1979). Under
these circumstances it is important to minimize the
area of contact between the grid and the N* region to
suppress recombination at that interface (Lindmayer
and Allison, 1976).

The best insight is often obtained by numerical
device modeling which provides a means for taking
these effects into account and evaluating their im-
portance (Fossum, 1976; Weaver and Nasby, 1980;
Dunbar and Hauser, 1977; Lauwers et al., 1978).
Further elucidation of the factors which determine
minority carrier injection into heavily doped emitters
is provided by a recent analytical treatment (Amantea,
1980).
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An alternative approach which may provide 'the/
basis for an analytical description of the emitter effi-
ciency in solar cells is the use of the ‘‘h coefficients’’
that have been developed to describe injection into
the end regions of transistors and PIN power devices
(Burtscher et al., 1975; Berz et al., 1979). These were
initially introduced as semi-empirical parameters, but
a more complete understanding is now emerging and
their application to solar cell analysis seems likely
as illustrated in Section 4.9.

4.3 The High-Low Emitter

The high-low emitter structure has been proposed
as a means for achieving increased emitter efficiency
which would improve the open-circuit voltage of solar
cells (Sah et al., 1978), and experimental results which
appear to support the usefulness of this concept have
been published (Neugroschel et al., 1978). On the
other hand, attempts to demonstrate increased emitter
efficiency by analytical methods or by numerical
analysis of assumed high-low emitter junction profiles
(unpublished work) have so far been unsuccessful;
the emitter efficiency of the high-low structure has
always been the same or inferior to that of the same
emitter without the low region. Similar doubt has
been expressed concerning the usefulness of high-low
emitters in transistors (de Graaff and Slotboom,
1976). This is another area of solar cell investigation
where further clarification is needed.

4.4 The J,,, Component of the Dark

Saturation Current

The term involving J,, in Equation 19 represents
“‘excess current’’ which may have a variety of causes.
Recombination in the transition region of the p-n
junction (space-charge region recombination) is a
well-known cause of exp (gV/nkT) behavior where
1 < n < 2 (Lee and Nussbaum, 1980). Solar cell char-
acteristics can often be decomposed into exp (gV/kT)
and exp (qV/2kT) components (Wolf et al., 1977;
Wolf and Rauschenbach, 1963) and the latter is
commonly attributed to space-charge region recombi-
nation (Hovel, 1973). Surface recombination has also
been documented as a cause of n = 2 excess current in
III-V semiconductor junctions (Henry et al., 1978).

Much higher n-values have also been reported, and
these must have other origins. These forms of excess
current may be caused by channels or inversion layers
where the junction emerges at the semiconductor sur-
face or by recombination at extended defects such as
precipitate inclusions (Queisser, 1962; Sah, 1962).

4.5 Series Resistivity, R

The principal series resistance losses in the type of
cell shown in Figure 5 come from the lateral flow of
current in the N* layer and from the IR drop along
the metal contact fingers. These cannot be completely



eliminated because they are involved in design com-
promises which determine the cell efficiency. Thus,
a high collection efficiency and good blue response
demand a thin N* layer, not too heavily doped, but
this implies a high sheet resistance and a correspond-
ingly high spreading resistance. To minimize grid
shadow losses, the grid fingers must be made as narrow
as possible without introducing too much resistance
along their length. Other factors which may contribute
to K,, such as the metal-semiconductor contact resis-
tance or bulk resistance in the base region, can be
made negligible by proper cell design and fabrication
methods and will not be dealt with here.

The equivalent circuit shown in Figure 6 cannot
give an exact representation for these losses since the
photocurrent is gathered from all over the surface of
the cell and should therefore be represented by a dis-
tributed network. Nevertheless, the lumped constant
equivalent circuit is very useful and gives sufficient
accuracy for most purposes.

The equations describing cell characteristics have
been expressed in terms of the current density, J, in
order to keep the discussion independent of the cell
area. Accordingly, R; is expressed as the series resis-
tivity with units of (ohm-cm?). It is the product of
the equivalent series resistance measured on a cell of
any size multiplied by its area. R, has the significance
of a ““figure of merit’’ since its value directly affects
the curve factor. It is a measure of the success of a
particular cell design in eliminating series resistance
losses, independent of the area of the cell being eval-
uated. As a numerical illustration, a silicon cell with
R, = 1 ohm-cm? under 1l-sun insolation suffers an
efficiency loss of approximately 5% due to series re-
sistance. A value of unity can thus be taken as the
dividing point between efficient and inefficient cell
designs.

The effects of series resistance can be characterized
more generally by the dimensionless quantity

r=RJs/ Vo (24)
(Green, 1977). This parameter provides a measure of
cell quality which is independent of illumination in-
tensity and the open-circuit voltage developed by the
cell. The loss in curve factor due to series resistance
is given approximately by

f=rfd-1.1r) (25)
where f; is the curve factor which would be obtained
in the absence of series resistance. Equation 25 is valid
for any value of light intensity and V,.. The change
in curve factor with series resistance is discussed further
in Section 4.7.

The two principal contributions to R, come from
the spreading resistivity in the N* emitter layer, R,,
and the resistive drop along the grid wires, R,. R is
their sum,
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R, =R. + R, (26)

An exact calculation of R, requires a distributed
network analysis which takes into account the dif-
ference in junction voltage between elements of the
cell that are close to the grid contacts and those that
are more remote. The latter are less heavily loaded
and are therefore able to develop a higher voltage.
Because of this they have a higher dark current and
are not able to contribute as much photocurrent to
the load.. :

A good approximation to R, can be obtained by
assuming that each element of the cell generates the
same photocurrent density, J. R, is evaluated by in-
tegrating the power dissipated by current flow in the
emitter layer over the surface of the cell of area A.
This loss is set equal to 7298, where I = JA is the cell
current and £, is its series resistance. The resistivity
is obtained by multiplying by the area of the cell,
R, =R.A.

This procedure will be illustrated by calculating the
spreading resistivity associated with current collection
by a set of parallel grid fingers spaced a distance d
apart as shown in Figure 9. The fingers are assumed
to be long enough that end effects can be neglected.
We will take the unit cell of area A = ¢d/2 as a repre-
sentative sample of the cell being analyzed. The cur-
rent flowing toward the grid finger at a distance x
from it is given by J¢ (g- — x) so the power dissipated in
the emitter layer of the unit cell is given by
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Figure 9. Solar cell with parallel grid fingers. It is assumed
that ¢ > > d so end effects can be neglected.



where g, is the sheet resistance of the emitter layer.
Setting P, = I’*R. = (JUd/2)*R. gives R. = 0.d/61,
SO

R. = 0.d*/12 27
The corresponding formula for the resistivity intro-
duced by the voltage drop along the grid fingers is

R, = o0*d/3w (28)
where g,, is the sheet resistance of the metal layer
from which the grid fingers are formed and w is their
width. A typical value for g,, is 0.01 ohm/square
for a metal layer a few microns thick. Equations 27
and 28 are smaller by a factor of 2/3 than the incorrect
formulae that are often used for calculating R;.

The fact that R, increases with ¢ places an im-
portant constraint on the maximum size of a cell
having a front surface grid. As the cell is made larger
an increasing fraction of its area must be covered with
metal to conduct the current to the edge where it can
be connected to the load.

Another method of contacting the emitter layer is
to provide the cell with a two-dimensional array of
feed-through paths to carry the photocurrent through
the cell instead of across its front surface (Hall and
Soltys, 1980). For feed-throughs of diameter b spaced
a distance a apart the spreading resistivity associated
with the emitter layer is

R. = (c.a?/2m) {In (a/b) — 3/4} (29)
This cell design eliminates losses due to grid shadow
and resistive drop along the grid fingers as well as the
constraint on maximum cell size. On the other hand, a
term similar to Equation 27 must be included to ac-
count for losses associated with the lateral flow of
current in the substrate.

Several experimental methods have been used for
measuring R,. One procedure is to compare the dark
J-V characteristic with a plot of J,. vs V,. measured at
a series of different light intensities (Wolf and
Rauschenbach, 1963). The latter represents the junc-
tion characteristic without any series resistance, so
the difference between the two curves gives the
JR, drop. Another method of evaluating R; is to ob-
serve the J-V characteristic under two different in-
tensities of illumination, giving short-circuit currents
Jie1 and J,,. The voltages V; and V, are noted
where the current drops by the same amount AJ below
the short-circuit values, and R, is given by the ratio
(V2-V1)/(Jse1-Jse2). R, can also be deduced from mea-
surements of the diode admittance as a function of
frequency (Chen et al., 1978).

Several experimental methods have been used for
measuring R,. One procedure is to compare the dark
J-V characteristic with a plot of J,. vs ¥,  measured at
a series of different light intensities (Wolf and
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Rauschenbach, 1963). The latter represents the junc-
tion characteristic without any series resistance, so
the difference between the two curves gives the
JR, drop. Another method of evaluating R; is to ob-
serve the J-V characteristic under two different in-
tensities of illumination, giving short-circuit currents
Jse1 and J,,,. The voltages V; and V, are noted
where the current drops by the same amount AJ below
the short-circuit values, and R; is given by the ratio
(Vo= V1)/(Jse1 —Jsc2). R, can also be deduced from
measurements of the diode admittance as a function
of frequency (Chen et al., 1978).

4.6 Shunt Conductance, Gy,

The low-voltage region of the J-V characteristic is
often dominated by leakage current which flows across
the junction along quasi-ohmic conduction paths.
The current may result from any of several kinds of
junction defects (Stirn, 1972) which need not be cata-
loged here. It is usually sufficient to represent the
leakage by an ohmic term given by Gy, = J/V eval-
uated at one or two tenths of a volt of forward bias
where the ‘‘conductance hump’’ seen in Figure 7
dominates the J-V characteristic. Generally speaking,
its magnitude should not exceed ~10™>mho/cm? to
avoid a significant loss in cell performance. How-
ever, it should be emphasized that many of the leakage
phenomena which contribute to Gy, are distinctly
nonlinear so a precise evaluation of this parameter
is seldom feasible.

4.7 Reduced Curve Factor Due to R; and G,

The curve factor, defined by Equation 14, is deter-
mined by losses represented by R, and Gy, of Equa-
tion 19 and by the effective n-value of the junction
characteristic. Figures 10 and 11 show how the curve
factor is reduced by the series resistance and shunt
conductance, as calculated on the basis of the equi-
valent circuit of Figure 6. These curves assume an
ideal junction characteristic (n 1) at 300 K. They
are expressed in terms of the dimensionless parameters
r and g to make them applicable to cells of arbitrary
area at any level of light intensity.

The curve factor will be reduced further if the Jg,
component of the dark saturation current discussed
in Section 4.4 is significant. This will decrease the
curvature of the junction characteristic in a way that
can be described by an effective n-value greater than
unity, and result in a corresponding decrease in f
(Green, 1977).

It may also be possible to have n-values smaller
than unity. For example, in a junction where the dark
current is determined by Auger recombination under
high-level injection conditions the current would be
proportional to the cube of the carrier concentration.
This would lead to a current-voltage characteristic
of the form J ~ exp (3qV/2kT), corresponding to
n=2/3.
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Figure 11. Change of curve factor with shunt conductance
parameter, g = Gy, V,./Jsc.

4.8 Short-Circuit Current Density, J

A general discussion of the photocurrent that can
be realized in a silicon cell under AM1 insolation was
presented above in Section 3.2. More detailed analyses
of current collection in front surface junction cells of
the form shown in Figure 5 have appeared (Hovel,
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1975; Hauser and Dunbar, 1977; Fossum, Nasby,
and Pao, 1980; Sze, 1969). These studies, confirmed
by experimental measurements, have shown that it
is possible to collect nearly all of the photogenerated
carriers in a well designed and fabricated cell. The
front junction must be very shallow, only one or two
tenths of a micron deep; the diffusion length in the
base must be greater than its thickness; and a back-
surface field is needed to prevent recombination at
the back of the cell.

Several measures have been introduced to reduce
the optical losses. Texturing is beneficial in two
respects. Combined with an antireflection layer, it
yields a very low reflectivity over the entire useful
portion of the solar spectrum (Arndt et al., 1975);
also it refracts the light so that its path length within
the silicon is greatly increased. Furthermore, any light
that reaches the back of the cell will be totally reflected
if this is a free silicon surface or if it has been suitably
metallized, as in the back surface reflection (BSR) cell
(Rasch et al., 1980; Wolf, 1980; Chai, 1980). Thus,
the path length for optical absorption can be several
times greater than the wafer thickness, significantly
improving the red response of the cell. With these im-
provements in optical efficiency, grid shadowing re-
mains as a principal limitation to the short-circuit cur-
rent than can be realized in this type of cell. Grid
shadow losses can be reduced in arrays which track
the sun by using a saw-toothed cover slide to refract
the light away from the metallized areas (Meulenberg,
1977).

4.9 Open-Circuit Voltage, V.

The open-circuit voltage developed by a solar cell
depends upon the ratio of the short-circuit current
to the dark saturation current as given by Equation 13.
This equation requires some modification if signifi-
cant nk T current exists near the operating point, but it
is clear that the dark saturation current must be made
as small as possible to achieve the maximum open-
circuit voltage. The factors which contribute to Jy,
and J,, were discussed above in Sections 4.2 and 4.4,
and they have been treated extensively in the recent
literature (Fossum et al., 1980; Lindholm and Fossum,
1980; Redfield, 1980; Shibib et al., 1979). An al-
ternative treatment is given below to provide further
insight into the factors which determine V.

We will analyze the N*-P-P* cell shown in Fig-
ure 8(b) with base thickness W assumed to be less
than the electron diffusion length so the electron dis-
tribution will be substantially uniform throughout
the base. The purpose of the calculation is to obtain
an upper limit to V,, taking into account recombina-
tion in the base and minority carrier injection into the
N* and P* end regions, but neglecting concentration
gradients within the base region. The analysis will
be formulated with arbitrary base doping P to make
it applicable to both N*-P-P* and N*-I-P* cells and
proceeds as follows. For given values of P and W,



we assume a series of values for the minority carrier
concentration n and calculate the sum of the float-
ing potentials at the N* and P* boundaries to obtain
Vo, With p = P + nto maintain space-charge neutral-
ity in the base. We also calculate the sum of the re-
combination and end region currents which gives J,.
and from it obtain the corresponding concentration
ratio, C.

At equilibrium, the electron and hole concentra-
tions are given by n, and p,. Under illumination both
carrier concentrations increase and induce floating
potentials at the two boundaries.
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V,. is their sum,
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The base recombination per unit volume is given by
R = Ryg + Ry, + R, as discussed in Section 2.6.
As a specific example of HSR recombination we will
take n, = p, = n; and 7,, = 7,, = Tyez. Since we
are interested in electron concentrations in the range
n > > n; we can drop terms in n? in the recombination
functions, giving

n(P+ n)

R= Tusg P + 211)

+ Cyn?(P + n)

+ Cpn (P + n)*> + Bn(P + n) (31)

The additional currents which are injected into the N*
and P* regions will be calculated using the A-coefficient
representation (Burtscher et al., 1975; Berzetal., 1979;
Schlangenotto and Maeder, 1979). These coefficients
were developed to provide a semi-empirical descrip-
tion of injection currents observed in transistors and
P*-I-N* rectifiers when operated under high-level con-
ditions. Generalizing to make them applicable to both
high and low-level injection as required in the present
analysis, they yield end-region currents that are pro-
portional to (np-n?) which has the same form as radia-
tive recombination. Dropping the n? term gives,

JN* = qhzn (P + ”)

and

Jo+r = ghyn (P + n) 32)
for hole injection into the N* and electron injection

into the P* regions respectively. We will take 4, +
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h, = 2 x 107** cm*?/s to represent the lower range of
values observed experimentally. The short-circuit cur-
rent density is the sum of these components,

Jse = qWR + Jyv + Jps (33)

Dividing this by an assumed value for J,. under one-
sun illumination gives the concentration ratio, C.

Figure 12 shows V,. as a function of concen-
tration ratio for a base doping of 10*” cm3, with
W = 0.02 cm and J. = 40 mA/cm? at one sun in-
tensity. The upper curve assumes radiative recombina-
tions alone, as in the analysis of Shockley and Queisser,
1961, and Ruppel and Wurfel, 1980. The open-circuit
voltage at one sun (0.765 volt) is less than the radiative
limit (0.84 volt) since it applies to a specific device
geometry rather than to a general thermodynamic
limit. Including Auger recombination gives the
second curve, which represents a cell made from ideal
silicon, free of recombination centers. Real silicon
contains defects which promote recombination via
energy levels close to the middle of the energy gap.
Taking 7,5 = 50 us as representative of high quality
silicon after processing into a solar cell gives the third
curve. This curve represents cell performance that
might be achievable if injection into the end regions
could be eliminated. So far no way has been found
to accomplish this so a fourth curve has been calcu-
lated, including all of the above recombination pro-
cesses and using the h-coefficients to allow for addi-
tional dark current due to injection into the N* and P*
regions. This curve corresponds to current state-of-
the-art cell technology. The difference between curves
3and 4 canberegarded as a ‘‘technology gap.’’ It rep-
resents the improvement in V,_ that might be achievable
if the excess dark current could be eliminated.
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Figure 12. Open-circuit voltage vs concentration ratio for
base doping of 10'’cm™. Curve 1: Radiative recom-
bination (RR) only; curve 2: RR + Auger recombination;
curve 3: RR + Auger + HSR; curve 4: RR + Auger +
HSR + h-coefficient injection.



Figure 13 shows the corresponding behavior cal-
culated for the P*-I-N* cell, to be discussed in Sec-
tion 6. Curve 1, which assumes radiative recombina-
tion alone, is identical. The others are all lower ex-
cept for the low concentration end of curve 2. At
very high concentration ratios the curves of Fig-
ures 12 and 13 coincide since the base region impu-
rities of the N*-P-P* cell are overwhelmed by the free
carriers.

N*-P-P* cell performance corresponding to curves
3 and 4 is shown in Figure 14 as a function of base
region impurity concentration for several values of
incident light intensity. The regions of high-level
(HL) and low-level (LL) operation are indicated by a
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Figure 13. Open-circuit voltage vs concentration ratio for
the P*-I-N* cell. Curves 1 to 4 as in Figure 12.
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Figure 14. Open-circuit voltage vs base region acceptor
concentration for N*-P-P* cell, for various optical concen-
tration ratios. Solid curves assume radiative, Auger, and
HSR recombination. Dashed curves include A-coefficient
injection into the end regions. The diagonal line delineates
regions of high-level and low-level operation.
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diagonal line. V,. is independent of base doping in
the HL region. The curves pass through broad maxima
in the 107 cm™ doping range as observed experi-
mentally. However, to bring these maxima into agree-
ment with observed V,_ values it is necessary to include
the excess dark current due to injection into the end
regions as shown by the dashed curves. The factors
which contribute to this excess current are not ade-
quately understood at present. They include the heavy
doping effects discussed in Section 2.2, and any shunt
conductance, edge leakage, and nkT current that may
be present in actual cells.

4.10 Efficiency, g

The efficiency for converting incident solar ra-
diation into electrical power is given by the ratio,
n= P, /P, = fl.Vo./P;,. The maximum achievable
efficiency for a silicon cell under one sun illumina-
tion is determined by many fundamental and techno-
logical factors as discussed in the preceding sections.
One of the more elusive of these is the actual spectral
distribution assumed, which we will take to be that
of the AM1 spectrum with a correction factor applied
to make the total incident power, P;,, = 1 kW/m?2.
With this illumination we estimated in Section 3.2
that the maximum possible short-circuit current would
be 45 mA/cm? for an arbitrarily thick cell (W = )
and 40 mA/cm? for one with a more realistic value
for the effective thickness (W = 200 microns). Cor-
responding values for the open-circuit voltage as
calculated in the preceding section and taking the
curve factor from Figure 4 are summarized in Table 1.
The last column gives the cell efficiency. Also in-
cluded in this table is the highest efficiency cell cal-
culated by Wolf in his analysis of the ‘‘limit effi-
ciency’’ for silicon cells under similar insolation
(Wolf, 1980). From this tabulation it would appear
that efficiencies approaching 22 to 24% might be
achievable, depending upon the success of efforts to
reduce the excess dark current and grid shadow losses.

There has been steady progress in this direction
in recent years. Efficiencies in the 17 to 18% range
have been reported for laboratory results, while those
of commercial cells have reached 14 to 16%. The
latter are limited by cost constraints, silicon crystal
quality, and the inertia of placing new technology into
operation.

4.11 Temperature Dependence

The discussion so far has dealt with cell perfor-
mance near room temperature, 7,, = 300 K. Opera-
tion at higher temperatures is often required so we
need to consider how the characteristics are affected
by changes in cell temperature.

The temperature coefficient of efficiency is de-
fined by
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so at a temperature difference AT above room tem-
perature the efficiency will be given to first order by

n ~ n300 (1 — BAT)

We wish to evaluate 8 at 300 K in a way that shows
its functional dependence upon the cell parameters.

(35)

Table 1

MAXIMUM EFFICIENCY FOR N*-P-P*
SILICON CELLS WITH n=1 AND T=300 K

AMI insolation with P;, = 1 kW/m?

Cell Conditions Jse MA/cm?) | V. (Volts) i 7
W = o;hy=h,=0 45 .708 .847 | 27.0
W = 200u; hy=h=0 40 .705 .846 | 23.9
W = 200y; h1hy>0* 40 .643 .836 | 21.5
Limit efficiency 39.1 .749 .853 1 25.2

*hy + hy =2 x 107" cm?/s.
TWolf, 1980 (Table III, best cell).

The short-circuit current is almost unaffected by
temperature. Most of the photogenerated carriers
are produced close to the junction and are collected.
Those that must diffuse a significant distance to reach
the junction are subject to recombination losses, but
these are rather insensitive to changes in temperature.
The decrease in energy gap with temperature gives
rise to the small positive temperature coefficient
expressed by Equation 18.

The open-circuit voltage, given by Equation 13,
involves the dark current, Jy;. This may take several
forms depending upon the cell constructions, as ex-
pressed by Equations 22 and 23, but in all cases the
principal temperature dependence is contained in the
n? factor which increases rapidly with temperature
as described by Equation 2. Neglecting the tempera-
ture dependence of the other coefficients, we can
write Equation 13 in the form V,(T) = (kT/q) In
(const/n?). Subtracting its value at T = T, and using
(2) gives (Hu and Drowley, 1978),

|

T
Voe (T) =V, — (Ego/q — V,,)[T— =
re
[T [Z
q T,

where V,, is the open-circuit voltage at room tempera-
ture, 7,,. The last term in Equation 36 is generally

(36)
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much smaller than the others. Neglecting it, we ob-
tain the useful approximation,

Voe (T) = Ve — (Ego/q — Vn)[TJ—;— 1] (37

This equation describes the linear decrease of V. with
temperature that is commonly observed, and shows
how it depends upon V,, and the energy gap of the

semiconductor. V,. vanishes at a temperature 7T,
given by
T,
T = re
? (l i qut/EgO)
I’ T,
=T=v. /121 (38)

For example, a cell with V,. = 0.6 volt at room tem-
perature would be expected to have its open-circuit
voltage fall to zero at 295 °C. Under strong illumina-
tion such that V,, = 0.8 volt, T, would increase to
585 °C.

The temperature coefficient of V,_ is obtained by
differentiating Equation 36, giving

AV,

3T — (Egp/q + 3kT/q — V,)/T

- (1.133 = V,.)/300 (39)

at T=300 K, since E, =1.210 eV. It will be shown
later in Section 6 that this equation is also correct for
the P*-I-N* cell, where n = 2. Equation 39 shows that
a cell with a low open-circuit voltage will have greater
temperature dependence than one with a large V..
For example, a cell under one-sun insolation with
V,. = 0.6 volt is expected to have a temperature vari-
ation of —1.78 mV/degree. Under strong illumina-
tion such that V,, = 0.8 volt the temperature depen-
dence is reduced to —1.11 mV/degree. Experimental
results (Castle et al., 1978) are slightly greater than this.
The discrepancies can be largely eliminated by a more
detailed analysis (Sinha and Chattopadhyaya, 1979)
which takes account of the gradual temperature depen-
dence of the quantities D,, L., and 7 appearing in
Equations 22 and 23.

To obtain the temperature dependence of f we note
that f = f(U), where U = qV,./nkT as described in
Section 3.1. Differentiating gives

VOC
T

__ Eo+3kT of
r nkT? 93U
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U

(40)



Combining this result with Equations 18, 34, and 39
gives

g Eot3T[1 of 1
= r nkTf aU " V,,
1 4
-7 3 x 10
_ 0.1461 of | 0.00378
= =g T 0.00363 41)

at T = 300 K. As noted above, this equation is valid
for both n =1 and 2. Using fand df/dU from Figure 4
gives the dependence of 3 on V¥,  shown in Figure. 15.
It accounts quite accurately for the observed behavior
of silicon cells as functions of temperature and optical
concentration (Burgess and Fossum, 1977; Castleet al.,
1978; Frank et al., 1980).

Equation 41 can be applied to cells made from
other semiconductors by using corresponding values
for Eg and the term (—3 x 107 deg™) which comes
from Equation 18 and accounts for the change in opti-
cal absorption edge with temperature.

5. OTHER CELLS WITH FRONT SURFACE

COLLECTING JUNCTIONS

Photovoltaic energy conversion does not necessar-
ily require the formation of a p-n junction. Schottky
barrier cells are made by depositing a thin, nearly trans-
parent, metal layer on the front surface of an n- or
p-type wafer. Current collection and charge separa-
tion are achieved by the space-charge field at the metal-
semiconductor interface in a manner analogous to that
in a p-n junction cell. The open-circuit voltages tend

T T T T T T
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Figure 15. Temperature coefficient of cell efficiency vs
open-circuit voltage.
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to be lower, however, because the barrier height is
limited by Fermi-level pinning at the semiconductor
surface, and this form of cell appears to be of limited
value for power generation purposes.

A closely related cell employs a degenerate semi-
conductor layer such as indium-tin-oxide in place of
the metal. In either case, the metal or degenerate semi-
conductor layer must contain enough free carriers per
unit area to permit current collection without excessive
spreading resistance loss, so there will be a correspond-
ing optical transmission loss due to free-carrier optical
absorption. The ratio of sheet conductance to optical
absorption is determined principally by the relaxation
time for free carrier scattering so it is not immediately
evident that transparent semiconductors have any
spreading resistance advantage over thin metal layers,
and both have been used with comparable success.

The open-circuit voltages of these cells can be
markedly improved by including a thin insulating
layer between the conducting layer and the semicon-
ductor. These structures are called metal-insulator-
semiconductor (MIS) and semiconductor-insulator-
semiconductor (SIS) cells, respectively. The insulator
must be thin enough (~ 15 to 20 A) to permit the flow
of tunnel current without a significant voltage drop.
Its principal function seems to be the elimination of
Fermi-level pinning at the surface of the semiconductor
so that larger barrier heights can be achieved. These
structures and other modifications which have contrib-
uted to increased efficiencies are discussed below.

5.1 MIS and SIS Cells

The theoretical understanding and current status
of MIS and SIS cell development have been reviewed
recently (Shewchun, Burk, and Spitzer, 1980; Ng and
Card, 1980). Two modes of operation can be distin-
guished. With modest barrier heights the dark current
is dominated by majority carrier transport as is typical
for Schottky barriers on silicon. However, in Al-SiO,-
pSi cells the silicon surface can be so strongly inverted
that the dark current is determined by minority car-
rier flow as in a p-n junction cell. Minority carrier
MIS cells have shown slightly higher efficiencies than
majority carrier cells, but they require very thin I-layers
(~10 A) where direct contact between the aluminum
and silicon is difficult to avoid.

One of the principal advantages of all of these cells
is their structural simplicity and ease of fabrication.
Furthermore, degradation of the silicon quality, which
often results from high-temperature process steps, can
be avoided. Efficiencies in the range 10 to 12% have
been reported, limited largely by their open-circuit
voltages which tend to be significantly lower than those
of p-n junction cells.

One of the unresolved questions concerning these
cells is their long-term stability (Kleta and Pulfrey,
1980; Godfrey and Green, 1979). Itis not clear whether
the integrity of an oxide layer only about 15 A thick
can be maintained under the environmental conditions
that will be encountered in field applications.



5.2 Oxide Charge-Induced Inversion Layer Cells

An electric field applied to the surface of a semi-
conductor can be used to attract minority carriers to
the surface, producing an inversion layer with electri-
cal characteristics similar to those of p-n junctions.
Inversion layers produced by dielectric layers contain-
ing built-in positive or negative charges (electret layers)
offer important advantages in photovoltaic applica-
tions. The reduction in V. caused by heavy doping
effects is eliminated since the inversion layer does not
depend upon impurities being present in the semi-
conductor itself. Indeed, the open-circuit voltages
achieved with inversion layer cells (V,, = 0.642 V at
AML1, 28 °C) are among the highest reported for any
silicon cell (Godfrey and Green, 1980). A further ad-
vantage is that the inversion layer is only about 1000 A
thick and has a strong electric field, oriented to drive
minority carriers toward the junction instead of being
weakened or possibly inverted by band-gap narrowing.
This contributes to good collection efficiency, particu-
larly at the blue end of the spectrum. The principal
limitation of these cells is set by the number of charges
per unit area that can be induced in the inversion layer.
Values in excess of 10'2 cm™2 are difficult to achieve,
leading to inversion layer sheet resistances in excess of
20,000 ohms per square.

Charged dielectric layers can be formed by low
temperature CVD of SiO, (Theriault and Thomas,
1978) or by annealing thermally grown SiO, in oxy-
gen at low temperatures (Deal et al., 1967). Spin-on
tantalum oxide has also been reported to induce
strongly inverted layers on p-type silicon and good cell
performance has been achieved (Thomas et al., 1980).

Oxide charge induced layers can be incorporated
in solar cells in several ways. When used as the I-layer
of an MIS or SIS cell they give rise to increased bar-
rier heights which can result in improved efficiency and
minority carrier dominated dark current characteris-
tics. The grating structure inversion layer cell utilizes
a metal grid which makes electrical contact with the
inversion layer by tunneling through a thin oxide layer.
This form of cell has achieved AM1 efficiencies of 17
to 18 percent for converting the radiation which falls
on the unshadowed portion of the cell surface (Godfrey
and Green, 1980; Thomas et al., 1980). However, be-
cause of the high sheet resistance of the inversion layer,
it has been necessary to apply as many as 10 grid
lines/mm to achieve an acceptably low series resistance
loss and the efficiency referenced to the total cell area
is substantially less.

Charged oxide layers can also be used to enhance
the emitter efficiency of p-n junction cells by suppress-
ing surface recombination at the front surface of the
cell (Neugroschel et al., 1978). They have also been
suggested as a way of forming accumulation layers to
serve as the BSF contact of a P*-N-N* cell, with the
potential for low effective surface recombination and
reduced dark current associated with that contact
(Neugroschel, 1980; Tarr et al., 1980).
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5.3 Double-Sided Junction Cells

Various forms of p-n junction cells have been re-
ported which have collecting junctions on both sides
of the wafer. An early version of this configuration
was proposed as a space cell which would have increased
radiation damage resistance (Capart, 1968). More re-
cently, a double-sided cell has been developed for ter-
restrial application where both faces of the cell would
be illuminated (Chambouleyron and Chevalier, 1977).

The tandem junction cell is another double-sided
cell, designed to operate with the front junction float-
ing (Chiang et al., 1978). This junction serves as a re-
flecting surface for the photogenerated minority car-
riers which must diffuse to the back junction to be col-
lected. This design eliminates the front-surface grid
and provides a planar front surface with all of the
metallization on the back which simplifies encapsula-
tion. On the other hand, the loss of carriers by bulk
recombination tends to be high since most of the gen-
eration occurs near the front surface so the carriers
must diffuse across the cell to the back to be collected.
This shortcoming has been eliminated in the polka dot
cell by providing a multiplicity of interconnection
paths to carry the current collected at the front junc-
tion through the cell to the back so efficient collection
can be achieved at both junctions (Hall and Soltys,
1980).

6. P*-I-N* CELLS

One of the simplest concepts for a photovoltaic cell
consists of a wafer of intrinsic semiconductor with
N* and P* contacts formed within a diffusion length
of each other. Upon exposure to light, the photogen-
erated electrons and holes diffuse to these contacts
where they are selectively captured to generate the
electrical output of the cell.

Silicon P*-1-N* cells have been madein two distinct
forms. The junctions may be applied to the front and
back surfaces of the wafer as in the conventional cell
geometry with its front-surface grid, shown in Fig-
ures 5 and 8 (Meulenberg et al., 1980). Alternatively,
both junctions may be applied to the back of the cell
in the form of interdigitated fingers (Lammert and
Schwartz, 1977). This Interdigitated Back Contact
(IBC) cell offers several advantages, particularly at
high concentration. Grid shadowing and spreading
resistance losses in the shallow emitter layer are elim-
inated. Furthermore, the undoped front surface of
the cell is more easily passivated to minimize losses
caused by surface recombination.

Equation 15 describes the photovoltaic behavior
of the P*-I-N* cell in its idealized form where terms
representing series resistance and injection into the
end regions have been neglected and a constant minor-
ity carrier lifetime is assumed. The corresponding
open-circuit voltage, analogous to Equation 13, is

2kT 2kT

Voo = 5 I Uicldon + 1) = = InUcldod) - (42)



The factor of 2 in the prefactor of this equation is
often taken to mean that higher open-circuit voltages
can be expected in P*-I-N* cells than for cells made
from extrinsic material, where Equation 13 applies
(Meulenberg et al., 1980). This is a misconception,
however; Jy, is always so much larger than Jy, that the
open-circuit voltage of a P*-I-N* cell is always less
than that of a similar cell formed with an extrinsic
base region. This can be seen by considering the ori-
gin of Equation 15. Under forward bias conditions
n=p=n; exp(qV/2kT) and the dark current term is
equal to the recombination rate, Equation 6, inte-
grated over the volume of the I-region. If V is large
enough that the lifetime becomes constant and equal
to the high-level lifetime given by Equation 8, then
this term becomes (g Wn,/1,)exp(qV/2kT), so

.’02 = ani/Ton (43)
The difference in the voltages developed by the two
kinds of cell is obtained by subtracting Equation 13
from Equation 42, giving

Voo (P*-I-N*) — V, (N*-P-P*)

- (kT/q)ln(JOIJsc/J(Z)Z)'

It can only be positive if Jo,Ji./J3, is greater than
unity. Since J,, = gnW/7, we obtain using Equa-
tions 23b and 43,
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Under low-level conditions this ratio is dominated by
n/N4 which is small compared with unity by defini-
tion, so the open-circuit voltage of the P*-I-N* cell
must always be less than that of the N*-P-P* cell. (Ob-
viously, the same conclusion holds for comparison
with a P*-N-N* cell.) Under high-level conditions, N4
is swamped by the free carriers and the different cell
types become indistinguishable. This conclusion is
born out by the curves of Figures 12 and 13. The cells
in these examples assumed the same structures and re-
combination processes, but V,. was always less for the
P*-I-N* cells throughout the range of low-level opera-
tion and identical beyond.

The temperature dependence of V,_ is obtained by
differentiating Equation 42, with J,, given by Equa-
tion 43. Since 7, is assumed to be constant, the only
temperature dependent quantity in Equation 43 is n,.
When these two equations are combined the result is
exactly the same as that given by Equation 39. In
other words, for the same open-circuit voltages (which
may require different illumination intensities) the tem-
perature coefficient of V,_ is the same for the P*-I-N*
cell as for the N*-P-P* cell.
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It should also be noted that the form [exp(qV/
2kT) — 1] in Equation 15 cannot be expected to hold
near V =0 because of the nonlinear behavior of the
recombination rate, Equation 6, in this region. The
(—1) term is meaningless, and was only introduced as
a formal convenience to make the dark current vanish
at ¥V'=0. Itis only when V becomes large enough to
achieve a constant high-level lifetime that the exp(qV/
2kT) behavior of Equation 15 can be expected to hold.

The theoretical curve factor is also less for the ideal
P*-1-N* cell because of its larger n-value. For opera-
tion at 300 K with V,, = 0.6 voltand n =2, f = 0.721
compared with 0.827 for a cell with n =1, as shown in
Figure 4. -V characteristics corresponding to n =2
are seldom actually observed in P*-I-N* cells because
of the complicating effects of injection into the end re-
gions and the onset of Auger recombination as high-
level injection is. reached. For example, the edge-
illuminated cell discussed in the following section
(Frank et al., 1980) is constructed as a P*-I-N* cell but
displays n=1 behavior over most of its operating
range.

A more detailed analysis of the P*-I-N* cell re-
quires taking into account additional losses such as
those caused by series resistance and injection into the
end regions. For cells having contacts applied to op-
posite faces of the I-region the analysis parallels that
presented above for the N*-P-P* cell, and will not be
developed further here. An interesting numerical sim-
ulation and proposed experimental study of a P*-I-N*
cell with field-induced junctions has recently been de-
scribed (Chappel, 1980). Valuable insight is also pro-
vided by studies of power rectifiers and thyristors
(Spenke, 1968; Berz, 1977; Berz et al., 1979; Burtscher
et al., 1975; Schlangenotto and Maeder, 1979).

The IBC cell has the advantage of a greatly reduced
series resistance since the collected current is not re-
quired to flow laterally through a thin surface layer.
Its analysis is more difficult, however, and most treat-
ments have resorted to numerical methods (Lammert
and Schwartz, 1977; Chin and Navon, 1980).

7. EDGE-ILLUMINATED MULTIJUNCTION

CELLS

The cells discussed thus far have had the form of
flat wafers with junctions parallel to their major sur-
faces, so the illumination is presumed to be incident
more or less perpendicular to the plane of the junc-
tions. It is possible to imagine a planar N*-P-P* cell
cut into narrow strips which are turned 90° and reas-
sembled to form a composite wafer having many sub-
cells connected in series as illustrated in Figure 16(a).

Multijunction cells such as these have several at-
tractive features. The front surface grid with its sha-
dowing and resistive losses is eliminated. Most of the
front surface consists of low-doped silicon which can
have a long minority carrier lifetime and is easily pas-
sivated to yield a low surface recombination velocity.



A further advantage is that the subcells are connected
in series, so the output is delivered at a more conven-
ient impedance for interconnection with the rest of the
electrical system.
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(a) Edge-illuminated multijunction cell
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(b) Selectively etched multijunction cell (Frank et al., 1980)
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(¢) V-groove multijunction cell (Chappel, 1979)

Figure 16. Examples of edge-illuminated multijunction
cells.
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This form of cell also has disadvantages which
should be recognized. The illumination must be uni-
form over its surface since the current generated by the
composite cell will be limited to the lowest current pro-
duced by any of its subcells. This can be a serious con-
straint in many forms of optical concentration systems.
The ohmic connection layer and the adjoining N* and
P* layers give rise to optical and electrical ‘‘dead
layer’’ losses which can be as large as the grid shadow
losses of a conventional cell. Finally, there are serious
technical problems with forming the composite cell
with subcells that are less than a diffusion length in
thickness without degrading their electrical properties.

The analysis of edge-illuminated cells is made dif-
ficult by the varying optical generation rate with dis-
tance from the illuminated surface of the cell, so this
variation has not been taken into account in currently
available analyses (Goradia and Sater, 1977). Experi-
mentally, efficiencies of barely 8% at concentration
ratios of several hundred have been reported for the
cell structure shown in Figure 16a (Goradia and
Goradia, 1976).

A different form of edge-illuminated cell has been
made by the anisotropic etching of <110> oriented
silicon wafers (Wohlgemuth and Scheinine, 1980;
Frank et al., 1980). An example of a cell produced by
this method is shown in Figure 16(b). The front sur-
face of the lightly doped (~ 10"*cm™3) n-type wafer is

selectively etched to produce an array of very narrow
grooves which are then diffused to form shallow P*
collecting junctions. These are contacted by electro-
plated metal conductors which are joined together by
a bus conductor along the edges of the cell. The cell
functions much like a planar P*-I-N* cell, where the
P*-diffused grooves correspond to the front junction
and the electroplated conductors correspond to the
grid. However, since the groove metallization is tipped
up on edge, it can cover the entire collection surface
without intercepting any more light. Thus, R, can be
made very low. An efficiency of 17.6% has been re-
ported at a concentration ratio of 500 suns (Frank et al.,
1980). This cell generates a high current at low voltage
since all of its junctions are connected in parallel. On
the other hand, unlike a series-connected multijunc-
tion cell, its efficiency is almost unaffected by nonuni-
form illumination.

Many other junction configurations are possible, as
exemplified by the V-groove multijunction cell shown
in Figure 16(c) (Chappel, 1979). Like most of the
other multijunction cells, this one is designed for oper-
ation at high optical concentration ratios. It is a series-
connected P*-I-N* cell whose 3-dimensional structure
is produced by anisotropic etching, with ion implanta-
tion to form the alternating p-n junctions. This method
of construction requires that the cell be bonded to a
glass superstrate throughout the fabrication sequence.
It offers good environmental protection but makes it
difficult to eliminate losses due to front-surface opti-
cal reflection.



8. CONCLUDING REMARKS

This report has dealt primarily with the analysis
and physical understanding of silicon photovoltaic
cells and has emphasized approaches which could be
used to achieve the highest possible operating effi-
ciency. Much of the treatment assumed high-quality,
single-crystal silicon, often with selected crystallo-
graphic orientation. These issues are of paramount
importance in concentrator applications where the cell
amounts to only a small fraction of the total system
cost, but they play a lesser role in determining power
generation costs in flat panel arrays where emphasis
must be placed upon achieving very low cell fabrica-
tion costs, consistent with reasonable operating
efficiency.

Some recent developments concerning the cost of
silicon solar cells for terrestrial power generation
deserve mention. Further evaluation of several ap-
proaches to the manufacture of low-cost solar grade
polycrystalline silicon indicates that cost reductions by
a factor of five or more compared with present poly-
silicon costs should be possible (Yaws et al., 1980 and
references therein). Progress in the preparation of
low-cost sheet silicon by the Czochralski and heat ex-
changer methods and the casting of large-grain poly-
crystalline ingots was reported at the 14th Photovoltaic
Specialists Conference, but it still is not clear which of
these approaches would yield the lowest power genera-
tion costs if carried to maturity. Continuous float-
zone or pedestal growth would appear to show promise
for the manufacture of low-cost single-crystal silicon
by eliminating crucible expense and contamination and
the difficulties caused by SiO evolution during growth,
but these approaches have received little attention so
far.

The foregoing ingot growth methods must all con-
tend with the problem of slicing the ingot into wafer
form, which constitutes a substantial component in
the cost of the finished cell. Slicing is avoided by the
ribbon growth methods such as EFG (Kalejs et al.,
1980) and dendritic web (Duncan et al., 1980). These
have been joined recently by roller quenching
(Tsuya et al., 1980) which has produced fine-grained
silicon ribbon at velocities as high as 40 m/s. Cells
made from these ribbons have been reported to have
AMI efficiencies of 5%, which must be considered as
encouraging at this early stage of development.

The economic issues which will determine the choice
of cell technology and their application to terrestrial
power generation are complex and could not be ad-
dressed in this report. They have been discussed in
the recent book by Johnston, 1980, and by the APS
Study Group on Solar Photovoltaic Energy Conver-
sion of which this author was a member, and reference
is made to their report (Ehrenreich et al., 1979).
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