High-Bfficiency Cell Concepts on Low-Cost Silicon Sheets

R.O. Bell and K.V. Ravi

Mobil Solar Energy Corporation N8 5 - 3 l 65 l

Waltham, Massachusetts 02254

The strongost leversge for reducing the cost of power generated from
solar energy is the efficioncy of the solar cell. It is easy to see that given
a tazget cost for electrical energy there is a minimum solar efficiency that
must be oxceeded even if the module cost becomes negligible. This arises
because ¢S the balance of systems cost (land, support structures, power
condition:.ng, wiring, etc.). For example, for competition with an intermediate
load coal-fired plant, a module efficiency of above 10% must be maintained [1].
As this minimum efficiency is exceeded, the power costs fall rapidly.

Thus, the drive to produce high efficiency solar cells is very stromg.
If the technology does not have the potential for realizing this minimum value,
then it will be non—competitive for the particular scenmario projected.

In this paper we will discuss the limitations on sheet growth material
(primarily with reference to EFG) in terms of the defect structure and mimority
carrier lifetime. Using simple models for material parameters and behavior of
solar cells, we will estimate what effect these various defects will have on
performance. Given these limitations we can then propose designs for a sheet
growth cell that will make the best of the material characteristics.

When discussing solar cells, the material is often characterized in
torms of a diffusion length, LR, whose square is directly proportional to the
lifetime, =, i.o0., Iy; = Dtv, where the constant D is the diffusion coefficient.
For a homogeneous material the diffusion length is also a measure of the
distance over which minority carriers are collected. For inhomogeneous
material where the scale of the lifetime variations may be less than the local
diffusion length, the meaning of the diffusion length as a collection distance
breaks down.

When techniques such as SPV or spectral response measurements are applied
to moasure diffusion lengths in inhomogeneous material, it must be kept in mind
that the derived quantity, while often referred to as a diffusion length, is
really @ charge collection distance. It is a complex average deponding om how
the minority carrier lifetime varies with position. Generally it iz clear from
the context if we are using diffusion length as a measure of local lifetime or
as a charge collection distarce.
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I. DEFRCTS

The primary defects in silicon that show electrical activity, i.e.,
contribute to the majority carrier concentration or act as recombination
centers, are dislocatipns, grais boundaries, twins, inclusions including SiC
end silicates, point defects of either a substitutional or interstitial
chasacter and impurities such as tramsition metals and oxygeun and carbon [2].
There are other closely related defects such as swirls, stacking faults,
partia. dislocations, etc., but in this paper we will concentrate our remarks
on the more gemeral types listed above.

F. Wald has recently presented a comprehensive review of defects in EFG
silicon with a discussion of the type and number of defects [2]. Rather than
including figures illustrating the defects, we will simply reference his paper.

A. Dislocations

The classic edge dislocation, which can be visuvalized as being formed
by removing sn atomic half plane, should exhibit a single line of silicon atoms
whose bonding requirements are not satisfied. In a simple minded picture, a
dislocation would exhibit a series of dangling bonds, ome of which is
associated with each plane. If each of these atoms behaved as a recombination
center, then for a dislocation density of 10° cm-2 with a typical cross-section
of 10-25 cm-2, the lifetime would be of the order of 30 psec which corresponds
to a 300 pm diffusion length in p-type material.

In actual fact most of the broken bonds will be reconstructed [2] so the
number of '""dangling bonds'" will be substantially less, thus giving a much lower
potential for recombination.

Another possibility might be that recombination occurs not at dangling
bonds but rather at an impurity cloud sttracted to the dislocations. If more
than one electrically active atom were associated with each atomic 1lane, then
the potential diffusion length could be reduced. We should note, though, that
as will be discussed in Section IIB, having the electrically active
recombination centers concentrated - ound the dislocations may actually result
in a higher efficiency cell than if the same total number of impurities were
uniformly distributed throughout the solid.

B. Graip Boundaries

When two grains with different orientations intersect, they form a
grain boundary. First order and higher order twins can be considered s
sub—class of grein boundaries. In the gemeral case, grain boundaries can be
constructed from s series of edge and screw dislocations. In twins a specific
orientation between the grains exists, but for general grain boundaries this is
not necessary.

A convenient way to observe the electrioal/recombination activity of
dislocations and grain boundaries is by the use of EBIC. By making line scans
perpendicular to the grain boundaries their recombination properties can be
characterized typicaily in terms of a recombination velocity, v_, and diffusion
length, lb {3,4]. Optical techniques, LBIC, have also been nsea in a8 similar
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fashion to obtain the same material characteristics [4]. Velocities up to 10%
cm/sec have been observed with typical velocities for 'stromg boundaries'" bteing
the order of 10% cm/sec. For such a velocity, the effective grain boundary
width (Ln = 100 pm, a = 1000 cm-2) is aboant 5 pm. The concept of an effective
grain boundary width is due to Zook, and is defined as the equivalent width of
a region from which no charge is collected. If we have a high density of
strong boundaries (103/cm), the loss in short circuit curreat can become
significant (5%). By no means do all grain boundaries have high recombination,
and in fact many are electrically very weak or imvisible.

Also of importance is the contribution that grain boundary recombination
can maske to the reverse saturatiosm curremt. A reduction of 5% im the current
collected corresponds to a decrease in the diffusion length by 35% for a
homogeneoss distribution of recombination centers. This would reduce the
reverse saturation current zlso by 35% and produce a decrease in open circuit
voltage of about 10 mV.

Grain boundary recombination can be important if the density of
electrically active boundaries is high. Only in the case of small grain size
sach as produced by CVD or in silicon with a very higk :ntragranular diffusion
length will they dominate performance.

C. Ianclusions

The principal effect of imclusions is either to physically block the
light or to shunt the junction. Typically, inclusions are found to be SiC or
silicates. The contribution an ideal shunting particle makes to reverse
leakage depends on its dismeter and the sheet resistivity of the surface layer
to which the shunting occurs. It is easy to show that for a circular shunt of
radius, a, and sheet resistivity, Pg- the voltage drop, AV, for a distance, d,
away from the particle is

pD Isc
AV = = [d2(1a(d/a) + 1/2) - a3/2] (1)

For a typical 1 c of 30 mA/cm3, AV of 0.25V, o of 50 Q/0, the current
not collected (which is equal to nd?I_ ) is about 5 mA/particle. In most cases
the finite resistivity of the SiC 1imifs the curremt to less than that
predicted by Eq. (1). The SiC density is generally less than one per cm3, and
experimentally it is observed that such shunting is rarely a problen.

In the unfortunate case, though, that the metallization covers the
inclusion, the cell will be almost completely shunted since in this case p_ is
very small (the order of 5 mf}/0). Since only about 5% of the solar cell is
motallized, this is a rare occurrence.

The fractional volume of a silicate particle is sc small and the
resistivity is so high that any contribution to losses »y light blockage or
shunting can probably be safely ignored.

Measurements of the junction characteristics of EFG sular cells often
show a coantribution to the reverse saturation current that has a temperature
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dependence characteristic of tumneling rathsr than space charge recombination
[5]. It has been suggested that this phenomenon could be due to very small
precipitates that introduce charge centers into the space charge region. The
loss in efficioncy shows up as a soft knee and is easily measured using the
dark I-V characteristic.

D. P t $ t

So far the discussion has dealt with defects that are visible, at
least under moderate magnificatior with an optical microscope or in an SEM,
Point defects and impurities in sheet silicon are those that occupy either a
single or a few lattice sites and cannot generally be directly imaged. The
defects may be native, such as self interstitials or vacancies, metallic, such
as Fe, Ti, Mn, etc., or non—metallic, such as carbon and oxygen. Dopants such
as B and P are in a sense substitutional defects.

In order for a point defect or impurity to significantly affect the
minority carrier lifetime (for the sake of definitenmess we will talk about
electrons in p—-type material), its emergy level must be located above the
quasi-Fermi level for electroms, but not so near the conduction band edge that
any trapped carriers can easily be excited [6]. Shockley—Read-Hall (SRH)
theory predicts that the most efficient recombination centers are located at
the center of the energy gap.

A large number of elements have been found to produce centers in the band
gap of silicon. Their characteristics have been the subject of a number of
publications, including those by Weber [7), Sze [8] and Schibli and Milnes [9].
The density of the centexrs must be high euough such that the probability of
trapping a charge is significant. For a 1 psec lifetime with a reasonable
cross—section (10-35 cm-?), the trapping center density should be 1024 cm-3,
which is a8 very small number in terms of chemical conceantration.

Thus, it is natural to expsct that inadvertent contamination can
drastically reduce the lifetime in silicon. In fact, it is surprising how
tolerant EFG is to the level of metallic impurities. Typically impurity levels
range from one to 10 ppm and have little correlation with cell performance.
There is appareatly a major difference between the total impurity comtent and
those that contribute to recombination. Experiments [2,10] show that the
introduction of Fe and Mo at concentrations mp to 5 x 103% cm—? can be
tolerated.

Besides the metallic impurities, other species such as carbon and oxygen
are present in large quantities. The carbon comes from the crucible (if
graphite) and die material, and the oxygen from the crucible (if fused quartz)
and gaseous eahivnt. Individual carbon atoms in a silicom lattice are not
electrically active but probably express their activity because of interactions
with other defects. Oxygen when interstitial is not electrically active, but
under various heat treatments forms complexes that act as domors or
recombination centers.

Oxygen has been shown to play an important role in producing EFG silicon

with the longest diffusion length [11]. The oxygen can be introduced either
from the ambient or from the crucib *. The diffusion length for oxygemated EFG
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silicon is not only higher than in ERG without additional oxygen at low light
lavels, but also it shows a stronger dependence on illumination level.

In non-degenerate silicom, including CZ, float zone, EFG, etc., the
lifetime is dominated by an SRH recombination process. This lifetime is
generally found to decrease rapidly with doping density. Fuller [12] and
Fossum et al. [13,14] have modeled the defect density as if it were a chemical
reaction driven by the doping demsity. The lifetime, t, can be approximated to
depend on the doping level, ND' as

T = tol(l + NDINO) (2)

where t is a constant that is &8 function of material quality. This is the
express?on used by Rohatgi and Rai—Ckoudhury [15] whem modeling high efficiency
solar cells. Fer No they use 7 x 1025 cm-3,

In one EFG experiment in which the boron concentration was variel to give
resistivities between 0.2 and 10 O.cm, the data can be approximately fit with
Ty having a value of 0.7 usec [2,16]. By contrast the Auger recombination,
even in high quality material, does not dominate until the resistivity is below
0.1 Q-cm. Other EFG material has been grown with a diffusion length oi over
150 pn at 4 Q.cm which would imply a value of %o of 10 psec.

II. SOLAR CELL_ PERFORMANCE

A good deal of work has been devoted to modeling the behavior of solar
cells but mostly on homogeneous material (both with respect to depth and areal
distribution). With ribbon material this is not necessarily a good assumption
and at times the effect of inhomogeneous distributions of minority recombination
centers, crystalline defects and majority carrier doping cannot be mneglected,

In this section we model the behavior of an EFG solar cell to determine
how to get the most out of it. An outline of the techmique is given in the
Appendix. It is similar to the approach suggested by Wolf [17] and can includo
surface recombination, doping dependent lifetimes including Auger and SRH, and
band gap narrowing. Calculations based on the solution of the diffusion
equation, including electric fields produced by doping gradients, give similar
results when applied to the same cases modeled here.

In the first part of this section we calculate the charge gemeration and
collection distributions produced by the solar spectrum. Next we discuss some
aspects of inhomogeneous distributions of lifetime and effect on solar cells.
Finally, the effect of resistivity and surface passivation is considered.

Of course, as when attempting to extract the highest possible efficiency
from any celi, it is important that the metal covorage be as little as possible
consistent with 2 low series resistance and that any anti-reflection coating be
optimized whether one or two layera. Because sheet growth materials, except for
web, genmerally do not have a predetermined orientation, surface etching to
produce faceting is not an option, although growth using a corrugated die to
produce an equivalent effect may be possible.
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A, Charge Generation Rate

Figure 1 shows a plot of the charge gemeration rate for anm AM1.5 [18]
spectrum in silicon [19]. By far the highest generatio. rate is close to the
surface., If we integrate this curve and normalize it relative to the total
possible hole electron pairs produced (Fig. 2), we see that 50% of the possible
charge is generated within 5 pum of the surface and $0% within 150 pm.

There is quite a long tail on the opticai absorption so even though most
charge is generated relatively near the surface, if we want to collect almost
all minority carriers (95 to 99%) a very long diffusion length (the order of
1000 um) would be required.

B. Areal Inhomogeneities

Calculations have been made of the effect of areal lifetime
inhomogeneities on solar cells. In general the regions with a low lifetime
dominate the performance, both by the effect on short circait current and open
circuit voltage [20]. Although this result might, at first reading, seem to
indicate that a homogeneous material is best, it can be shown through simple
arguments that when the total numbcr of recombination centers is held fixed, an
inhomogeneous distribution can produce a cell with a higher efficiency than one
in which the centers are uniformly distributed [21). Thus, what at first glance
might be considered a disadvantage of sheet grown silicon can really be an
advantage. Assuming that the behavior of recombination centers is independent
of concentration, if the recombination centers are concentrated in a few small
regions,; then the performance may be improved.

Figure 3 shows a plot of the relative efficiency as a function of the
amount of poor area. Depending upon the ratio of the number of recombination
centers in the poor area to the good area, the maximum efficiency occurs when
the posr area occupies between 10 and 30% of the total cell area. Obviously it
is better if the total number of impurities or recombination centers cam be
minimized, but if they are present it is desirable that they be segregated
rather than uniformly distributed.

C. Optimum Resistivity

High efficiency solar cells have been made using either moderate
resistivity silicon with a long lifetime or low resistivity with a moderate
lifetime material. Recently, Green [22] has analyzed the effect of Auger
recombination on the open circuit voltage and efficiency and concluder that for
heavily and lightly doped material, Auger recombination places the most
stringent limitation on solar cell performance. He estimates a maximum opea
circuit voltage of about 720 mV for "thick'" cells. As we have seen in Section
IID, the observed practical lifetime limit of the base is not Auger but is
probably related to a defect/dopant interactio-.

Figure 4 shows a plot of the calculated eff.ciency assuming that the +
lifetime is given by Eq. (2) with v of 1 and 10 psec. The parameters of the n
region have been adjusted so that they do not contribute to losses of the solar
cell. Clearly a 15 efficient solar cell can be made for the larger value of T
but not for the lower valge.
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D. Surfago Passivation

In the analysis made sbove, it was sssumod that the the surfsce was
well passivated, i.e., recombination was negligible. Much regent work
demonstrates the importance of the correct treatmen’ of the n region if the
maximom is to be obtained from solar cells [15,23,24]. VWith a base lifetime of
10 psec, the effective recumbination velocity, v. = D/L, must be less than about
2 x 10% cm/sec. To be base limited requires thal the contribution from the
emitter, including surface and material recombination, must be less than tb:-

Techniques have been developed for passivating both float zome and CZ
[15,24). There is no reason to believs that they cagnot be applied to sheet
grown materials. At the doping levels used in the n layer, Auger limitations
on the lifetime should be dominant even in relatively low gunality material.
Auger recombination varies like the square of the doping demsity, whereas
defect/doping recombination varies directly with doping denmsity. This means
that st high enough doping the ultimate limitation will be Auger. The inherent
built-in electric fields produced during sny diffusion process, especially for
shallow juonctions, will minimize emitter recombination.

III. SUMMARY

The optimum EFG cell will 1 ve the highest doping consistent with the
defect/doping limit on lifetime. It probably will be below 1 Q.cm. The
junction dopth will be shallow with a sheet resistivity of at least 100 G/0.
Green et al. [23] have shown that tke sheet resistivity needs to be above 100
8/0 if the recombingtion is to be dominated by the surface rather tham the bulk
properties of the n region.

The thickness of the base will probably be determined by the ability to
handle thin shoets rather than the requirement for any back surface field. Wich
modest diffusion lengths, the gain in efficiency with back surface fields it not
important until the subsirates are so thin that practical handling problems rule
out their use. For example, the peak efficiency for a 100 um diffusion length
BSF cell, peaks at a sample thickness of about 60 uw, but it is only about 8%
better than a thick (> 300 um) solar oell.

AnotlLer coritical aspect is to control the lifetime of the .inished cell.
Post fabrication techniques have been developed, such as hydrogen pass ' vation,
to improve material quality after fabriocation [25]. This works w.11 even though
only a relatively thin region is affected because the opem cirouit voltage and
fill factor ure controlled to a large extent by the material properties very
close to the surface.

IV. CONCLUSION

The achievement of high cell efficiencies in sheet silicon, grown at high
ratos and prone to contain significant densities of imperfections sad
impurities, regnires developments in both crystal growth techmology and cell
proocessing approsches. Variations in orystal growth of importance include
control over defect structure and impurity content. Key developmeants include
the following:
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(a) Coantrol over impurity content in crystal growth from the
melt is nceded to decrease the number of lifetime reducing
impurities. In the case of EFG, this includes sappropriate
purification of elements of the crystal growtk machine.

(b} Control over defect structure and demsity is needed to
minimize defect—impurity interactions. Areas of interest
kere include reduction in plastic deformation as a
consequence of post—growth heat treatment and the
minimization of residual stress. In this context, it is
preferable to increase the area rate of production by the
growth of wide crystals grown at moderate linear growth
rates than by increasing linear growth rates, since defect
generation by plastic deformation in response to
thermo—elastic and thermo-plastic stresses appears to be &
stronger function of linear growth rates than of the
crystal width.

(¢) The influence and role of carbon in silicon continues to be
an unknown quantity. A better understanding of the
influence of carbon (and oxygen) on electrical phenomena in
silicon is needed.

Device nrocessing implications are many. The key ones have been touched
upon in this paper. The fundamental issue is one of achieving the optimum
synergy between base material quality and device processing variables. At the
current stage of development of low-cost silicon sheet technologies, a strong
coupling between material quality, and thus the variables during crystal growth,
and device processing variables exists. The challenges are twofold: (1) the
optimization of this coupling for paximum performance at minimal cost, and (2) e
decoupling of materials from processing vy continual improvement in base
material quality to make it less sensitive to processing variables.
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Appendix - Soler Coll Efficjencv Calculation

A number of different schemes o mcdel solar cells have been developed
over the years since Princs [26] showed how cell efficiency varied with band
gap. Probably the most accurate and math:vcetically rigorous is that by Hauger
and co-workers [27,28]. They solve the fua:zwsantal device equations but the
procedure is complicated and requires large amounts of computer time., Other
first order models such as the use of a shifted diode curve, a typical example
being Wysocki and Rappaport [29], do not gemerally allow for inclusion of
effects such as electric fields, heav; doping and back surf-ce fields.

Recently though, Wolf [17,30] has suggested a technique which relies on
the simplicity of the diods model but allows inclusion of heavy doping effents
by the concept of a so-called transport ve! city. This idea was introduced by
Gunn [31] for the study of varrier accumula.ion associated with semicoaductor
sunctions. Bowler and Wolf [17] have used the technique to make estimates of
the ultimate efficiency of solar cells and how they depend on various
geoxetrical and material paraueters.

We have adapted their procedure to examine what might be expected for EFG
materiil. The tramsport velocity concept was combined with models of charge
geperation and collection to look at the solar cell output parameters.

Theory

As shown by Gunn [31], for p-type material the diode current at any
position, j(x), can be expressed by

j(x) = gn(x;u(x) (A1)

where n(x) is the minority carrier demsity, u(x) is the tramnsport velocity, and
q is the electromic charge.

If the diffusion coefficient, D, and minority carrier diffusion length, L,
are constant over a region vetween x and x', u(x) transforms snch that

n(x')L x -x'1
a(x) = 2 |—B— Y (A2)
L1y« 9—%',1& tank 1—,‘—5—'—1

Thus, if we know the value of u at some position x', them with Eq. (A2) we can
calculate it at x. If the varions parsmeters are not constant, then the region
can be divided up into steps such that the variation is small over any given
region and reveated applications of Eq. (A2) can be use. Note that as (x - x')
becomes largs compared to L, u(x) goes to D/L.

The transformation for a high/lov jinction (a chLange in carrier
+
concentration such as at a p/p or n/n + juaction) iz
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+
w(z) = 2: u(x’) (A3)
) 4

At the junction, n(xj) is determined by the barrier height, V. such that

n. 2?2

a(x)) = —ﬁ— [exp(qV/KT) - 1] (A4)

where ni is the intrinsic carrier concentration.

Combining Eqs. (A1) and (A4) at the jumction and using the light generated
current, j .., to offset the diode equation, we obtain

i = jo [exp(qV/XT) - 1] + ige (ASa)
n.?

P S

Jo = 4 P u(xj) (A5b)

A similar treatmepnt will give the contribution from the n region. Also,
to account for recombination in the space charge region, a term of the form
j "lesp(qV/2kT) ~ 1], where j ' = gn. W/t is added to Eq. (A5a). VW is the width
og the space charge region ana t = L¥/D is the lifetime,.

Thus, to model a soiar cell, we divide it up into regions where the
properties are uniform. Starting with a value for the surface recombination
velocity, S, where u(x) = S, we apply either Eq. (A2) or (A3) repeatedly until
we have arrived at the iunction with a value of n(x ). We next calculate j

sc
with an expression of the form

A

min
jsc = q.’. (1 - R(A)) o(2) @A) dr (A6)
o

where ¢(\) is the flux y>r the desirad spectrum (here we have used AM1.5 [11]
nor :alized to 100 m¥/cm3), Q(A) is the charge coilection discussed below and
R(A) is the reflectivity at the front surface. The contributions from the spece
charge region and the surface n layer also are added to jsc'

The solar cell is now characterized by Eq. (A5) where Jge o' 8md j
depend on mate~ial and geometrical parameters. Because of snrface coverage by
the mets! ~rid and optical losses in the AR coating, R(A) is not zero. For
simplicity, ir the calculatiorn R()) = 0.15 was used for all wavelengths. The
peek power, P‘. is given by da(jV)dV = 0 and the open circuit voltage !

JV ) = ¢, both of which expressions were evaluated numerically. The £ill
factor. FE, is

FF =B /V 5. (AT
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A couple of other items wmust also be imcluded. At tigh carrier
concestrations, Auger and defact/doping recombination becomes important and
their offect oa lifetime is included. D also depends on carrier coaceantration.
Through band gap narrowing, n, varies at high doping levels. Appropriate models
for tkese dependenciez were used.

Calculation of Q(A)

The basic equations governing the flow of minmority carriers in a
semiconductor are the current equation and charge continuity eguation [19],
which in one dimension are

jn=qunE+qD":: (A8)
)

2 1 s

at II+G-:»qax (A9)

U is the net recombination rate and normally is set equal to n/t. At
eqailibrium where dn/3t = 0 and with no electric field, i.e., E= 0. by
substituting Eq. (AB) into (A9) we obtain the diffusion equation

QP S -T+E=0 (A10)

G is the optical generation term. For the geometry shown in Fig Al.
where light can reflect off the back surface, G will be

G = alexp(~ax) + R exp(a(x - 24))] (A11)
where R is the reflectivity of the back surface.

We use the general boundary conditioms that the carrier concentration is

zero at the front junction and that the current, including surface
recombination, is continuous at x = d

n=20 at ¥y=0 (A12a)
qD da Snq - J 1 =4d (A12b)
dx o

J is the current produced in the region outside d. The curreant, J_, is
o p
detormined by

dn
Jp qD i at x =0 (A13)
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The soiution requires some algebraic manipuwlation and is a2s follows.

. —_gal 2ad
T =T (aD? Kot ERe )
(A14)
SL
+ Jo/[cosh(t/L) + D sinh(t/L)]
where K _ = ((D/L + aL8) + (S + aD)ctnh(t/L)
- exp(+at) (S + aD}/sink(t/L)] (A15)

/[D/L ctoh(t/L) + S]
For the o' layer, a8 similar expression, J , is obtained. It is
essentially Egs. (é14) and (Al5) with t replacea by —-t' where t' is the
thickness of the n region.

After multiplying by a factor that accounts for the optical absorption in
the n layer, the charge collection, Q(A) used in Eq. (A6) is just

() = (Jp + Jn}/q (Al16)
Typical results are shown in Fig A2 where the efficiency is plotted as a

function of tnickness of the base thickmess for various resistivities, diffusion
lengths and back surface conditions.
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Fig. Al. Geometry used to calculate
solar cell performance. The
photons are incident on the
— X = left-hand side.
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Fig. A2. (a) Physical dimensions and electrical parameters used in calcu-
lating solar cell performance. (b) Calculated efficiency of
solar cell as a function of tntal sample thickness for various
diffusion lengths and resistivities. The curve labeled N, BSF
is the result with no back surface field being present.
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DISCUSSION

DYER: I8 there still a preferred orientation of the grain structure in these
sheet structures, and is that [110], the surface of it?

BELL: The surface tends to be OK, the orientation is a {211}. Correction:
it tends to be.

DYER: What about the sirface?

BELL: I believe it is cloge to [119], we call it an equilibrium structure. As
you grow, no matter what orientation you start with, you are growing to a
certain distance. It essentially tends to become {211}.

DYER: How close is that to <110>? 1Is it plus or minus 10 degrees, five
degrees—---?

BELL: Ten or 20 degrees is the type of thing that one sees.

QUESTION: You mentioned the possibility of silicon carbide particles shunting
the junction. Have you run into a situation where a grid line hits a
particle?

BELL: Yes, I should mention that in the unfortunate event that a grid line
hits a particle, the cell is suuoted. Luckily, if you only have 5% good
coverage and something less than 1 per cube pei cm2, the probability is
fairly low.

QUESTION: As you go to larger cells the probability of that will increase.

BELL: That's right, but even when we are talking about 50 em? cells it is
well under 0.1%, 1 really don't know what the statigtics are but it is
quite low.

LESK: Ast has written several reports in which he uses a 1200°C anneal on
EFG materials, passivates the graia boundaries at this location. The re-
sults in his reports are quite striking. You haven't mentioned that
hydrogen passivation. 1 wonder if you might commert on which one works
best.

BELL: We find, certainly, that the heat treatments that one gives to the
material can have fairly dramatic effects on its behavior. We have found
that if one goes to a high temperature, like to 1200°, for a fairly
short period of time - 10 minutes to a half an hour, something like that
-~ often one finds an improved performance. The problem is, we are
deslingwith a fairly complicated situation; material grown from a quartz
crucible and material grown from a carbon crucible often have somewhat
different behavior. Although people from Mobil and others have had a lot
of theories and ideas on what is going on, in my mind there is no clear
picture. There is a lot of interaction going on.

QUESTION: I would like to ask a question about hydrogen passivation. Are
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these passivating the grain boundaries, mainly, or also impurities and
defects? How do you apply i~ in the high-temperature form, atomic form
or cosmic form?

BELL: 1T really wish I had another slide to show the grain. Jack Hanoka is
going *2 discuss the work that we have done with hydrogen passivation;
I'11 just say that it does passivate the grain boundaries and other
parameters, tut we will let Jack talk about the details.
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