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ABSTRACT

This report summarizes work performed-during the past twelve
months under NASA Grant NGR 34-002-195, entitled A Theoretical
Analysis’ of the Current-Voltage Characteristics of Sclar Cells, The
overall objective of the work is to identify the various mechanisms
which limit the conversion efficiency of silicon solar cells. This
is—being accomplished by means of a computerized semiconductor device
analysig program which gives a complete numerical solution.of the
general-Semiconductér device equations including excess carrier
generation due to the full spectrum solar irradiance.

The first major area of study-concerns the effects of changes in
solar cell geometry such as layer thickness on performance. In general
it has been found that BSF cells can be reduced in total thickness to
the range of 50 pM - 100 uM without a severe loss in conversion
efficiency. In fact a slightly improved efficiency was found for cell
thicknesses around 100 pyM - 150 uM if.back surface reflection of
light “occurs.

The effects of varieus antireflecting layers have been studied.
It is found . that .any single film antireflecting layer still results in
a significant surface loss of photons. The use. of surface texturing
techniques or low loss antireflecting layers can eqhance by several
percentage points the conversion efficiency-of silicon cells,

The basic differernces between n+—p—p+ and p+—n1n+ cells have been
studied. In ‘general the conversion efficiencies of these two types

of cells are found to be somewhat equal. The n+—p-p+‘cell hags a slightly



higher conversion efficiency for equal doping le;els if the diffusion
length for holes is ome-~half or less of the diffusion length for
electrons, If electrons and holes had equal diffusion lengths, the
p+—n-n+ cell would have a slightly higher conversion efficiency.
A significant part of the study has been devoted to the importance
of surface region lifetime and héavy doping effacts on efficiency.
These effects have been found to be somewhat interrelated with the importance
of heavy doping bandgap reduction effects being enhanced by low surface
layer lifetimes. Conversely, thé reduction in solar cell efficiency due to
low surface layer lifetime is further enhanced by heavy doping effects. -
Finally a series of computer studies are reported which seek to
determine the best cell structure and doping levels for maximum efficiency.
Beginniné with a fairly standard 10 Q<cm cell with an efficiency of
slightly less than 15%, various modifications are discussed which improve
the efficiency to approximately 20%. The most important of these changes
are an improved p—p+ BSF structure, an optimized base layer doping, and a

low loss antireflecting layer.
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1. INTRODUCTION

1.1 Objectives of Current Work

The overall objective of the current work is-te continue the
identification and characterizatien of various mechanisms which tend
to limit the conversion efficiency of silicon solar cells. This
includes the study of various geometric variatiens on the basic
three layered.structure as well as more complex modifications which
involve tailored doping profiles and four layered structures.

As in past work, the results presented in this weport represent
the results of a complete computer simulation of the solar cell.
The attempt is made to formulate a complete theorectical description
of a solar cell through a solution of the fundamental device equations,
including an external generation rate calculated from tabular infor-
mation regarding the incident light spectrum, reflection, and the
optical properties of the solar cell material. Included within the
solution are such phenomena as drift and diffusion current components,
doping and field dependent mobility, non-uniform doping profiles, and
band gap reduction models due to heavy doping effects. Subsequently
the accuracy and completeness of the solutions presented in this
report are limited only by the accuracy of contemporary empirical
measurement and the realizatien and understanding of the wvarious
subsidiary modeling of second order effects. A detailed discussion
of the device modeling and cemputer analysis pregram have been presented
elsewhere [Dunbar and Hauser (1975)].

Recent developments-in solar cell devices have, through textured
surfaces and reflecting high-lew junctions, increased the short circuit

current to closely approach values predicted theoretically. Hewever,



the open civcuit voltages obtained experimentally still fall below
the various theoretical predictiens of what is possible. An investi-
gation of various phenomena which could be the source of these
discrepancies forms a major portion of this report.

In addition; many geoﬁetric variations of the solar cell structure.
are investigated. These include rather straightforward studies of
region width modification in the basic three layered structure and
several of the various two, three and four layered structures which
have been recently proposed. A special emphasis is placed upon the
major differvences bgtween the n+—p~p+ and p+—n—n+ polarity solar .
cells due to postulated differences in band gap reduction and lifetime
magnitudes. Also studies are -shown for various antireflection layers, with a

articular enphasis upon "non-reflective" coatings.
pat D P g



i.2 Revipw'ofuPrior Werk

Prior grant periods have been concerned with an extensive analysis
and computer simulatien of éilicon golar cells. The objective of this
section is-teo review and summarize the vesults of that work and the
work of others which have occurred in the same time frame and point out
those results which have sirong relevance to the present study. For the.
most part t£is work was concerned with the operation of both n+—p and
n+~p—p+ solar cells of varying base resistivity. The general objective .
was to idenﬁify those physical mechanisms which limit the conversion
- efficiency.

Figure 1.1 displays the efficiencies of silicon cells as a function
of base resistivity. The structural features of the cells are tabulated
in Table 1.1. It is to be noted from the table that these ave all 250
UM thick solar cells with an 800,K Si0 antireflection layer. For the
n+--p-—p+ strhcture, the back surface p+ region is-5 uM in width and doped
to iolg/cms. As seen in the figure the efficiency peaks ?t about 0.3
ohm-cm for %he n+—p—p+ solar cell and at a slightly lower resistivity for
‘.the n+—p cell, Generally the n+~p—p+ solar cell resulted in higher.
e%ficiencies than the n+—p solar cell and gave gncreas§§ in beth the
open circui% voltage and the short circuit current.

However, at very low base. resistivities no difference was found
between the n+—p and n+—p—p+ structures due to the reduction of the p
- vegion diffusion.iength to a value below the p region width...At these
low base resistivities injection of holes into the n' surface region is
also a significant fraction of the total forward dark current. This
effect counteracts any increase in open circuit voltage expected from a

veduetion of center region p type base resistivity. This hole component
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Figure 1.1 Solar cell efficiency as a function of base resistivity (See Table 1.1).



in Past Work.

Table 1.1 Material and Dimensional Parameters of Solar Cells Analyzed’

Overall Cell Thickness

o' Thickness

pj~ Thickness (n+—p—p+ cell)

n+ Surface Concentration

p Doping Concentratien

p+ Deping Concentration
Lifetime -in n" Region

Lifetime in p Region

Lifetime in p+ Region

Surface 3ecombination Velocity

Antireflection Layer

250 uM

0.25 uM
5.0 mM
lozo/cm3
Variable
lOlg/cm3

100 nsec,‘l nsec
Tles (19751

Iles (1975)

lO3 cm/sec

[+]
800 A, Si0




of forward dark current (so called back injection component) is dependeqt
upen the characterization of the n' surface region with respect to

heavy doping effects and lifetime. TFigure 1.l for example indicates

the large reduction in.efficiency for a surface region that has-a life-
time of 1 nsec. Subsequently it.is clear that this back injection
compenent can ferm a majer limitatien to solar cell cenversion efficiency.
Furthermore; its magnitude limits cenversion efficiency gains as a

result of high doping densities and/or geometric variatiens on the base

p and back p+ reglions.

The selection of the lifetime values of 1 nsec and 100 nsec in the
surface region are somewhat arbitrary. For lifetimes below 100 nsec the
resulting calculations are quite lifetime dependent. For example. Fossom's
analysis at Sandia (1975) produces results comparable teo experimental
data only by including a sub nanosecond surface region lifetime (no heavy
doping effects). On the other hand werk by Brandhorst (1975) which
included heavy doping effects (zié_Van Overstraeton) cbtained a reasonable
data match with higher lifetimes but.with -an anomolous diffusion profile.
However, virtually all of the past werk in this regard must be viewed
with the realization that both the lifetime and the magnitude of band
gap reduction in heavily doped diffused silicen exhibit a large range of
uncertainty. This; when coupled with the possibility that the effects
of band gap reductien and low lifetime cannet be accurately superimposed
due to interactive -effects allows room for much speculatien as to the
dominant mechanism limiting solar cell efficiency for low resisti%ity ‘

cells.



It was also found that the mechanisms which limit the conversion
efficiency arve not.the same over the entire range of proposed base
resistivities. As can be.seen from Figure 1.1 low surface regioﬁ 1life~
time has little effect upon higher resistivity solar cells (greater
than 10 ohm-cm).  The major facters which come into play in this range
are high imjection phenomena both at the injecting and reflecting
junction. For reasons such as this, the picture of solar cell operatioﬁ
has been broken down into three.fairly distinct regions based upon base
vesistivity. The low resistivity region (below about 1 chm-cm) can
be‘chapacterized by phenomen; such as band gap reduction due to heavy
doﬁing‘effects in the surface region apd short.diffusions lengths both
in the surféée and base regions. These have major consequences in the
surface region and reduce the conversion efficiency to belew what.is
obtained by the usual first order analysis, On the other hand there is-
a ﬁigh resﬂgtivity region (above abeut 10 ohm-cm) where these same
phenomena do not have significant effects. In this region, high
injection effects tend to reduce the conversion efficiency to levels
below that expected by first order models due to a reduciion of the
curve factor. In the center region of resistivity (between 1 and 10
ohm-cm) the operation of the cell is relatively simple in that it can
be quite adequately described by models which include only first order
mechanisms since back injection, high injection phenomena, and heavy
doping effects are not-significant.

It is quite conveni§nt to break solar cell conversion efficiency
down inteo the constituent components of open c¢ircuit voltage, curve

factor, and short circuit current. The dependences of these quantities

on base resistivity are illustrated in Figures 1.2 thru l.% respectively.
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In viewing the .open circuit voltaée,-the three regions ef operation
described above are quite apparent. In the low resistivity region the.
open circuit veltage tends to saturate due to the predominance of the
back injection component. An additional decrease is due to the reduction
of the collection efficiency. The peak value of open circuit voltage
is dependent upon surface region lifetime as seen in the figure. In
addition, deplefion region currents can become significant which tends
to suppress the open eirvcuilt voltage even further. The existen‘ce.of’ tlie
dépletion region components can be verified by the reduction in curve
factor seen in Figure 1.3. The center region of resistivities is
charactérized by the expected dependence of open circuit voltage upon
base vesistivity and also velatively constépt curve factors. The —
high resistivity region on the other hand illustrates relatively
constant open circuit voltages for the.n+—p—p+ cell but a sharp decrease
in the curve factor due te high injectien phenémena. Note also that
there is a slight reductien in shert circuit current due to resistive
drops in the lightl§ doped center region.

Summarizing, it is seen that the most promising area for high'
efficiency solar cells is the low resistivity (about 0.3 ohm-cm)
n+-p—p+ structures. However, to realize the enhanced, efficiencies-:
afforded by this structure means must be found to minimize‘the relative
magnitude of the.back injection compenent., Without this, further gains.

which can be postulated through-reductions of the forward electron

component will be nullified,
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2. BEOMETRIC VARIATIONS

2,1 Objectives

The current state of conventienal silicon solar cell design includes
a realization that,significant improvements in conversion efficiency will
come only from increases in the open circuit voltage. Optimizatien of.
other parameters, although still possible, will not significantly improve
the current solar cell (Branﬁhorst, 1875). Consequently the major
orienta%ion of this sectien is.to view metheds by which the open circuit
voltage.can be increased. @Given a fairly censtant short circuit current,
the open circuit veltage is determined by the forward dark characteristics
of thé solar cell. This forward characteristic is made up of three
major components, each of which must be minimized. The first of these
is the injection-of electrons from the n" surface region into the p~type
basetrégion. This cémponent has .been reduced thus far through‘the use
of é n+—p—p+ sé?ucture with optimum values for base resistivity and high-
low junctioh interaction. However, further improvements can be obtained
through the narrowing of.the p region width. This is the topic of the
following sectiéﬁ. The most serious tradeoff” in this technique is
the loss of short circuit current due to shoxrt optical path lengths.
However, if total optical reflection at the back surface of the solar
celi.occuré, this tradeoff does not beceme quite as critical. This
section assumes teotal optical veflection at the back surface through
a "two pass'" model. The details of the inclusion of this model are
discussed in Section 3.1.

The other.component of forward current is that of hole injection

+ . .
into the n surface region from.the p—type base region. Normally, due

to heavy doping levels within the surface region this component can be
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neglected. However, with reduced electron-injection into the base layer
the negléct of this back injection component is not valid. Fuffher
reductiens of electron injectisn makes this component domihént. The
back injection current component is dependent upon the lifetime and band.
gap shrinkage within the surface region. There is a large range of
uncertaint& as to the magnitude of both of these parameters. Nonethe-
less, a relative reduction of this current component can result from a
reduction of,the width of the region. Section 2,3 discusses the’effects
of such a reduction in width, with a particular emphasis upoﬁ:improvements
which may be gained for the extreme case of low surface region lifetime.
Heavy doplng effects are included throughout this report by means of an
empirical model for band gap shrinkage [Hauser (1969)]., This model
produces results beiween the extremes of "effective doping" as predicted
by van Overstraeten (1973) and Mock (1873),

The third component of forward current is that of depletion region
recombination. This component is a strong function not-only of the ‘
magnitude of the lifetime but alsa of its spatial -dependence: Subsequently,
further discussion eof this current component is included in the section
which treats spatial lifetime models.

The cells discussed in this chapter are for the most part 0.3 ohm-cm
n+—p—p+ solar cells. The complete information on the cells is tabulated
in Table 2.1. Note that these cells include total optical reflection at
the back surface and a 5 percent "non-reflecting"” film. Consequently
the efficiencies and open circuit voltages are somewhat higher than
those of the prior chapter. The detailed information on the improvements
in performance due to the two pass optical model and a nonreflective film

are discussed in Section 3. Other than the coptical nature of the cells,



Table.2,1. Characteristics of Selar Cells Analyzed in Chapter 2.

-

n Region Thickness

p Regilon Thickness
p+‘Region Thickness

n+ Surface Concentratien

P Region Resistivity

p+ Doping Cencentration
Lifetime in n Region
Lifetime in p Region
Diffusion length in p region
Lifetime in p+ region
Surface Recombination Velecity
Antirveflection Layer

Irradiance Conditions

0.25 uM
Vapriable
5 uM
1020/cm2
0.3 Qecin

lolg/cm8

100 nsec

65 Usec

340 uM

0.37 usec
3

10 cm/sec

"5% £ilm"

AMO

i



the center p-type base regien width, and the specification of center
p-type resistiwvity these cells are identical .te those.of the past work

outlined in the prior chapter.

2.2 Base Regien Width

The width of the base region of 0.3 ohm-cm n+--p--p+ solar cells
was varied to determine the effect of such a,variation on the overall
coéversion efficiency. A high lifetime in the n' surface regien was
selected in erder to minimize the effects of back injection inte the
nf surface region so that optimization of the conversion efficiency
based upon the resulting reduction of electron injection into #he center
p-type base regi6n~could.be isolated.

Figure 2.1 indicates the resulting dependence of the ,total forward .
dark current at 0.7 v forward bias upon the center region width. As
expected, the total current decreases with a decrease in region width,
The first order analysis indicated in the Figure neglects hole.injection
in%q the surface wegion and depletion region current. However, if these
current components-as calculated from the complete analysis are addedvte
t@é first order results, a more reasonable match is obtained as shown
by, the dashed curve. Nemnetheless, the exact analysis still indicates

not -only a larger current density but alsec a non-lineawity. This could

be due to the methods by which center region recombination and high-low

junction reflection are approximated in the first order methods. However,

these first.erder results follow very closely those of Godlewski (1973)
whose .methods of'including base recembinatien are quite accurate. At
0.7 v forward bias, %he magnitude of .the teotal hole.current flowing into
the surface and depletion region amounted to 18 mA/cm2. This value is.

independent of p region width. It should be realized that these vesults

15
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are for a rather ideal n' surface region in that the lifetime 1s taken
as a constant 100 nsec. Even under thege conditions this current
component is significant.

Figure 2,2 illustrates the dependence of the open circuit voltage
en p region -width for these cells. As expected, the open circuit voltage
increases with decreasing device width. However, the values are below
what is expected from first order analysis (dashed curve) due again to
the neglect of the injection of carriers into the surface vegion and
the n+—p depletion region current, However, as can be seen from the
figure, the curve resulting from a correction due to those hole com-
ﬁonents, the magnitudes of which are obtained from the complete analysis,
is still more optimistic that the complete analysis. This is the same
discreﬁancf seen in the prior figures regarding the dark characteristics.

Figure 2.3 illustrates the resulting conversion efficiencies for
these solar cells. .-As can be seen, the efficiency peaks at a cel;
thickness of about 150 UM, The reduction of efficiency at the wider
device lengths is due to the reduction in open circuit veltage. The
diffusion length for this base resistivity is taken as.34%0 uM indicating
that recombination effects should not be appreciable in this range of
base widths. At narrewer base region widths the reduction in efficiency
is due primarily to the reduction in short circuit current. The decrease
in efficiency for very narrow base widths however may not be as severe in
actual devices as indicated by Figure 2.3 since the model utilized does.
not include additienal photon passes due to internal reflection at the
irradiated surface.

The results of first order models are alsc illustrated in Figure

2.3. These were calculated using curve factors of 0.84. This value



18
l L ] l I
720 — —
\\ First Order (No J )
+
710 |— AN P —
~ N\ {
C ~
9 700 - \ —
> Corrected
g‘ for J ~\\
£ Ny :
8
— . a
e 690 — \
= - ~
& ™~
=~
[
- \
3
O\
O
670 j— —
660' I ) l l 1
50 100 159 200 250
CENTER REGION WIDTH, v (uM)
Figure 2.2 ° Open circult voltage as a function of center region width

(See Table 2.,1).



19

First Order, No qp,n+

Corrected for J
: sc

21 p—
i~
5 20—
=
3
—l
Q
HH
£
(£
1
pv
<
= _
a )
19 p—
Figure 2.3

| | L

'50 ' 100 150 200 250

CENTER REGION WIDTH, s (uM)

* Conversion efficiency (AMO) as a functlon of center region
width (See Table 2.1).



agrees quite well with the exact value which did net.change significantly
over the range of device widths. studied. The .overall discrepancy between
the twe sets of results is twefeld. TFor one, .the first order moéel for
the short cirvcult current as a function of device width.neglected
recombinatien and diffusion effects due to the non-linear generation rate.
Using the results of the cemplete analysis te correct for this, results
in the .corrected curve -marked.in the figure. Secondly, the first erder
model neglected hole cﬁrrents injected inte the surface region. Again
using the results of the complete analysis to correct for this effect,

it can be.seen.that,very close agreement is obtained. Subsequently it
can be concluded that narrow base regioen n+—-p—p+ solar cells with=Fack
surface reflectance can be fabricated without any less of converéion
efficiency. Recent werk by Michel-et al. (1975) confirfi the con-

clusicns made in this secticn.

2.3 Surface Region Widths

The, prior section discussed improvements possible in solar cell
Penformance by a.reduction of the electron injection into the center
Ehtype base region. However, that work was performed with an n+ surface
éiffused region which was optimistically characterized with respect to
lifetime. With a non-optimum lifetime characterization i.e. 1 nsec, '
there is a sharp reduction in open circuit voltage and consequently
the overall efficiency due to the deminance of hole injection into the
n' surface diffused region., Subsequently this section discusses the
reduction of this hole component through a narrowing of the surface
region width. For the most part calculations are made for the low
lifetime case since a modification of the region width has little effect

for the higher lifetime case, In addition, the cells studied are those

20


http:curve-marked.in

21
of 100 pM center base region width since this produces an optimum
case as discussed in the prior section. Thus the .cells have th;
characteristics of Table 2,1 except for surface region lifetime (1 nsec),
cent;r region width (100 uM), and surface region width (variable).

Figure 2.4 illustrates the total value and hole component of dark
forward current density as a function of n’ region width. Also, included
in the figure is comparison data for the same cells with .a 100 nsec
reéion lifetime. From this it can be seen that the n+ region width
reduction results in.a substantial reduction in the hole current density
for the low lifetime case but very slight reductions for the high life-
time case. These significant reductions have direct effects upon the
open éircuit voltage as seen from Figure 2.5. ‘The point of maj;r
interest is "that narrow surface region widths can be effective in com-
pensating for the éffect; of low surface regidn lifetime.

i Figures' 2.6 and 2.7 illustrate the dependence of short eivcuit curpent
and curve factors upon the region width. The increase {n éhe cﬁrve factor
could be due to a reduction of the depletion region current component as
the diffused region width is narrowed. This would occur for a ;onstant
surface concentration since the n' depletion regi&ﬁ width would be narrowed.
This cannot be readily verified quantitatively since.there is no well
defined depletion regien edge in the exact simulation.

..The resulting efficiencies of these cells is illustrated i% Figure
2.8, These results make it quite apparent %hat the reduced width can be
effective in increasing efficiency for fﬁe low lifetime case. However,
for~n+ region lifetimes belew 1 nsec, %he,surface-regioﬁ.ﬁidth necessary

to produce signigicant changes may be prohibitively narrow for con-

temporary processing capabilities.
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All of the prior results were performed with a surface recombination
velocity of 1000 em/sec. However with a narrow surface region the
degendence of the results on this parameter becomes more critical, -for
example Figures 2.5 and 2.8 indicate the effects of raising the surface
recombination velocity to 5000 em/sec (isolated data points). It can
be seen irom Figure 2.8 that there is a larger reduction in conversion
efficiency for the higher lifetime case due to the large diffusion lengths
in the surface regicn,

The results for this-section are based upon a constant n' region
lifetime. Somewhat different conclusions can be.reached if a lifetime
model which varies spatially in the n' region is used. These are discussed

in a later section.

2.4 Other Surface Profiles

In relationship to hole injection into the surface region, two
modifications to the .surface region profile were considered. More detailed
profile changes are discussed in a later sectien. However, an interesting
modification is to select the surface concentration so that these is no
retrograde field within the diffused region dve to band gap reduction
phenomena (Godlewski, 1973), For the heavy doping medel used in this
work, the surface concentration required to de this is 2 x lOlg/cma.
Furthermore, this was attempted on the structure which had the minimum
back injection current component. The structure was that of the nT—p—p+
configuration listed in Table.2.l with the narrow (0.1 4 M) n" surface
width., However, the removal of the retrograde field by this method did
not have significant effects upen the efficiency. Although there were
slight increases in the open circuit voltage and the short.circuit current

for the low lifetime case, there was .a reduction in the curve .factor due

to a wider depletion region in the nf side of the junction.



The secend prefile studied was that of a uniform surface regien.
The assumption behind this-selectien is that the lifetime within the
uniferm region can be takenzfrem‘the dapa of Iles fer,bulk‘siligen.'

This pesults in a lifetime of around 200: nsec for -a doping level of

28

1 . . . .
2x10 9/cms.. Altheuygh the actual lifetime may net-be that high, it would.

prcbably . be higher- than.that of a diffused region of 2 x l(‘)lg_/cmx—3 sqpface
cencentration and 0.1 . WM .- in width., This’ caleculation, again with the
cells oé Table 2.1 with a 0,1 : M- . n" region, did not.result in.very
significant gains. The slight improvement which did exist was due to
increases in the open circuit veltage. Nonetheless, the efficiency did
not—decrease, leading teo the cenclusien that the doping dependent fields

in thin diffused surface regiens are not.as significant as previously

expected,
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3. ANTIREFLECTION TILMS

3.1 Back Surface Reflection

As presented in the previous sections, gains in conversion efficiency
can be.obtained if the overall device thickness is narrowed when tetal optical
reflection from the back surface of the .solar cell is assumed. Since this is
a potentially feasible manufacturing process and may also occur.due to internal
reflection in textured surface cells such as the COMSAT CNR cell, a "two pass"
model was developed in the simulation pregram.

Since -the simulation involves the solution of the basic semiconductor
device equations including a spatially dependent generation rate term; the
two pass model is based upon a linear addition of incident and reflected
generation rates. Essentially, a subsidiary program calculates the spatiai
dependence of a generation rate in silicon material which is twice the width
of the solar cell considered. The main simulation program then "folds" the
generation rate quantities back for spatial values greater than the device
width and adds-these quantitles to the incident generation rate at each spatial
point. S8ince the main simulatien includes the total generation rate itself, .
high injection levels, diffusion, etc. arve still included in the overall
modeling process as before.

« For the wider devices (250 uM base region) the two pass model had enly
a slight effect, raising the short circuit current about 1.75 per cent. The
efficiency reflected the same percentage increase. However, for the narrow
devices (100 uM base -region) the increase in short circuit current was 3.75
per cen% with just under a 4 percentage increase im conversSion
efficiency. These increases represent a pessimistic case-since the model
does not-include additional photon passes due to internal,ref;ection'at-the

irrddiated or Si-AR interfaces. However, any increases due these additional



passes would -be significant enly for very. navrew devices (base regien widths

belew 100 microns).

3.2 Non-Reflective Antireflection Coatings

‘There has been recent emphasis and work. en-the textured surface or nen-
reflective antireflectien layers. The essential characteristics of such a
“surface is a low, nearly constant value :of reflectance ranging from.3 to 5 per
cent acress the wavelength range. Subsequently, the generation rate for many
studies has been calculated assuming an antireflection film of censtant 5§ per
cent reflectance. The comparisons.of the results of this-film with ether
films is tabulated in Table 3.1. A significant increase in the available-
optical current can be seen. The inclusion of the result}ng generation rate .
with the exact simulatlon resulted in a percentage increase in efficiency of
gbout 13 per cent over that of an optimum 8i0 £ilm. This almost.exactly
matches-the percentage in available:eptical current as .given in Table 3,1.

In the fabrication of a typical textured surface, the junction follews,
the texture of the surface. Consequently a cerrection should.be made in any
ene-dimensienal calculatien te dark current due te the increase in junctien
area, For.apyramidal. structure of base length L and an apex angle of 70.5°,
the tetal surface area is 1.74 L2. Thus, the current cemponent injegted
into the surface vegien must.be increased by the facter 1.74. This factor
hewever does not preduce ‘a significant decrease in the open civcuit voltage

due to :its® logarithemic dependence-upon the dark current density.

3.3 Other Antirveflection Films
Due to the short wavelength. light absorption in thin Si0 films, several
other films have been suggested for use as solar cell antireflection layers.

These include SiO Ta,0cs SigN, s 7i0_, Nb O ‘Hf02, and Zr0

s o* 2Ug 9° Data on some


http:compatisons.of

Table 3.1. Summary of Excess Carrier Generation in Silicon
Geometry Spectral Optimum Anti- Surface Available Surface
Conditions Reflection Loss® Optical Current® Generation
Thickness (&) (%) (mA/ cm?) Rate?
(#/cc/sec)
' 22
AMO N. A 36.4 3u4.2 1.15 x 10
si
21
AM2 N. A, 34,7 22.4 1l.62 x 10
. 21
AMO 80O 15.6 b5, 4 5.96 % 10
Si + Si0 -
AM2 800 10,4 30.7 1.39 x 102
AMO 1100 17.6 44,3 1.25 x 10°2
Si + Si0
2 ’ 21
AM2 1100 4.5 29.3 1.83 = 10
' 22
AMO N.. A, 5.0 51.1 . 2.7 x 10
Si + "s%
Film" : 2i
AM?2 N.A. 5.0 32.6 “ 3.8 x 10
22
AMO 720 12.5 47,0 1.56 x 10
Ta205 o
AM2 720 9.5 31.1 1.89 % 10

aComputed at optimum antireflection thickness if applicable.

TE



of these films has-been presented by Wang et al. (1973) which indicated that
multilayer SiO—Tib2 films produced improved results over SiO—T3205 multidayers.
However, these.calculations .neglected the absorpéance in both the .8i0 and TiO2
layers. Work by Travina and Mukin.(1966) and others indicates.tha‘t,T'iO’2 is -
lessey in the short wavelength région,' In addition, the propeftiqs of Tioé_
are very process dependent, with the .index of refraction ranging from.2.2
to about 2,9 (See Heitman, 1971). Eubsequently therée has:been a major interest
in Ta205 antireflection films_s%nce the film dees not begin to absorb light
until below 0.3 pM wavelength (Knausenberger and Tauber, 1973), The index of
refraction is clese to an.optimum value,.although its wvalue is alse prdcess
dependent (Revesz, 1976).

A detailed analysis was performed with the Ta205 films: Part of these
results are listed in Table 3.1 %hich indicates an optimum thickness of
720 E. The index of refraction data fer the analysis was taken from the data
of Y;ung (1958), TFigure 3.1 illustrates the reflectance and transmissien
coefficient resulting frem an optimum layer. This data is quite similar
to that:.calculated by Wang et al. (1973) and measured by Revesz et al. (1976)
for wavelengths greater than 0.3 uM. The data indicate an improvement over

an optimum Si0 film with respect to available optical current. The complete

N » * »
analysis indicated an improvement in shert circuit current of about 4 per cent.

Measured data by Brandhorst’(1975) indicated a 6 per cent increase in short
circu?t current with a Ta,0. antireflectien layer as opposed.to a Si0 layer.’
This improvement however eccurred after the addition of a cever glass. Prior
to this treatment the Si0 film indicated a slight inecrease in.shert circuit.
current over the cell with Ta205.

Other films of interesi include NbQQS. This film however.is reported

te be virtually identical to Ta,0; (Revesz, 1973). Another film of .interest.

2
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isthat.of ZrOz.‘ This film has-a dielectric constant of 2,1 with an absorption
edge of abeut 0,2.micrens. However, no data was found regarding the wavelength
dependence ‘of the index of refrgctien; A similar situation.éxists for Hf02,
which has.a neminal index of refractien of 2.3 (Revesz, 1973). In view of.
the lack of data on the wavelength dependence of the index ef refractien for
various films, calculations were made to determine the optimum valug‘fer the
index of -refractien assuming ne dependence en wavelength, This was formed.
by evaluating the photen transmission efficiency eof various tpicknéssés of
such a film upon « @ silicon substrate. The silicon was fully characterized
as to the wavelength dependence of both the real and imaginary parts of;the
indéijf refraction. The results of such a calculationare illustrated in.
Figure. 8.2 which displays the pheton transmission efficiency at optimum f£ilm
thickness (and the optimum £film thickness) as a functien of-ﬁhe index of
refrqcéien. The peak is seen to eccur at an n value of 1,95, This is
semeﬁﬁét.below the optimum value .of 2.3 reported by Revesz et al. (1978).
Hewever: their value was ebtaiqed'by "tuning" the optical system, inqihding

a cover glass (n = 1.45) at a 0.54 micron wavelength and dees.not take into

account the wavelength dependence of the optical properties of silicoh.
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4. THE P -N-N' STRUCTURE

4.1 Primary Differences in p+-n—.n+ and n+—p—p+ Structures

Most of the prier werk with -selar cell analysis -and fabrication has.
invelved the nT--p—p+ structure, Censequently there remains the question
of possible differences if the siructure is changed to the.p+~n—nf
structure. Severai diffevences in the two structures can.be neoted which -
may Eentribute to any such differencest

a) In the heavily diffused surface region the amount of band gap
shrinkage and penetratien of the .Fexrmi energy into the conduction band
differs for p-and n-type deping. This was discussed in the prior grant-
repert and is discussed further in thg follewing chapter. In general,
heavy doping effects are not as severe in a p region as in a n region.

This weuld tend te reduce the amount of back injectipn in a p+-n1nf structure,

b) In the base regien, the results are quite dependent upon diffusien
length selected. If equal diffusion lengths are selected for both n—and
p-type base regions then an n—type base region will have a higher lifetime
than a p-type region due to differences in hole and electron .mobility. This
can effect the magnitude of the ferward dark injection component .with the
nT-p—p+ structure illustrating higher values and subsequently lower open
cirvcuit voltages.

c) A Dember.type potential in the base region due to the nondlinear.
generation rate aids in the collection of short circuit current for a p—
type base region and opposes the collection if a n—typé base region. This
however is not a major factor as discussed in the prior grant veport.

The sections which fello% present results for solar cell efficiency
as a function of base resistivity and base region width. A concluding
sectien discugses the lifetime dependence and gives a direct comparison

+
te the n —pup+ structure.
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4,2 Efficiency as a Functien of Base Region Resistivity

The dependence of selar cell efficiency-upon base resistivity is

]

éuite streng if the injection of-carriers into the surface region is.
neglected., As discussed in the prior grant report, three .major reglons
of operation are encountered as the base region resistivity is chaﬁged.
To investigate these effects with the,p+—n~n+'struqture, a high (100
nsec), constaﬁt lifetime was selected for the surface region. In this
case, the efficiency i1s determined by the nature of the base region,

The devices analyzed include heavy doping effects, optical reflection
at the back contact, a high—low junction, and a 5 per cent antireflection
layer. The lifetime in the base region as a functien of base resistivity
is taken from the'da%a of Iles. Other characteristics of these cells are
tabulated in Table 4:l. 1

Figure 4.1 illustrates the dark chavacteristics of these devices
for base resistivities-ranging frem 10 to 0.01 chm-cm. As can be seen,

10 ohm-cm p-type base regions tend to show substantial high injec?ion‘
effeets. This iz due to the lighter p-type doping required te oﬁtain'ld
ohm-cm material as compared to the n—type deping.  As expected, the forward
current density reduces as the base resistitivy is lowered. For the 0.0l
ohm-cm device the depletion region current component has increased dramatically
due to the reduction of ‘the base region lifetime. This is illustrated by
the large increase in current for this device at low voltages in Figure 4.1,
Figu;‘e 4,2 illustrates the illuminated characteristics of these same cells.
Again it can.be seen-that the limiting factor with regard to low resistivity
base regions is the dependence. ef the collection efficiency upen the base
vegion lifetime. This conclusion can be made due toc the high sﬁrface region

lifetime. A lower than 100 nsec surface region lifetime would exhibit severe

reductions in open civcuit voltage. This is discussed in the following chapter
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Table 4,1 Material and Dimensieonal Parameters of the p+4n—nT

Solar cells analyzed in Chapter %

Overall Cell Thickness

+ .
p Thickness

+ .
n Thickness
p+ Surface Cencentratien
n Deping Cencentratien
n Deping 'Cencentratien

. . . + s
Lifetime in p Regien
Lifetime in n Reglen
Lifetime in p+ Region
Surface Recombination Velocity

Antireflecting Layer

250 M

0.25 uM

5 uM

lozolcm3
Variable
lOlg/cmg

100 nsec
Iles.data (1975)
Iles date (1975)
103 cm/sec

"S per cent Film"

o
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The overall results regarding efficiency, open circuit voltage, and
curve f;ctor are summarized in Figure 4.3, Like the nf--p—p+ devices, these
devices iliustrate the same three.regions of operation. The cutoff.points-
for the regions however differ with respect to resistivity magnitude,

High injection begins te occur above about 1 ohm-ecm. The so called center
regien of oPeratien is quite wide, extending to lower base resistivities.
This.is due mainly to the selction of equal hole and electren diffusion
lengths frem the data of Iles, Nonetheless it is seen that for base

resistivities below 0.1 ohm-cm “that there is a substantial decrease in

efficiency due to the loss of collection efficiency:s

4.3 Efficiency as a Function of Base Region Wid%h

The p+—n—n+ devices .were also investigated with regard to the effect
of base éggion width upon the conversion efficiency. The devices, are
these.of fable 4.1 except for the base: resistivity, which m;s held con-
stant at 0.3 ohm-cm. The surface riegion lifetime "again was held at a‘
constant 100 nsec in order to isolate the effect of the base region
modificatien.

Pigﬁre 4.4 shows the rvesults of these calculations. It can be seen.
that the efficiency remains relatively constant as the base width is
decreased. Thesé'resﬁlts are quite similar te those obtéinéd with the
n+-p—p+ devices which were discussed in detail in a prior section. It
should be noted that back surface optical reflectien is included in

this analysis. If this is not included, the efficiency decreases

more with decreasing width. 1
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4.4 Lifetime Related Differences Between the n+—p—p+ and p+—n-nf
Structures

As stated in the prier sectiens, the electron and hole diffusion
lengths were taken as identical in the calculatiens so far discussed.
Due to differences in hole and electron mobility this produces
lapger lifetimes in the p type material. For this case the
p+—n—n+ structure results in efficiencies which -are higher than the
n+—p—p+. This is mestly due to the increase in eopen circuit voltage
due to the reduction of- dark ferward current injection. Recall that
in a b%ck surface field solar cell, the forward injection current
(under dark conditions) 1s dependent upon the base vegion lifetime
{assuming that the diffusion length in the base regien is greater
thaﬁ the base width)., However, if the hole diffusion length is
taken as one-half ef the electren diffusion length for the same
deping level, the advan%age of the p+—n—n+ structure disappears
and the two structures.are roughly equivalent, A slight difference
does arise due to a reduction of-shert circuit current in the.p+--n-n+
structure, but this is expected frem the sherter diffusien length.
The data tabulated in Taﬁle 4,2 illustrates these differences. These
cells have the parameters presented in Table 2.1 with the appropriate
changes in doping polarity. The base region doping is the same in
both structures, 8.5 x lOls/cms. This.results in a 0.3 ohm-cm p-
type base region and a 0.1 ohm-cm n—type base region. The majer
cenclusion is that fer gimilar cells with equal diffusion lengths, -
the p+--n-n+ cell has a slightly higher efficiency than the n+—p—p+
cell. Hewever, if the hele diffusion length is reduced over that

for electrons then the n+—p—p+ cell has the higher peak efficiency.



Table 4.2. Tabulation of Results Comparing the n+—p—p+ and p+—n--n+ solar cells.

Tsurface "hase Voc CF Eff JSC J g 8t 0.7v  Back Injection
nsec (usec) % % 2 (dark) Component at 0.7v (dark)
(V) (mA/em™) (mA/cm®) (mA/ cm?)
+ .t
p -n-n 1 163 0.707 8.6 20.0 146.9 24,1 17
'Lp= Ly 100 163 0.718 84,6 21.1 46.9 38.2 3
= 340 M
I
p -n-n " 1 41 0.679 81.8 18.9 46.1 91. 4 33
L=b /2 100 Bl 0.691 84.0 19.8 46.1 Bl b y
= 170 M
—_——ees e e m——m e S o
A 1 65 0.679 81.3 19.1 U6.9 86.3 39
n -p-p '
100 65 0.692 84,1 20.2 47.0 63.8 - 17

St



The use of a smaller hele diffusion length is mere consistent,
with existing experimental data en hole and electren.lifetime and

diffusion length.
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5. THEORETICAL EFFECTS OF SURFACE DIFFUSED REGION
LIFETIME MODELS ON SILICON SOLAR CELLS#
5.1 Introduction

This. paper presents the results of a detailed computer simulation
of narrow base silicon back surface field .(BSF} solar cells. Such selar
cells can be optimized .with respect to open circuit veltage through’
reductions in the level of current injected into the base region. These
theoretical optimizatiens however, produce open circuit voltages which
are significantly higher than those found experimentally [1].  For the
most part this discrepancy.is due to the neglect or approximate
modeling of the dark current component which is injected into the surface
region. This current component can become quite significant and conse--
quently can account for -the lower values of open circuit voltage found
experimentally. However, models which account for this current component
can obtain a reasonable match with experimental results only by using
extremely low (picosecond range) lifetimes in the surface feg;oﬁ EZ].
Such low lifetiﬁé values have been justified in past wofk on fﬁeubasfé_
that the surface regioﬁ iz a diffused region with a high levéi of trapping
centers and dislocations. However, the present work has obtained a theoretical
degradation in open circuit voltage without such extreme asgumftibns as to
lifetime magnitudes. The work.indicates that band gap éhrinkéée in the
.diffused surface layer combined with a spatially dependeﬁf lifé}ime form a
‘mechanism'for severe limitations on the oﬁen circuit voltgge of .solar cells

formed by diffusion techniques.

*This chapter iIs written in the form of a paper which is being submitted
for publication. References for this chapter are at the end of thé.
chapter.
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Certain spatial forms.of lifetime dependence -tend,to shift the active -
area.of the diffused region with respect te dark current density to.a .
regien very clese.te the surface.. This, when-cembined with the, fact that
heavy deping effects are more severe near.thé surface; produces<a.pair
of interacting mechanisms ﬁhidh-great;y increases the current density
injected into the surface region. The analytieal method used in ‘this werk
involves a numerical solution of the semiéonductor device-equaéiens
inciuding the effec¢ts of a generatien rate term due tc AMO solar irpadiance
with a constant 5 per cent antireflection-film and tetal eoptical reflection
assumed at the back surface.. The-device modeling, which ‘has been discussed
elsewhere, -includes phenomena such'as drift and diffusion currents,-recom-

bination effects, doping dependent meobility, nen-ehmic centacts, diffused-

impurity profiles, and band gap reductien due to heavy deping effects [-3,4].

5.2 CGeneral Device Models

The basic selar cell structure studied is that of a n+;p—p+

r

(or p+-n-n+) back -sunface field selar cell with the characteristics

out%ipeé in Table.5.L Results by Michel.si_g&: have been confirmed in that
hiéhleffiqiency solar cells can be fabricated.with narrow base layer widths

[5]. éubsequently a narrow (100 ﬁM)'base region is-used-in this work.

Tﬁg width.of~the base‘region, in combination with ‘+he low base resigtivity,

forms a éituation in which carrier injection Into the surface region tends.

to be the major componen%_of the dark current density and” subsequently in

the determination of the'open:éircuit.voltage.= Consequently the.chafacterization

of ‘the diffused.surface region is.quite important: In particular, the: character-

ization of the lifetime in this regien is an important parameter and consequently
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Table 5.1°.- Device parameters used in surface region study.

Diffused Surface Thickness 0.2 M’
Center Region Thickness 100 pM
Back Surface Region Thickness 5 uM
— . 20, 2
Surface Concentration (Gaussian) 107" /om

Center Region Resistivity

Back Surface Region Concentration

0.3 chm-cm .

2

10lg/cm

Surface Recombination Velocity
Antireflection Layer (Two Pass Model)

Irradiance Conditions

102 em/sec
5% Film!"

AMO

49
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is described in this work by.two medels. One is that of a constant life-
time, of .either 1 nsec er 100 nsec, and the other.is.that of a spatial
doping dependent medel as postulated bﬁ Lindholm, et -al. [6]. The general

form of .this doping dependent.model is
() =Lt MO /N + 1N (1)
el s B .

where Né is' the deping in .the diffused regibn,,NB‘is*thé bulk or base " -
region doping,‘TO is a constant dependent upon the base or bulk region
lifetime (TO equals T for a p-type base layer and Tpe for a. n-type
base layer), and N is a parameter which can take on the values 'of 1,-2, er
4 [71.7

The thin surface diffused region in solar cell structures is
typically quite heavily doped. Consequently both Fermi-Diracistatisties
and band gap reduction effects must.be included in an analysis of this
region, However, the magnitude.of band'gap reduction is.a quantity net”
known with a great deal of certainty-for silicon. The-everall ceombined
effect of degenerate. doping and band gap reductien-however. is- an increase
in the "intrinsic carrier concentratien, This can be conveniently modeled
by an "effective deping" which is the doping required te give the“correct
mineority carrier density if.Fermi-Dirac.statistics and band gap reductien
effects were not present. Figure 5.1 illustrates the effectivé déping in
n-type ‘material for several baﬂd gap reductien.models "including the
empirical model used in this.work [8,9,10,11,12], The curves for Mock
and-van Overstraeten were obtdined directly fmom their results regarding an
effective intrinsic concentration. The other curves.were calculated frem
reperted medels for band gap shrinkage, These. models were used with

Fermi-Dirac statistics to determine the effective deping. -In additionm,
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the effective doping differs for n-and p~type material due - to a difference
in the .Fermi level penetration into the conduction and valence-bands, This-
is illustrated in Figure 5.2, Note also- in this figure curves for the effect
of Fermi-Dirac statistics independent of any -band gap reduction. The band
gap reduction effects tend to form a . peak in the effective doping for n-type .
material at an actual doping density of.about 2x1019/cm3 and an effective
doping density at about 2x1018/cm3. This peak suggests an optimum.doping
density around 2x1(_):'Lg/cm3 for minimizing heavy doping effects but the exact
doping density at.which this eccurs depends on the model,used for band gap

. reductioen.

5.3 Results
The heavy doping effect in itself tends -to increase the .injectéd
curvent density into the surface region due to an increase in minority
carrier density. However, the increase is much more severe than
expected when spatial lifetime effects are alsc included. It can be shown
from first order device theory neglecting heavy doping effects (confirmed
by the complete analysis) that -in the diffused.surface layer, under dark

conditions

2
n

(%) = e
p(x) = NS(X) exp(qV/kT), (2).
where p is the minority cavrier density .and Ns is the doping-density.

The change in current demsity in the. diffused .region can be. expressed

as .
b4
AT(x) = f Q(x)/1(x)dx, (3)

)
where Q is.the charge in the region, .T'is the lifetime in_ that regien,
and x.= 0 is-taken.as the depletion region edge. Cembining Equatiens, (1)
and (2), it can be seen that (alsoc assuming that‘Ns>>NB)
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Q/T o NSN71: (u) -

Consequently for values of N greater. than 1 the integrand in Equation (3)
tends .te grow in.magnitude for increasing x.. This is in contrast.to the
idea that the region close to the injecting.junctien is the mest important
in determining injection current density. Censequently heavy doping effects,

which are larger closer te the-surface, have a stronger effect for these

cases. If‘heavy doping is included in-:the model,

N )
Q/t o NS /Neff (5)

since the lifetime is dependent upon the actual doping (Né) and the minerity
cérriér density -is dependent upon the effective doping (Neff)'
élots of Q/t -as obtained. from.the computer analysis .are shown in Fig-

ure StS? throughout the diffused surface layer. The doping profile in the
'surfaée layer has been taken to be described by a Gaussian function of
.distance, The dashed curves.in Figufe 5.3 indicate the variance of.'Q/T for
:no heavy doping effects and different N values.. For the N = 0 case

(i?E: censéant lifetime) " the-decay -in- Q/7 -with -increasing distance from
‘the depletion region is as expected for the given.doping profile. Hewever
the N=1 case indicates that the entire'surface‘rggien contributes -about
equally to ‘current flow. (The lowered wvalues of Q/t-are indicative of the
‘higher -lifetime which occurs for the N = 1 case). The:N = 2 case however
indicates that -the  region close te the surface.produces significantiy more
recombination current than regioms close to the .injecting junction.  The

calculated behavior is seen to follew almost exactly the simple results of.

Equation -(4)..
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The selid.curves-indicaée the situvation when-heavy doping is. included.
‘Here there is an enhanced significance of the surface regien in all cases
due to ;he reduction-in.the- effective -doping near the siurface. For the
case of constant surface region lifetime (N=0) the heavy deping effect
is present altheugh i%s contribution Is not-as significant as in. the .ether
cases as seen from-the-high value of Q/t near the injecting junction.
For N0, the -lifetime near the' injecting junction is sufficiently high

v

-to shift the -active region further toward the semiconductor surface.-
. Figure 8.4 indicates the effect of this recombination upon the buildup
'of current in the diffused region. This -figure neglects the current
component due to surface recombination for the sake of clarity. The
importance of the “diffused layer close to.the surface is seen to be
‘enhaﬁéed in importancé'when heavy doping and,a spatial decay in lifetime
Eié taken into account, 'For the.W = l-and ¥ = 2 cases it is 'seen that about
'80% of the dark'current‘gempenent due to,the.surface region -comes from
‘about'20% of the diffused lqygp;located near the semicondcutor surface,
Td&blé 5.2 summarizes the effects of these heavy doping and lifetime
effects on solar cell terminal characteristics.- The surface region current
‘comﬁaﬁent is the current componert injected into.the n*(9+—§-p+féell) or
ip+‘k;¥;ﬁ;n+‘c§ii) region. It is this-injectien -compenent which is
:responsible for reductiens in-open.circuit veltage and efficiency in low
;resistivity solar cells, This. cemponent includes beth the depletion regiocn
;'and surface’ recombination components. For the lifetime models used% the
depletion fégion current cemponent was found.-to be insignificant except

for the. constant (1 nsec) model.. The first two rows of Table 5.2.i7dicate

the extent -of the heavy doping effect upon.the surface region current.

REPRODUCIBILITY OF THE
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of términal-chavacteristics’

Table .5.2 Summary

Structure Heavy Diffusion Efficiency . Open Short Total Surface ‘Region
Doping Length (%) Circuit.| Circuit: Current Current Component,
"Effects . Ratio Voltage Current @ 0.7v- @ 0.7v park
(Ln[L ) (Volts) (mA/cm?) Dark ', (mA/cm”™)
¢ P (mA/cm®)
n+_P_P+ '
(SOHS'tan‘t 1 nsec No 1 20,0 0,70 45,9 53 l?
p' region life- Yes 1 19.1 0,68 46.9 86 39"
time) _ '
No 1 20.3 0.70 46.9 . 46 5.3
h'-p-p - g -
Yes 1 18.8 0.65 . Ug.6 270 230
Yes 2 17.6 0,63 u5.8 730 680
" + No 1 20.8 0.71 ug,7 31 19
P -n-n . —_— : _
o = 2) Yes 1 19.3 0.67 46,7 150 130
Yes 2 '18.8 0.66 45.8 190 130
+ + )
n - _5). No 1. 20.5 0.70 7.0 h3 2.3
(N _= 2x104%/cm3 \
N = 2) Yes 1 20,2 0.69 L7.0 63 17

89
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The increase in surface injection from'l2-mA/cm2 to 39:1;1A/cm2 when heavy
doping is included causes &bout a 3 percent decréase in the open circuit
voltage for this constant lifetime 'case. However, %he<equivaient structure
"with a spa%ially dependent lifetime -(N = 2) illustrates a very large
ihcrease (a factor of 43) in surface region current when heavy doping is
included. For this case these two effects have combined to cause a
7 per cent decrease in the open circuit voltage. Comparing these results
to the first -two roWs of the p+—n-n+ cell it can be seen that the heavy
dﬁping effects are less significant in p+—n—n+ cells than in n+—p—p+xcells
as expectéd. However, all these results are quite lifetime dependent.
For example, if the assumption is made that the hole diffusion length is
half the electron diffusion length (where the electron diffusion length .
for the bulk material is taken from the data of Iles) then more severe .
fésﬁlfé are obtained as seen from the table. It can also be concluded
" ‘that gréater band gap reductions than those used in the present work will
dlso tend to increase the severity of these heavy doping effects. However,
the severity of the effect is not as _great as one might expect. For
example, a 10 per cent increase in the amount of band gap reduction vesulted
in an-increase of injection current density by a factor of abouf 1.5. The
recent data on band gap reduction by .Slotboom and Graaf [12] resulted in a
reduction of »this same current component by .a.factor of 0.7.- This caﬂ be-
_expected from their data since.it indicates less of a band gap shrinkage at
h;gher doping but more shrinkage at lower doping than the present model.
(See Figure 5.1). ‘

Godlewski [13] found that-an optimum surface doping level could be

established which removes any retrograde fields in the n' surface region
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due to heavy deping effects. That work was based on a uniform diffused.
region lifetime and the pessimistic medel for band gap reduction presented
by Van Overstraeten-[llj. The last entry in Table -2 indicates the present
computer results for-a cell with -an optimum surface cencentration. Indeed,
less of a dependence on heavy doping effects can be.seen, Héwever, this is
likely caused in the present study.by a combined increase in diffused region
lifetime as well as-the overall reductien.in.band gap shrinkage. Both ef
theseheffects tend te hold the epen.circuit voltage at a higher level,
contributing to the effects of removing the retrograde’field., In addition,
it is significant that the removal of the retrograde field did net:produce
any significant change in the short circuit current density. Spectral
respense calculations have further indicated that the combined effects of a
spatially dependent lifetime and heavy doping effects de reduce the shert
wavelength respense to values about 25% below that of the censtant lifetime
case with heavy doping.  The ameunt of reduction however is dependent upen

the surface recombinatien velecity and the band gap reduction model utillized.

K4 Summary

It has been found that'band gap reduction and a spatial decay.in :lifetime
can.combine-te produce significant effects upon the spatial nature and
magni;ude of the injection current density into the diffused surface regien
of solar cells. The spatial nature of the Injection current is primarily
dependent upon the vate of aecay of the.lifetime with impurity concentration.
The magnitude of this current compenent is -dependent upen both the magnitude
of the lifetime -parameter and tke.ameunt eof.band gap shrinkage in the -region.
Iﬁ_all cases-éxcept for that of a constant lifetime it has been found that

regions away from the injecting junction and close to the surface play a far
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more.important role in carrier injection than previeusly expected. These
effects differ fer n-and p-type-surface regions with the p—type surface
regign'produéing smalleg compenents. of back injected'curéent. These:
conclusions depend somewhat upen ﬁhe:lifetime-values-selected and these
effecté can be reduced.th?ough the selection -of-a lowered impurity
ce?centrafion at the semiéenductor surface. .This both reduces the band gap
reduction aﬁd increases the lifetime.in that regien at -the c@ét of an
increase im sheet resistivity of.the -surface layer.. Overall it can be,
concluded that the diffused.surface region can reduce the open circuit
ve%tage as experimentally observed.due to the cémbiped.effécts of heavy dopiné
and a.spatial dependence of lifetime. Furthermore, spéc?ral respénsg..
calculation indicate that these same mechanisms can combine to reduce the
short wavelength response. These.results indicate that very careful
attention must.be.given in selar.cell. fabrication to minority carrier .
lifetime in the_diffused»surface layer very near the solar cell surface

if the ultimate potential of silicon wolar cells is to be realized,
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6. éPECIAL DEVICE STUDIES

6.1 Epitaxial .Structures’

Epitaxial silicon selar cell structures. of late have attracted
some interest due to the ability to take advantage of equilibrium field
effects made possible by tailored deping profiles.. Two such structures
have been analyzed. The first of these is a.p+—p—-n--n+ device presented
by R. V. D'Aiello et al. which includes a graded.base region as well as
a high-low junction. The second structure is somewhat similar except for
geometric changes in order to further enhance-the efficiency.

The doping profile of the D*Aiello structure is a relatively narrow
device, with a 15 yM wide back region high-low junction and a graded base
region. The overall device is 50 uM in width, with a 1 uM wide diffused
:surface region, The base grading varies -exponentially from lQlS/cm3 to
‘lole/cms. The surface reglon is p~type, with a region of uniform doping
aleng with that of a Gaussian diffusion. In analyzing this structure,
the lifetime -data of Tles was used throughout the base and high-low junction
region. However, two models were used within the surface region. The first
of these was that of a constant lifetime (1 nsec) and the other utilized the
spatial form described in the previous chapter (N=2). ¥o heavy aoping effects
were included in the surface region, .

The ;resiilting dark characteristics are indicated in Fiéure 6.1. The
large difference in these results Is due to the surface region lifetime
model., The -dashed -curve is for thé constant lifetime case (1 nsec) whereas
the solid curve is for the case where the lifetime is spatially dependent.
In the latter case injectien inte the surface regien amounts-to only abeut
2 per cent of the total dark current density whereas this component is the

predominant component in the constant lifetime -situatien. The constant
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low .lifetime assumptien is-prebably.not appropriate for this structure due
to the uniformly doped segment of the surface region. Figure 6.2lindicates
the' calculated electrostatic.potential within the base region. Figure 6.3
and 6.4 indicates the "electron and hele carriér densities within both the
base and surface regions fer.various.applied veltages, Due to the light-
doping at the-jhnctien interface.it.can be seen from these figures that a
region -of -high injectien is beginning to eccur.at arocund 0.7 v,

' The-illuminated chdracteristics for thesé structures are indicated in
Figure 6.5. Again, the surface regien lifetime has an appreciable effect
upon both the open.circuit voltage and the short circuit current. The.
effect of low lifetime on short circult current is lavrge due 'to the rather
wide (1 uM) surface region width. In both cases hewever, the short circuit
current 'density is low as cempared.to the available optical current.for a
device with an 800 Z'Sio antirveflection layer, which is in a range from 40 to
abeut 45 mA/ch. There are several reasons.for this. Most importanély, th;
device is quite marrew for optimum.collectien and in- addition there is no
reflection at.the back contact. Secendly, the highly deped:n+ region is
quite wide, being of the erder of 15 uM. With this high -a deping, cellection
efficiency is degraded due te recombination in the region. This is illustrated
in Fiéure 6.6 which indicates the absolute value of .the minority carrier
density under short circuit ‘conditiomns. The:point'at which -the current density
changes sign ‘indicates the.maximum.depth of carrier collection which is just
over 40 uM, It is clear the carriers éenerated in -the, back surface n+ region
are leost due to recombinatien. The-lifetime in such a.low resistivity region
is approximately 35 nsec, Figure 6.7 iﬁdicates.the carrier density

distribution throughout the devicée. The effect of the built in potential
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within the base region is apparent. in the.nonuniferm carrier density due -
tg the field 'pulling the.carriers toward the. collecting junctidﬁ. With ;
regard ‘to the surface region, the advantage of having a reglen .of -uniform
doping is not.readily apparent...For.the lew lifetime case. there is no
advantage. . For the ‘spatial.lifetime modgl,.tﬁe“results which follow
ipdigate that ‘there is little difference between this profile and one
which simply.has a‘thin-diffused.regifon. TFigure G.é'indicates the carrier
distributien in the surface region for.illuminated conditions. -

- <The values of open circuit 'veltdge and short circuit.current calculated
comﬁared gquite well ‘with the.measuredxdata.foé the case where the spatial
lifetime model is included. D'Aiello's.data indicates.an epen circuit:*
véltage of 0.64% v-and shert.current.density of.about 84 mA/cm%. The'
caiculated opern circuit ‘Voltage was-0.65.V with a shor; circuit'currént
density of 36 mA/cm2 with a peak efficiency of 14%.5 per.cent., The dnclusion
o} heavy deping effects would.have lowered .the calculated epen-c¢ircuit
voltage semewhat,-but the effect:would not be gredt.since the}amount'ofl
surface injectien is-net a large fractien of the .tetal current density,

In addition, heavy deping effects in a p-type regien are net as .severe as in a
n-type region.

The secend epitaxial type ‘structure analyzed is a modification of-the
prior -structure. However it still inclues a high-lew junctien as well as a
graded base-r?gion...Th@}profile,selected for.this device is. shown in
'?igure 6.9. - The: four base. region profiles indicate additional vagiation
in.the=nature of the.gradéd"base region as represented by the 0.3, 1, 10, and
100 ohm-cm base resistivity at- the junction, The overall‘d%YICe-is much *

-

wider than the prier structure in order to collect more.of the available-

ITY OF sz
E§E§3{ﬁjﬂt€§i§ﬂgIS'ECKﬁi

ORIGNAL


http:indicates.an

73.

10%
1017
2. 10"
L)
.
E .
T
<)
=
el
(o]
oy’
iLi-tJ 108 Electrons —
0
& e e - - —— Holes —
o
10° |- =
ioa | }
0 0.40 0.80. - 1.2
LENGTH FROM P* SURFACE (uMd
Figure 6.§ Carrier distribution in the surface region for the D'Aiellco

_ structure under AMO illumination.



20

I

10

p Regions

+ .

n Region

(expanded
scale)

%
(3]
e
-
w\.
=
i B0
ny
o
. A
0
Figure 6.9

50 100

LENGTH (yuM)

Doping profiles for the modified epitaxial structure

analyzed in this chapter.

Resistivity values near the

junction but on the p-side are ~ 100 Q+cm, 10 Q-cm,

1l Qe+cm and 0.3 f+cm.



75 .
current., However, the back surface p+ and front surface n' regions are
narrower than the prior device. In additien, the.deping in these regions
has been reduced.due to lifetime and bandgap reduction considerations.

The grading in the ‘base regien does net extend threughout the region in
order te maintain a reasonable lifetime -deep in the device and-still set
up a large electric field within the center region.. The surface region
profile ‘is expenential as eopposed te Gaussidn.in erder to reduce the
extent of severe heavy doping effects and give.a constant built-in field.
The surface concentration of 2xlOlg/cm3 was selected to minimize heawvy
doping effects. A 5 per cent film was assumed as an.antireflection layer.

The .dark characteristics of these.devices are shown in Figure 6.10.
As seen frem.these curves the more lightly doped-devices tend to approach
é.common curve at large currents. Due te this:the open gircuit voltage
is not -changed significantly for these doping ranges. The surface region
lifetime was medeled spatially through an application of the doping
dependent data of Iles, With this model, the.back injection cemponent
of current -was about 20 per cent of the total dark current. However,
heavier doping at the junction dees not reduce the forward current density
significantly for the 0.6 V te 0.7 V region.

The Illuminated results are collected in Figure 6.11. It can be seen
that the -efficiency peaks when the resistivity near the p-n junction is
about 1 ohm-cm. This peak is due to the removal of high injection
operating conditions as evidenced by the rise in the curve factor. A
highér doping at the junction further increases the curve factor and the

open circuit-voltage but-at the expense of short circuit'current.
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In comparing thié structure with D'Aiello*s configuration, the
effect of the 800 K 810 layer must be compeﬁsated for since the latter
structure utilized the 5 percent layer. In doing this, the D'Aiello
structure results in a peak efficiency of about 16.4 percent as
compared to the 20 percent efficiency with the latter structure. This
‘difference is due primarily to the loss of collection efficiency in
the D'Alello stiucture. In spite of the graded base region in.the
structure, the wide back surface region and front. surface region
simply allewed too much mecombination of the optiecally generated

carriers.

6.2 "Upside Down" Structure

.The .se called "upside down" structure shewn in.Figure 6.12 has
attracted some interest-in the literature due mainly to the removal
of shadow effects caused-by irradiated surface contact geometries.
There is also the ability to reduce.series resistance effects by means
of thicker contact fingers on the back surface. .Such a, structure has.
been analyzed. This 100 uM dewvice includes a 5 M, n+«region with an
exponential doping profile, a uniferm.p region, and a narrow .2 uM,
exponential p+’region at the surface to reduce losses teo surface
recembination. The center region resistivity is 0.3 ohm-cm, whereas
the surface and junction region are exponentially graded to 2x1019/cm3.
Heavy doping is included- throughout the device, and a td;al 5% surfacé
reflection plus total optical reflection at the back surface iz alse
included. The back surface is considered ohmic, whilg the front
surface was modeled with a surface recombination velocity of 100 and

1000 cm/sec. The lifetime for all regions was taken from the data of

Iles.
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Light

Figure 6.12 General arrangement of the "Upside Down" structure.
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The analysis is a one dimensienal.analysis of a p+—p—n+ deviée of

area Al (see Figure 6.12). Due to.this methed of amalysis, area
corrections must be made te take into acceunt the effect of the additional
avea A2. For example, the total electren current injected into the .center
p regien will consist of the depletion regien recombinatien current
(Jngggga) and the bulk region recembination-current, Jﬁ{R@Q?-' The former
is dependent upon.the junction area Al, while the latter is dependent upon

the total area, A Beth components of the hole current are dependent on

2'.
1 These components ‘are sHown in-Figure 6.13. Using

these definitions, the total forward current can be written as:

the junctien area.A

‘ Ig = Ju(vec) a, + JngdeP?;Al Ay (6.1)
Or , reducing this-to a current density based.upon the.area Ai’
: A
_ 2
Jg = Jn(rec) K ¥ Jn(dep) + JP. (6.2)

Consequently; the bulk electron currernt must.be isolated and multiplied
by the area ratio. This is readily done in the complete computer analysis.
Likewise the shert circuit.current must be broken up into the two

components of hole and electren current:

Z

Isq = Jn(sc)- A2 + _JP(Sc) -Al (6.3)
Or,
A,
Jsc = Jn(sc) K-l- +~JP(sc), (6.4)

where JSc is based upon A Since JP(sc) in that cuwrrent collected within

1

A
+ . .
the narrew n regien,.it--can be neglected as compared to Jn(sc)- Kg"
-t 1
Consequently the total current may.be written as
J =J  -4d . (8.5)

TOT.” “se £?



Jn(rec)
P i T ) Depletion Region Edge
T Jn(dep)
' Junction
Depletion Region Edge
7
Jd N
b
I, = Jn(rec) © A, Jn(dep) S A+ JP <AL
or
A2
Jg = Jn(req) K1-+ Jn(dep) + JP

Figure 6.13 Area dependence of the current coméonents of the
"upside down" cell,
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or,

A A

~ 2 __2_._'_ 7 :
JTOT:— 3 (sc) ) J (rec) . J_(dep) - JP. | (6,6)

In addition, the spectral irradiance.factor must—be‘reduced.to the

area_Al.. This-allgws the overall efficiency to'be written as:-

o, W
Efﬁiciency1F Eﬁggg;éﬁ7zaﬁ1_(gi?" (6:7)

The results of the analysis is 'illustrated; in Table.6.l. It -is seen
that-the 0.1 ohm-cm_base resisfivity ié.too1low for the. lifetime model-
and device width utilized. .It is also. seen that'the areaﬁfétio_is not -
a strong facter in.the overall efficiency.. If one combines Equation 6.6 and
65:7, neglgcting Jﬁ(dep) and JP, it can be seen %hat the'degépﬁenee~uponzthe
area- ratio is quite small. As expected, there is little dependence-on surface .

recombingtien.

6.3 Summary .

The various structural modifications studied in this chapter resulted
in sgme devices with convepsion efficiencies -in the.range of 18 to 20 percent.
Thqse'stﬁuctures.however-ranged from rather complex.epitaxial type . tailcred
profiles to the relatively simple upside down structure. One,cenclusion
from this 'study subsequently tends.to cast doubt upon the feasibility of
resorting to tailored doping profiles for the purpese of increasing collection
efficiency.. Prier chapters hdve illustrated efficiencies within the saﬁé
range with rather conventienal, optimized structures.. Hewever, the questien
of -1ifetime dependence-is still a.variable which can effect ‘these conclusions.
Structures:with relatively large .center region lifetimes will have goed
-collection efficiencies regardless of a,doping prefile. ’Ligewise,-fbr poor
lifetime materialy the colléction efficiency .will not be substantially

increased. through tailoring techniques. .


http:reduced.to

Table 6.1 Summary of the terminal characteristics for the "upside down" cell.
0.1 ohm-cm 0.3 ohm-cm 0.3 ohm-cm
p region p region p region
.S'le2 om/sec S=.'E.O:2 cm/sec S=103 am/sec
A2/Al 30 10 5 30 10 5 30 10 5
Voc 697 694 690 704, 700 696 702 698 694
- e {mV)
Efficiency i5 15 4.9 19.5 19.5 19,4 19,2 19.2 19.1
(%)
J__, based
sc
upoen Al 1044 348 174 1350 450 225 1332 by 222
2
(ma/em™)

£8



The exception to.this is of course the fields associated with a
back 'surface high low junction; This has been seen to.be necessary.

to obtain reasenable collectien efficiencies. .

84
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7. SUMMARY

The overall objective of the present work is to continue tﬁef
identification and characterizdtion of various mechanisms which limit.
the conversion efficiency of silicon solar ¢ells. In addition, various
geometric factors were studied with regard to optimization of the
conversion efficiency of silicon solar cells. This includes doping/
width modificatiens on the basic three layered BSF type of cell and . mere
complex modifications which Involve tailored doping profiles and four
layered structures. This-includes beth the n+—p and p+—n polarity
devices. This study has been accomplished by means of a computerized semi-"
conducter device analysis program which obtains a.complete.numerical
selution of the 'general semiconductor device -equations including an
excess carrier generation rate due to full.spectrum~seiar irradiance.

One overriding Factor in the analysis is the lifetime dependencé on

aeping. Virtually all eof the work reﬁorted here has been.carried dowh

to the -point where decisions regarding.an optimum geometry or doping prof%le
is limited by uncertainty pertaining to lifetime. This includes not‘only'
the lifetime of the bulk ‘material but.alsc the nature of the lifetime in
heavily diffused regions. ﬁ ‘

With regard teo gecmetric-.and doping variations.aimed at the oPtimiza;
tien of the basic three "layered BSF-device, the resulis.can.be’'summarized
with reference to Figure 7.1. This figure depicts the improvements in
-efficiency predic¢ted by.the varieus processing optimizatioms, - The peak
efficiencies shown do-net include shadow or series resistance effectsidue‘

to contact finger arrangements: These effects can combine to lower the
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calculated‘efficiencies‘from‘l.to 1.5 percentage points frem the values.
indicatquiﬁ Figure 7.1. ‘The:plot begins on the left with theé predicted

'efficiency of a 10 ohm-cm, 250 ;M n+;p—;$+ solar cell. Thiéminﬂtial cell
had a n+ region width of 0.25 uM, and a p+ width of 0.5 uM with a doping
of lOlg/cms. for qomparison, the 10 olm-cm n+—p cell without a high-low
junction resulted in efficiencies beloﬁ 13 percent. All the resiults shown

"

include heavy doping effects,.but-have a constant lifetime‘modél'in the
diffused region; o i
‘Thg first improvement eﬁ this basic cell involved.the optimization
of the‘p7p+ high-low funétion. This entailed a widening of the p* width
to 5 ﬁMvand an inerease of doping to 10%%/am®. Tﬂe next aspect is' the
selection of a 0.3 ohm-cm base resistivity.‘ At this point, the forward
injection coemponent of dark current has-been so reduced that'tﬁé back
_injection coﬁponent.becemes very significant. Sinceithis compoﬁenf is
strongly deﬁeﬁdent uporn surface region lifétime, th; results ét.tﬁié?f
*point must:be sﬁlit into high and low‘lifetiﬁe‘éaées. ‘It is-evidefit ..
that ; Tow n région lifetime overcomes almost éil of the advantages "of
oﬁtimizing the base resistivity. The.next processiné impboveﬁént-ié'the "two
pass"-moéel which'includes.fefléction at the back.contact. The improﬁément
gaiﬂed in the 250 uM cell is s;ight; but for a narrower cell the impfdvement
is significant as described in the main bod} of the report. As ai;oiéeen,
the.S% feflecting coating impfoves‘thé.efficiency very éignifibantly.
The-nexf‘improﬁement is an'optimizafipn of the base rég?bh width
Which:shows éome impravemént in efficiency.provided back surface reflection
is included. Realize thatras one progresses to the right ﬁh the. chakt;

process modificationsto the left ave.included. The optimization of the
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nf region width did not-have significant effects for the high lifetime
case 'but it did aid in the case of a low lifetime -surface regien. The:
last two modifications include an optimized surface profile (with respect
to retrograde field effects) and a leoﬁ'at a uniferm profile in the surface
region.

A major result of the foregeing.medifications_is the conclusion that
narrow base width (100 ﬁM)"solar cells can .be fabricated without a loss
in conversion efficiency if optical reflectien.can be obtained at the back
surface., Essentially the same results are obtained with the p+—n—n+
polarity device. However, the diffevences.in doping .magnitudes which would
produce optimum operation in comparison to thé n+—p—p+ device depend
strongly -upon lifetime assumptions.

A major aspect of the present work is related to the problems
revolving around the lifetime in the  surface region. Optimization of the
base region resistivity always leads.to the.situatien -where the -component
of dark current'%hich is injected into the surface region becomes dominant.
The.m;gnitude of this cemponent is dependent not -only upon-.the magnitude -
of,fhe lifetime within the .surface region but also upen.its spatial nature.
Also, heavy doping effects in this region tend to interact with a spatial -
lifetime to produce significant increases in dark current. These increases-are
__exhibitedﬂas.reductions in :open .circuit voltagé. .These results are
summarized in Figure 7.2, - The devices.compared in this figure.are optimized
narrow base. 0,3 cohm-cm solar cells, From this figure, the reduction in
open circuit 'voltage due to heavy doping effects are evident. However,
with the model for a censtant lifetime in the surface region it can be

seen that heavy doping effects are not as severe as in the case where a



OPEN" CIRCUIT VOLTAGE (mV)

n+:p—p+ Solar Cells

O

\

AN

“'C)*s.\(j__
Heavy Doping -_
\\\ Included 2
D o]
N\ ¥
o 5
. > &
O o o
~— . = o )
—
!ip-| o LN /
1 n )
~ o ¥ =2x10%/en®
= e 8 '
S
=i
W1

Spatial Lifetime Model .

T20—
TO0— -~
\ O
~ .
650 o— —
. O—
660——
B40L— 3] com
2 g
o (=]
L
620}— ~ i
Heavy Doping
Included
1
Constant LifetimeTModel
Figure 7.2

Summary of ‘the effécts of the lifetime and heavy doping model upon the apenﬂcirguif}

voltage of n -p-p® Bolar cells.:

68



90

spatially dependent lifetime is, included. Also included in the- Figure
is the case in which the hele and electren diffusion lengths diff?r by
a factor -of,twe. This-difference reduces the lifetime -in n~type maﬁeriai.
For the n+—p—p+ structure. the. overall.magnitude of the spatially dependen%
lifetime -in the suvrface region is.reduced, .This causes high dark sunface
region currents and consequently reduces the :.opefi.circuit veltage. For
the p+—n-n+ structure, the-unequal diffusion.length approximatien reduces
the base rggion-lifetimef causing mainly :an.increase in-the.dark current
component injqcted into the base region, again lowering.the epen circuit:
voltage. These comparisons are illustrated.in Figure 7.3. Note.alse
that heavy.deping effects are less sévere.in a p-type region.

From these calculatiens it ‘can be concluded that heavy doping effects;
combined with a spatially dependent'lifetime can form a severe limitation
to the open circuit 'voltage,  Spectral response’caleulation have also
indicat;d that a dead layer can also.be formed through'the interaction of
lowered lifetime and retrograde fields due to.band gap reduction at the -
surfaée. As shown in FiguPe 7.2 these effects can.be overcome to & large extent
in the-n%fpﬁp+‘device through -a selection of a.surface‘conéentratibn.which.wouid

eliminate the retrograde field.
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