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— 1. INTRODUCTION

FORE 2
50w

1.1 Theiﬁeed for a General Analysis S

Silicon solar cells have been used for 22 years and have been a
major space power sourcé from the very beginnihg. During the last two
decades there has been a great deal of improvement in the basic design
and technology of solar cells and this has resulted in the latest 15Y%
AMO cell {1] as compared-to the 6% cell of 1954 [2). Despite recent
theoretical analyses, which point to a Practical 19-207 AMO efficiency,
there is still a technological "gap" in achieving this high efficiency
[3,4]. The lack of agreement between theory and actual convereion effi-
ciency has been the basic motivating faetor im the development of a
complete solar cell numerical analysis program,

Silicon technology has reached a very high degree of development
allowing meaningful comparisons between theory and experiments. Hence
the present work emphasizes the correlation of theoretical and experi-
mental data in addition to the development of a complete solar cell
analysis. It is believed Fhat through e%detailed comparison, it may -
be possible to reveal the problem area which could evenually lead to

performance improvements and high conversion efficiency.

1.2 A Brief Review of the Development of Silicon Solar Cells‘
Although the discovery of the photovoltaic effects in an electro-
lytic cell was made by Becquerd in 1839, the first practical solar cell
was not made untll 1954 by Chapin, Fuller aod Pearson [2]. 1In the

following years there was progress in the understanding of
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solar cell theory such as the spectral Tes,unse theory, the p-nldunction
theory, the- series resistance effect and the determination of the
optimum bandpap for materials, etc. At the same time,\solat cell
efficiency was steadily increased to about 10 percent. However the
major technological and theoretical breakthroughs have only been achieved
in this decade.‘ These accomplishments should be attribotei to the
.extensive financial support of photovoltaic research activities through-
out the world since 1972 This section rcviews the progress of the
silicon solar cell during the past seven years. The earlier development
of the silicon solar cell has been summarized elsewhere.

Considerablz efforts have been given to raise the efficiency of
silicon solar cellsin the past few yenrs. The averhge cell efficiency
is about 15 percent under AMO solar intensity. Practical high

efficiency cells of 19 to 20 percent are expect-d to be achieved in

thé near future.

1.2,1 High Efficiency'and.Short Circuit Current

The highiefficiency of silicon SOlar~cells has been pattly schieved'by
incréasing the output current density in the last few years. This has
been‘due to novel technologies for increasing the surface collecting |
efficiency and improving violet photon response. iIn 1973, a new
ganeration of silicon solarcellstwas produced which utilized Tazo5 oxide,
shallow junctions and a fine grid pattern to enhance the collectlon

efficiency. The metal coverage area has also been reduced from .10 per-

cent to about 6 percent and the number of collecting fingers has been



a 3
increased from 3/cm to 30/cm, 1In 1975 a textured cell was also fabri-
cated and the surface reflectivity was reduced to the lowest limit of
about 3 percent. Figure 1.1 shows the chronological Progress of the
average short circuit current density of cellg produced during the past

seven years,

1.2,2 High Efficiency and Open Circuit Voltage

Efforts to improve cell output voltage has been Steadily going
on during the past few years. These include the trends of using a low
resistivity substrate of 13 Q-em instead of the conventional 10 f=cm
substrate and the fabrication of a high low back surface junction for a
high resistivity cell. In 1973, the development of this back surface
field or BSF cell produced about a 50 mv increase in open circuit voltage
for a thin 10 Q-cm solar cell. However, the bighest voltage achieved
from low resistivity cells is much less than that obtained from simple
theoretical predictions. Hence, there is recently a great interest in
the physical explanations of thisg discrepancy between theory and

- eXperiment,

1.2.3 High Efficiency and Curve Factor

The conventional 10 fi-cm silicon solar cell has a low curve factor
of 0.72. This value is much less than the theoretically predicted value
of 0.82. The discrepancy has been identified as due to high space
charge current density ‘and high series resistance of a h1gh resistivity
cell. However, the curve factor of a recent I3 Q-cem cell has been

raised to about 0. 80 since 1972, The high curve factor has been achieved
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by a lower series resistance and 1ower;saturation current density of a
low resistivity cell. Further improvements of the curve factor canrr'
be obtained by using a low resistivity substrate and an improved design

of the collection junetion and grid pattern.

1.3~ The Major Characteristics of the Analytical Technique

:The approach taken by the present analysis of solar cell operation
is a complete numerical solution of the semiconductor deyicerequations.
This system of equations is quite well - known, although it has been only
recently that solutions have been possible due to the advent of high
speed computers and computer oriented numerical techn:loues. These

‘ equations 1nclude Poisson s: equation, the hole and electron current

density equations, and the hole and electron contlnulty equations Much
information rebarding these equations is presented in the follow1ng
chapters of this report however, some general remarks can be made as

to the generality and completeness of the operation which they describe.
It is kn0wn that the presence and interplay of both drift

and diffusion current components must be present in the

splution to allow for the.appearanceﬂof such effects asnhigh

' injection andrbulk resistance. - Thisfis possible throuéh the useﬁof the
‘general current density equations;v The continuity equations include an
internal net recombinatlon rate which plays a 51gn1f1cant role in solar
cell operation. This phenomena is readily included~through a selection -
of a recombination model with empirical models for iitetime parameters
based on~availabie’énperimental data. In:a‘soiar cellbthere is the |
additionalyfactor of an external generation rate due to the full spectrum

sclar irradiamce.” This highly variable spatial factor is calculated
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separately.and then included point by point in the continuity equation
through the external generation,term. Thus‘the analysis does not start
with an assumed optically generated short circuit current, but begins
with the generation rate itself at each point within the device. This
term has been calculated using the most current information available
on spectral irradiance for various air mass conditions, antireflection
films, and the relevant material properties for silicon. The inclusion
of this term directly into the continuity equation avoids any
a2 priori assumptions with respect to the collection efficiency in various
regions of the device.

The surface region of contemporary solar cells is analytically A
quite complex, These regions are typically very heavily doped,
diffused regions. The analysis includes an erfc or Gaussian impurity
profile and the attendant electric fields due to this type of profile
are thus included in the analysis through a spatially dependent impurity
concentration in P01sson s equation. The doping of the surface region
is usually high enough to cause significant heavy doping effects. Thus
various models postulated for:heavy doping effects are included within
thefsolution. |

Within the device equations themselves,‘thereyare several parameters
such as mobility, lifetime, and diffusion coefflclents which in a real
dev1ce are not constant but vary w1th doping level and/or electro-
static potential variation., These variations must be included in an
accurate analysis. Although not derived analytically, these
variations are taken as empirical data from currently available

measurements,



| In general the analysis presented is quite free from the normal
simplifying approximations made in semiconductor device analysis. A
summary of the major features of the analysis include the following:
(a) Optical generation is calculated directly from available
empirical measurements of a specific irradiance spectrum, including
the effects of antireflection films and wavelength dependent

absorption and index of refractiou coefficients.

il.e. here are no assumptions pertaining to collection efficiency.
(¢) Recombination is included within the analysis, not only for
the bulk regions, but also for surface and depletion regions.'u
(d) Both drift and diffusion components of current flow are'
included This allows the appearance of high injection effects,

resistive loading, and the effects of any Dember type potentials.

in the diffused surface region,
(g) A non—ohmic contact is included at the irradiated surface

through a finite surface recombination velocity.
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H1.4'nGene¥al,Device Equations
“ The fundamental physical mechanisms 1n semiconductor device
analysis Shch as the existencevof space charge régions, drift and
diffusion currents, and carrier recombination are contained in the

general device equations. 1In oné’dimensibn, neglecting any magnetic

or therﬁal gradients, these can be expressed as:

g—g:%[p-n+N(x)], | @.1)
E=- g.':l:., (1.2)
Jn = q;xnnE + an g—z— , ¢ . | (1.3)
J = quppE - qu 3—5 s 0 (1.4)
,(?—2=U+Ge+-l§;&, (1.5)
%—E—=U+Ge—%l-2—ip-. (1.6)

These equations have general th?ee dimensiénal forms; however, in this
work only the one dimensional case has been considered. In the above
equations, U is the intermnal net recombination—generation rate, Ge is
any generatipn rate due to external physical processes, and the other
terms take on théif’conventional meanings. The neﬁvionized impurity
déping is represented by;N(x) and can be a ccmplicated function of x
i; that it can represent the doping profile in ; diffused region plus

the changeover from donor to acceptor doping as an n-p interface is

crossed. Equationms (1.1) and (1.2) are Poisson's equation and the
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defining relationship between electrostatic potential Y and electric
field E. The current densities are expressed by Equations (1.3) and
(1.4) and include both drift and diffusion terms for both species of
carriers. Equations (1.5) and (1.6) are the continuity equations for
holes and electrons. _The internal net recombination rate of electron-
hole pairs due to thermal processes as represented by U, is treated
in greater detail in the following sections, Chapter 3 discusses the
extensive analysis behind the development of the electron—hole pair
generation due to external sources such as incident light as o
represented by the term G . |

In addition to the above‘equations, several connecting expressions
can be noted For one, the Einstein relations can be used in relating
the diffusionrcoefficient to mobility. For non-degenerate doping
these can be expressed as: -

Dn.pﬂw;kz Ya,p’ -aon

Another set of useful relationships can be obtained through a definition
of qua51-Fermi potentials. In equilibrium the Fermi energy, Ef, can be

defined from Boltzman statistics as follows:

- E_-E
n=n, exp [—— £ i]

- ’ . P
- (1.8)
EyEe |
P =n, exp [-=

=51,
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wherg Ei is the energy level corresponding to the cénter of the band
gap. The electrostatic potential may be expressed as y = -E,/q and the
Fermi potential as ¢ = - Ef/q. In terms of these potentials, Equation

(1.8) may be expressed as

n = n, exp [ﬂ%%L],
(109)

- (=) ,,
p = py exp [T, ~
In non-equilibrium conditions, the quasi-Fermi potentials, ¢n and ¢p'

may then be define& from

q(tb-cbn)

n=n, exp [z,

(1.10)

q(¢_-v)
p=n, exp [—=1].

Note that under these conditions the np product is no longer necessarily

equal to niz; in fact,

np = n 4 exp [—E2-1 (1.11)

This defines a quasi—equilibgium as that condition in which the np
prodﬁct<remains consﬁant although différing f:oﬁ;its equilibfium value.
Thus thé diffgrencé in quasi-Fermi levelé cén be viewed as a measure of
the amount of displacement from equilibriﬁﬁ.,

The general set of six equatioﬁs and si;;unknowns as expressed by

Equations (1.1) thru (1.6) then represent all necessary phenomena for
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solar cell analysis excluding of course variations in mobility, choice
of recombination model, and external generation rate. For the complete
analysis however this set of six equations can be reduced to a set of
three coupled equations through the quasi~Fermi level and electric

f1eld definitions.

AR
1

l.SE OrganiZation of the Report
'llhis report is divided into several major chapters. The first
chapter is a simple introduction of a silicon solar cell and its
current status of technology._ The particular semiconductor transport |
equations which are of fundamental importance in solar cell type devices
are also discussed Chapter 2 presents the rssults of the detailed |
: i ’ l
correlation between theory and experiment, The detailed comparisons
have included the most 1mportant measurements such as photovoltaic I-v
«characteristics, dark I-v characteristicS'and spectral responses, etc.
The simulations of violet and CNR cells are presented in Chapter 3,
Chapter 4 discusses the temperature dependence of the short circuit
current densityr It is emphasiZed in this chapter that the temperature
dependence of the absorption coefficient cannot be neglected in the
calculation of short circuit current. Chapter 5 discusses the
heavy doping effects and Keldysh-Franz effects in order
to explain the low open circuit voltage in .a highly doped cell. The
characteristics of a thin silicon solar cell.arepresented in Chapter 6.
The effects of the séries re sistance on concentrating solar cells are
shown in Chapter 7. Due to the distortions of the input Spectral

intensities of a concentrator, the effects of non—uniform illumination
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in liﬁiting solar cell conversion efficiency are discussed in Chapter 8.

Chapter é presents calculations for a recently proposed high~low
Junction emitter solar cell.‘ Finally, appendices 10 is divided into
five sections. Appendix 10.1 discusses the detailed comparison of
theoretical and experimental solar cell performance. Appendix 10,2
presents a two dimensional analysis of sheet resistance and contact
resistance effects in sola}'cells. Appendix 10.3 discussés 1mpurity
gradients and high eéficiency solar cglis. A detailed two-dimensional
model of a solar cell is presented in Appendix 10.4, Finally,

Appendix 10.5 discusses the fill factor and diode factor of a solar cell.
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2. BASIC SOLAR CELL CHARACTERISTICS AND DEVICE PARAMETERS

" Since the discovery of metal-semiconductor non-ohmic behavior the
rectifying effects between metal-semiconductor and semiconductor-
semiconductor contacts have received a great deal of attention. In 1949

Shockley proposed the modern pP-n junction theory which established the
important role of minority»carrier density and its exponential blhavior
across the junction barrier [1]. The4transport equatioms:for minority
carriers are particularly simple for low injection and uniform doped
semiconductor regions. The minority carrier current density can be

expressed as

J = J_lexp(qV/nkD)-1], © 2.1

Js = q[;mr‘n"'%ﬁl'p]
n P

where the saturation current densit& Js is a function of semiconductor
parameters on both sides of the junction; and n = 1: Departures from
Shockley's simple I-V characteristic are‘usually?observed in silicon
at room temperature and further evolutions of the p-n Jjunction theory
have modified and extended Shockley's theory [2-5]. |

In all silicon p-n junctlons, several current transport mechanisms
may exist simultaneously. The diffusion current density which is due |
to the injection of minority carrier ‘over the junctiOn barrier is,
of course, the most important.‘ Other mechanisms include recombination

current within the depletion region [2], tunneling through the band-

gap for highly dOped semiconductors [5] and high injection effects for

v high resistivity semiconductors at large forward bias voltages [3,4].
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In addition to these fundamental limitations there are several other
current mechanisns which are due to improper fabrication processes
and/or materiai imperfections. Especially important are the series
resistance and any shunting resistance, Fortunately these can be
minimized by using good contact metals, grid patterns and proper
sintering treatments. - ;

In general, the departures from rhe simple diffusion theory always
lead to poor rectification in diodes anq’poor curve factors and low
open circuit voltages in solar cell application. Figure 2.1 shows the
ideal I-V characteristics and some of the modifications at forward
bilas.voltages. As can be seen in the figure, the simple Shockley
diffusion current has a diode n factor of 1 for all bias voltages. The
space charge recombination current has an n factor of 2. Such an n
factor may also be found at high currents caused- by high injection.

An abnormally large n value may be found in some devices at small
voltages which is caused by smail shunting Tresistances. Am n factor
of 2 may also be Present at high voltages and caused by a high sheet
resistance. Curves (c) and (e) of Figure 2.1 show examples of these
effects.

The dark I-V characteristics of a solar cell are as important as
the short circuit photocurrent in determinlng the efficiency and power
output. The components of the dark I-v characteristics described above

are discussed in detail in the following‘sections.
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2.1 Simple Diffusion Current

The current density for minority carriers irn“Shockley's model is

N

» = Jlexp(qv/km)-1], ‘ (2.2)

where the saturation current density J is a function of semiconductor

(

parameters and the appropriate boundary conditions. First order

analytical expressions for Js havebeen compiled in Hovel's book [6] for
' ' - AN
several models with different boundary conditions. Cﬂﬁ }

2.2 Space Charge Recombination Current

| The generation-recombination current of the Sah—hoyce—Shockley

W

model is given by Equation 2 3 which assumes that the recombination is
through a center located in the vicinity of the center of the bandgap.

W = pn-n 2:
e qOI d (n+n )+i’ ( +p.) dx N ‘V
Y . *po 7717 o ‘PP '

[
n
S

v ani W, [exp(qV/kT)-1]
14
(tp°n1+rnopl)+(rpoirno)niexp(qV/ZkT)

R

(2.3)

qn_ W

R

e exp(qV/2kT) for medium voltages .
PO no o

It is clear that for a silicon P-n junction the space charge
recombination current has a diode n factor of two at medium voltages

and at room temperature.

2,3 High Injection Current
High injection occurs when the minOrity carrier density on one eide
?of the ~Junction becomes comparabie with the maJority carrier density,

%\The calculation of the high injection current indicates an exp(qV/2kT)

i
i
£
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‘beﬂavior [7] HSgh injection is likely to occur for low base doping ’

densities near the junction or fur silicon solar cells operating in
multi-sun environments. For normal silicon solar cells with
resistivities in the range of 10 Qecm to 0.1 Qecm which qgerate under

one sun power intensity, high injection is unlikely to océur.

2.4 Tunneling Current L o |

[ o
t e
A tunneling current may exist in heavily doped junctions with a

fesistivity of less than 0.0l Q+cm. The tunneling current takes the
form [8]

Jg = KN, gxp(BV) B S - (2.4)
where NT is the density of energy states available for an electron ot

hole to tunnel into, and K and B are functions of semiconductor -

parameters. The n factor for tunneling currents lies between 1.3 and

‘2 at room temperature [8].

2.5 Leakage Cufrent
Singé a solar cell is a geléﬁiQéiy lgrge area device, there is a
great chance of a leakage ghanngl existing thfough the imperfect
Junction, especially undéf the metal cohﬁact [9]. 'The leakage current
can be modeled by é shunting resistor RST across the junction and the
current form is quige simple

I = Xi— ‘ (2.5)

ST; RST

il
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Where Vj,is the~junction voltage at the impemfection location. As a
result of this leaky current, the diode n factor may be very high with
values of 3 to g usually being'observed at voltages of less than 0.4 volts.
2.6 Current Voltage Characteristics Mbdified by Series Resistance
Series resistance becemes important as the current density
increases and/or junction depth decreases. The-series resistance comes
from two sources: the surface sheet resistance and the metal-semicon—
ductor' contact resistance. For the contact resistance R which appears
in series with the" cell the exponential dependence of current on voltage
" can be modified by replacing V in the exponential with V-R I. For the
sheet resistance, however, the two dimensional distributed nature of
the current flow does not allow one to define a purely lumped resistance.

In this case at large currents the equation becomest

I= /AJSIT exp (qV/2kT), (2.6)
, 2 -
. _ 2kT h 1
I, === .2 (2.7)
T q Per A

wheJe A is the total area of the solar cell, J is the saturation
current density of the ‘simple diffusion theory, pST is the surface
sheet resistance and h is the total perimeter of the contact grid
wpattern. |

The parameter‘IT has the physical significance that it is the
current level at which the characteristic makes a transition from an
exp(qV/kT) dependence to an exp(qV/2kT) dependence. In a practical

+This effect is very similar to current crowding which occurs in .
bipelar transistors. A discussion is contained in Appendix 10.2.



" observed [11,12].
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silicon solar cell both sheet resistance and contact resistance may
éxist simultaneously and the diode n factor may be as high as 5 at
*voltages greater than 0.5 volts. In this combined case one cannot ...

model the cell correctly by a”lumped constant resistance. = - 7

FARTEAR L G e ey i

|
2.7 Parameters for Device Model
2“7’1 Diffusion Length and Lifetime.

The lifetimes of electrons and holes are of great: importauce in
understanding the electrical and optical behavior of a semiconductor
‘device. For indirect bandgap semiconductors such as silicon, the
carrier lifetime is generally high and basically determined by
recombination through intermediate centers within the bandgap instead

of direct band—to—band recombination. The minority carrier 1ifetime

has been developed by assuming a singlé,Shockley—Read center as [10]

‘ N :
1y = s [+ expl-(B B /kT]) + —B;—— exp [~ (5B )kT]], |
PthR no n mno (2.8)

vhere Tp = hole lifetime in an n-type semiconductor with doping denmsity
Nno’ NR = density of recombination centers, Gp’ o, = hole and electron
capture coefficients. A similar form can be written for electrons

in:p-type material, Equation 2.8 indicates that the minority carrier

. lifetime is lower in generél~for a higher doping density. This behavior

of minority carrier lifetime with doping density has been experimentally

Some representatiﬁe curves of measured diffusion lengths as a
function of doping density are shown in Figure 2.2 [11]. Comparisons

ﬂl%
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:to otherﬂexperimental data are also shown‘on the same graph {[11-15], ”
At high doping densitiee bandgto-band Auger recombination may become
;the dominant recombination process. This gives a decreasing life-
itime which is inversely proportional to the square of the doping

rj:density. The experimental curve of L (MAX) in Figure 2.2 has a life-

- - 'time dependence on doping density with an exponent of -1.7 at doping

‘ : densities greater than 10 /cm + This value is close to the ;
~ theoretical ‘band-to-band Auger lifetime model which hds an exponent
i ‘£.§§! iy
LIS °f -2,
> Hence it is a fairly good approximation to define L (MAX) and

LD(MED) of Figure 2.2 as the upper and lower bounds for electron

f | diffusion length in p-type siiieon. Similarly LD(MED) and LD(MIN)

of Figure 3.1 ‘could be considered as upper and lower bounds for hole
diffusion lengthvin n-~-type silicon because of the lower hole mobility.v

’

~In a practical silicon solar cell, the actual diffusion length may

vary between some upper and lower bound depending on the material
perfection and the fabrication processes. In a solar cell the density
of recombination centers is generally"much smaller than the doping

- density, hence,the majority carrier lifetime equals that of the ¥
minority carriers [16].

Although the diffusion length data of Figure 2.2 was measured in
bulk material, it is assumed valid for the shallow diffnsed layer of
aolar cells. If the lifetime is a function of total doping density
'only,such as in the Auger process,this will be a good approximation,
However, this may not be valid if lifetime is dominated by deep level

impurity recombination.
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2.7.2 Surface Recombination V?locity‘

‘\In addition to bulk recombination, surface recombination is
another loss mechanism which ig modeled by a surface recombination
velocity S The minority carrier current flow toward the surface is
given as

“
iy

= qusS’ ' ) : (2\0 9)

where ApS is the surface excess minority carrier density.

The value of § is basically determined by surface conditions such
as the density of interface states, any anti-reflection oxide layer and
surface treatments, Very low S values of 102 cm/sec can probably be
achieved only through the use of high temperature oxidation processes
which may cause a drive-in of the surface diffused 1ayer and may not
be compatible with solar cell technology [17]. Hence, a value of
103 cm/sec may be a lower limit for SRV of typical oxide coated solar

cells [18,19].

¢

2.7.3 Diffusion Doping Profile
It has been found that shallow diffusions (<1 um) of phosphorous
in silicon result in con31derable dev1at10ns from the simple diffusion
theory of an erfc function [20,21]. For short dlffusion times
(<1 hr) and temperature below 1100°C, it has been found that a constant‘
concentration layer exists near the surface of about 1/3 ~ 1/4 of the
junction depth and the electrical active phosphorous concentration in
this layer is about half of the solid solubility limit at the particular
diffusion temperature. Beyond the constant concentration region, the

~ diffusion profile can be reasonably well represented by a complementary
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error function. One of the typical diffusion profiles is reproduced

here in Figure 2.3 [21]. Tﬁe parameters which characterize this
“particular diffusion p;ofile are the surface doping density Cs, width
of the cqnstant'doping layer Xc and the doping density CB at the
boundary of the constant doping and the erfc doping“profile.

-

2.7.4 Mobility

Two major contributions to mobility are phonon scatééring and
impurity scattering. These effects make mobiiities a function of
doping density, temperature and internal electric field intensity.

The general empirical equation developed by Gummel [22] was used in

¥y 2 N / 2 o {1
D=1+ D, gAAi =+ (-g-) (2.10)

D
5 + N

this work.

This equaiioﬁ has been confirmed by measuring the felations between

drift velocity and electric field [28].

2.7.5 Heavy Doping Effects
Heavy doping phenomena occurs in silicon for total doping densities

19/cm3. The high doping effect on minority carriers can

above about 10
. be represented by a bandgap reduction where the ‘empirical expression of

Equation 2 11 has been used in this work.

2B, = ~0.450 8/ (10%en™d) (evy, - (2.11)

In this expression, N is the net doping density,
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2.7.6 ‘Absorption Coefficient

" The ability of a semiceeductor to absorb light of a given wave-~
length is chataeterized by the absorption coefficient a. ”Valuee‘of the
absprption constant o were taken from Dash and Newman [24] up &o aboue
0.95 um waveleggth. At wavelengths above 0.95 um‘there is considerable
variation in theureported absorption coefficient values. Severaly
reported values at 0.95 ym, 1.0 um and 1.1 ym are shown in Table 2.1

[24729]. The data of Dash and Newman is seen to be larger than most

" of the reported data at 0.95 um and 1.0 ym. Good agreement in the long

wavelength spectfal‘reSponse of solar cells could not be obtained by
using the data.of Dash and Newman. Best resdlte have been obtained

by using the values of the last line which are intermediate between the
largest andismallest reported experimental values. Thuerthe absorption
data which has been usediis that of Dash and Newman with the data at
0:55 um: l.O'um and 1.1 um modified to the values of Table 2.1l. The
index of refraction as a function of incident wavelength was taken from

Phillip (1972) [30].

Table 2.1 Comparison of reported absorption coefficient values at long

wavelengths
1.1 ym 1.0 um 0.95 uym
Absorptioﬁ Coefficient (cm-l)
[24] Dash & Newman 7 100 220
[25] Vedam N - - 270
[26] Runyan - 67 170
[27] Vol'fson & Subashiev - 64 150
[28] Macfarlon 3.9 61 -

This work 3.9 74 204
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2.7.7"Spectra1 ‘Response
i The spectral sensitivity of a solar cell to incident photons is
measured by the spectral response or the quantum yield. For a ‘practical
solar(cell the quantum yield is always less than unity because of
surface reflection losses and internal recombination losses.
i Internal quantum yield can be defined'as the ratio of the collected
_short circuit currentkdensity to the‘input current density which is
generated by the incident photons assuming 100 percent transmission
througn”the surface, i.e.

ISC(A)

(2.12)
TP (L-RO)-AM) (1-e 7 ‘“)

QY(A) =

‘where F(A) = incident ‘photon flux (proportional to input power density),
R(A) = reflection at surface, ‘
A(A) = absorption in AR layer if any,

W, = device thickness. : ) ’ \

Another practical parameter is the external quantum yield QYext(A)ﬁwhich
includes losses due to surface reflection and antireflecting layer
absorption:

I () :
5¢ (2.13)

QY (A) = ——
CEETT R () (1-e g V)

The spectral response is represented by the ratio of collected current to

input power density as:

SR, (V) = 3 . | (2.14)
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The spectral response theqry‘of-P:ince and Wolf [31] shows that the

overall spectral responses can be considered as made up of somewhat
independent responses from the surface and base layers. Hence it is
sometimes useful to specify the spectral response from the surface

region, depletion region and base region respectively as

SRext(A) = SRext(A,qurface) +‘SRext(A,dep1etion) + SRext(A,base). (2.15)

Some of the parameters and results of the spectral response analysis are
shown in Table 2.2,

The calculated reflectance R in Table 2.2 is in direct agreément'
with Phillips data of oxide free silicon [30], although it is well
known that a thin ‘1ayer of oxide of about 20 % 354 in thickness may be
grownféﬂ an exposed bare silicon surface. The correction on R due to
such a layer is less than 1 percent for phoﬁbn‘wavelengths of 0.4 to
1.0 micrometer (This also agrees with Refl (30].).

For Tantalum oxide caléulations, a reflection index'of 2,20 was
used whicﬁ‘is based‘up&h ellipsometry measurements performed at a wave-
length of 54612‘[32]. This value‘of‘feflection index is in general
agreement with reported liter;ture values [33].

The calqglated transmission and reflection coefficients for Ta205
are shown in Fiéﬁfe 2.4;.‘The éata indicatgs a;ﬁhch better isurface effi-
ciency at short.wavelengths as compared to a,baréASi, Si0 or SiO2 coated
éurface. Since the AMO power spectrum peaks between 0.4 ym and 0.6 ym,

TaZO5 is superior to the other oxides studied.



Table 2.2.

Parameters for gpectral response calculation at various wavelengths.

0.6

0.8

0.95

GhA/émz) o

4.839

Absorption Coeff. 8.70F% 2.62E4 1.23E4 4.56E3 2.10E3  9.64E2 3.67E2  2.04E2 7.42E1
(emly -
Photon Energy  .3.09  2.75  2.47  2.06  1.77  1.54  1.37  1.30 1.2 ,
(eV) ' ;
Transmission for 0.521  0.583  0.6i5  0.647  0.663  0.672 0.679  0.681 .0.683
. Bare 8i A "
Reflection for 0.478  0.416 ° 0.384  0.352  0.336  0.327 0.318 0.318 0.316 "'
Bare Si o : g . '
" - . JQ
INPUT POWER 10 10 10 10 10 ° 10 10 10 10
¢ (mW)y f Co
Surface Rate 9.15E20 3.47E20 1.91E20 8.91E19 4.91E19 2.61E19 1.13E19 6.65ELS 2.55g18
 (Hewd) S
INCIDENT CURRENT  3.226  3.629 ° 4.032 5.646  6.452  7.259  7.662 8.065
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. 2.7 8 General Comparison of Theoretical and Experimental Results '

“ A

i

\ The solar cells which have been studied canmbe broadly divided into L
§ : D

thﬁee categories based upon the. oriéin of the bulk material and the cell
\f“t
design. The first category consists of n p cells on 0.1 Qecm base layers

with | a finished thickness of about 6 mils. The second category consists

{

of n P cells on 10 chm base layers wi\h thicknesses of about 10. 5 mils.

ﬁBoth types of cells were made in a standard 2 cm2 area and use a NASA

contacts were then sintered at temperatures of 550 to 650°C in H

|
Lewis Research Center lO-finger grid No anti-reflection layers were

present on the silicon surface.

The third type of cell is the Aluminum BSF cell on 16 ecm substrates
with a finished cell thickness of about 6.5 mils. These cells have a
Ta205 coating about'5952 in thickness and a 5 mil "Teflon" FEP cover on the
Tantalum Pentoxide. On these the nine fingef grid pattern of Spectro
Lab was present.‘

The ‘n-type surface 1ayers were phosphorous diffusion, using POClB‘at
the NASA ‘Lewis Research Center. The temperature and the duration of the
diffusion process are described for each'type of cell in the following
sections. The top and bottom contacts were madeiusing metal masks end
by evaporating a thin'layer of Aluminum'(ZOONSOO;) followed by the
evsporation of about 3 to 5 micrometers of silver on the surface. The .-
2"

- Al-Ag contacts have been found to have less degradationgin,the cell

electrical chsracteristics than that which occurs for sintered Ag-Ti

éontacts, although Ti makes a better ohmic contact than Al, For BSF
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cells the Aluminum was alloyed at about 800°C for one hour or less and'
this produced a high-low junction of 0.5 to 1.0 um in depth [34].
The detailed comparison of the theoretical and experimental results are

shown as Appendix 10.1 and 10.2.
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3. HIGH EFFICIENCY SILICON SOLAR CELLS *
3.1 Introductionb

! Although silicon solar cells were first made during the mid-
fifties, several important technological breakthroughs were not |
achieved until recent years, During this time, improvements in solar
cell htechnology have lead to the production of high efficiency ol
silicon solar cells, Higher efficiency of a silicon solar cell has
been mainly achieved by increasing the output voltage and/or short
circuit current density,

The discovery of the back surface field concept raised the output
voltage of a lightly doped solar cell in 1973 [1]. Then the violet
cell which utilizes a very shallow junction, fine grid and improved
‘anti-reflection film to enhance the optical responses of short wave-
length photons, was introduced to produce higher short circuit current
density [2], Later this cell was further improved by preferentially
etching to give a serrated surface and higher surface efficiency was
achieved, This novel cell was named a CNR (COMSAT non-reflective) cell
due to the non-reflecting Properties of the serrated surface [3].
Calculations of a CNR cell are difficult because the incident light
is not in a normal direction to the cell surface and several reflections
and refractions usually occur on the serrated surface.

B It is the purpose of this section to modél these high efficiency
solar cells including the violet and CNR cells. It ig also shown that
the limitation t6 cell efficiency due to the surface optical efficiency

can be predicted from the calculations,
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3.2 Optical Reflection and - Transmission

Traditional solar cells have a flat polished surface and normal
illumination can be assumed In this case the surface reflection and
transmission can be straightforwardly calculated, However, the
calculation for oblique illumination 1is far more difficnlt. A brief
.review is outlined in Appendix (A).

In a CNR cell, light illuminates normally at the serrated surface
where it strikes the face of a pyramid at an angle of 54,75°. The
reflected rays then strike the face of an adjacent pyramid at a ‘smaller
angle of 15.75° as shown in Figure 3.1. 1t is known that the reflected
light will be elliptically polarized whenever the incident angle is
other than the normal direction. Also, the Fresnel reflection
coefficient is different for TE or TM polarized light. Therefore, the
~total surface reflection and transmission coefficient must be deduced
by the Superpositions of the decomposed TE and TM components of the
incident light which is assumed here to be uniformly polarized,

Figure 3.2 shows the surface transmission coefficients of the _
incident light with angles of 54.75° and 15 75 for TE and ™ modes
respectively. The refractive index of silicon is taken from reference -
[4] and is shown in Figure 3.3. The calculated surface transmission
coefficients of the violet and CNR cell with and without anti-reflectionk
filmsare shown in Figure 3.4 and Figure 3.5 along with reported
' experimental values. The comparison to the reported values is very good‘
which substantiates the above calculations [3,5]. -~ Although the compari-

‘sons are not satisfactory for wavelengths greater than 1.0 um, there



' ) 38
are several other reported values which do follow the calculations in
these wavelength ranges [6-8]. Several calculated surface optical

properties are shown in Table 3.1 and Table 3.2,

Figure 3.1. The serrated surface of a CNR cell,

The optimum thicknesses of Ta205 are found to be abPut 6002 and
7002 for a solar’cell undér AMO and AM2 solar spectrums\régﬁéctiyelym
A solar cell under an AM2 solar spectfum has a higher optimum thickness
of anti-reflection films. This is because the AM2 spectral intensity
peaks at higher wavelengths. The average surface reflection losses

: L]
weighted to the AMO spectral density are about 3.5 percent for a 600A

thickness of Ta205. This value is very close to the reported value of

o
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Table 3.1 oOptical properties of a silicon solar celij,

Spectral Optimum = Surface Available Surface
Condition Anti-ref, Loss Optical Generation
o
(A) (2 Curren;
(mA/cm®)
si AMO No 36.4 34,2 1.15E22
AM2 No 34,7 22,4 1.62E21
si AMO No 13.6 46.4 2.93E22
(CNR)
AM2 No 12.2 30.1 3.85E21
Si+s10 AMO 800 15.6 45.4 5.96E21
AM2 800 10.4 30.7 1.39E21
1
S1+540, AMO 1100 17.6 44.3 1.25E22
Tam2 1100 14,5 29.3 1.83E21
81+Ta,0, AMO 600 13.0 46.8 1.33E22
AM2 700 9.5 ~ 31.0 1.89E21
S14Ta,0, AMO 600 3.5 51.8 3.29E22
(CNR) AM2 700 1.8 33.7 4.28E21

2.5 to 3 percent [3]. It should be noted that the abo§é~optimum thick~
% ness of anti-reflection oxide refers to the perfect collection of the

input light intensity.
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Table 3,2. Optical properties of CNR cell with an anti-reflection £ilm
’ - of Ta,0

2°5° .
Spectral Thickness  Surface Available  Surface Wavelength
Condition of o Efficiency Optical Generation of peak
Ta,0. (A) %) Current Transmission
2°5 2, (ym)
(mA/cm”)
si AMO 0 86.35 46.40 2,93E22 1,05
AMO . 500 96.18 51.68 3,62E22 0.45
AMO - 600 96.48 51.84 3.29E22 0.53
AMO 650 96.46 51.83 3.24E22 0,57
AMO 700 96.36 51.78 3.26E22 0.61
si AM2 0 . 87,84 30.13 3.84E2]1 1,05
AM2 500 T 96,98 33.26 5.00E21 : 0.45
AM2 600 97.93 33.59 4.58E21 0.53
AM2 700 98,16 33,67 4,27E21 0.61
AM2 - 800 97.80 33.54 4,20E21 0.71

AM2 900 97.05 33.29 4.40E21 . 0.80
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3.3 Optical Generation

In a solar cell, the number ofﬁabsorhEd photons can be represented

as

N pa G = hi.mu - exp(-a()®)] (3.1)

where N i(A) is the input photon density at wavelength A within the
wavelength interval A and a(A) is the absorption coefficient at
'wavelength A, If it ig assumed that each absorbed photon creaies

n, (A) electron-hole pairs, then the resulting current density is
TeOoM) = TN 0en ) [l-exp(-aO®)],  (3.2)

where T(A) is the surface transmission coefficient at wavelength A,
The actual generation rate is

1 9J (x,A)

G (xo ) = -;8 ) (3'3)
or-

G (x,1) = T(A)* nA(A)'N hi(l)a(l)exp(-a(k)x) (3.4)

Fcr a full sPectral irradiance, the generation rate at each spectral

pointmmstbe added over the incident wavelengths to give

1.1 ' o
6 x) = =, T(A)n (AN o (A)a(;\)exp(-a(A)x) . (3.5)
A—O 8 :

' /
If the incident lizht is in other than the normal direction, the
actual traversed path is lengthened by a factor of 1/sin 61 and 1/sin 6

of the device width for the first and second refracted light rays

respectively.l These factors are shown in Figure 3.6 as a function of

¢2 5
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photon wavelength., Therefore the absorbed photon density

becomes

N ha(x) - Nphi(x)[1—exp(—a(k)x/sin91)]+Nph1(x)R1(A)[l-exp(-a(k)x/sinez)f

(3.6)
and the resultant generation rate becomes
-
1 1
G (x)- ) [T (A)n (AN hi(k)u(k)exp(-a(A)x/sinG )/sin91+R1(A)T )
; X-O.l
eA(A)Nphi(k)a(k)exp(-Q(A)x/sinez)/sihezl, . 3.7

where Ti' Ri are the coefficients of transmission;snd reflection with
respect to the i-th refracted light,

- The calculated generation rates are shown io Figure 3.7 and 3.8.
It is seen that a CNR cell has a higher generation rate near the
1lluminated surface within about 20 um, and has a lower generation rate
atAdiste?ces deeper than about 20 um. This is because more carriers can
be gene;sted neé%fthe surface from the oblique transmission of the
incident light. The comparison of tﬁe geheration rates for the‘plane
and serrated surfaces is presented in Figure 3.9 at one particular
wavelength of 0.9 um and 100 mW power density without any anti-reflection
film. The crossing point of the generation rates for both cases occurs
around 40 um from the illuminated,sgrface.

ihe:maximum possible collection efficiency of a solar cell is

plotted against the cell depth in Figure 3,10. The CNR cell has a
eteeper slope of the collection efficiency‘vs. width curve. This implies

that more carriers are generated near the 1rrad1ated surface. Therefore
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a CMR cell is more f;diation resistant gs compared to a con&entional
cell.‘ Ihis point will by discussed in more detailrlater. Table 3.3
shows the cell widths where 90 or 95 petcent of the available current
densities can be potentially collected for both type cells,

»

Table 3,3, Widths for 90 and 95 percent collection efficiencies.

Width (um) (um) (um) (um) (um) (um) -
Collection Bare CNR i CNR Bare Plane CNR
Efficiency Plane No Anti-Ref, 6004 ‘I‘a205 Si '
(%) 84 : A=0,9 pm A=0,9um
90 90 80 60 65 45
95 250 240 210 80 60
 Available
Current 34,2 46.40 51.8 - -
Density

3.4" Violet and CNR Cells
The parameters of the violet and. CNR cells used in the present
calcuiations are listed in Table 3.4. The pParameters df this table are
Teasonable when compared to reference [2].' A CNR cell differsrfrom a

violet cell mainly in the surface transmission efficiency as a result of

its specific surface texture. ' Also, a CNR cell has a lgrger surface

surface area, ‘ ; ' , —



Table 3.4, Models of the violet and CNR cell.
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Structure

Base resistivity
Surface junction
Surface doping density
Device width |
Device area

SRV

Two-way reflection
Anti-reflection film
Sheet resistance
Contact resistance
Sun power density

Temperature

Surface diffusion length.

Base diffusion leng;h
Grid pattern Bk
Number of fingers
Width of fingers
Thickness of fingers

n'p (Cell &)  ; n'pp*(cerr B)
)

2 Qecm

0.13 um

1020/ cma, erfc

250 um

4 cm2

103cm/sec

Yes 1
(=]

Tazos, 600A

550 /B

207" geen?

AMO, (135.3 mA/cm?)

27°c - .
LD(MED)+LD(MIN)

2
LD(MAX)+LD(MED)

2

Two tapered bus bar 20 um to 20Q pm)

6 o ° 1
20 um
1.9 um

1.3 Qeem

. élo m
3 3}

N
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The predicted results of the computer analysis are listed in
Table 3.5. Here the one-dimensional analysis refers to the solution of
the fundamental device equations in a one-dimensional model. However,
:I.tg is more realistic to simulate a practical solar cell by the general
two-dimensional program of Appendix 10.4. The calculated efficiency
values can be compared to reported Qalues*of 13 an’d; 15 percenf; for
violet and CNR cells respectively. The predicted spectral responses

of violet and CNR cells are shown in Figure 3.11. The experimental data

Table 3.5. The predicted results of the violet and CNR cells,

Model Violet-A CNR=-A Violet-B
‘ 1-DIM  2-DIM  1-DIM  2-DIM  2-DIM
I (mA/4en’ 1644 1515  185.6  171.1  154.0
v_, (volts) 0.582  0.582 0.585  0.582  0.590
CFF | 0.821 0,802  0.821  0.773  0.808
I, ;mA}uch) 1539  143.7  177.2 1614 146.1
v, (volts) 0.510  0.492  0.504%  0.481  0.500
Py ) 78.5  70.6 89.3 77.6  73.0

EFF (%) 14.5 13.1 ©  16.5 4.4 13.5
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of the spectral response are taken from reference 11. The quantum yield
’is then deduced from Equations 2.12 and 2 14, It is clear from
Figure 3,11 that there is a general agreement between the calculation
and the experiment. |

It has been pointed out that there are three different forces
acting on the charged particles in the diffused surface region [91.
They are the electrostatic force, an additional force due to the
position—dependent band structure and the diffusion force frOmithe
optically generated carriers, In a solar cell, the short wavelength
Photons can generate large carrier densities near the surface and the
diffusion force is quége large in this region, Our calculation shows
that the minority current is in the direction of the collecting junction
despite the large retrogate field force from the position-dependent
band structure in the heavily doped surface layer. This suggests that
the diffusion force can counteract the internal retrogate field force.
Therefore, most of the carriers generated in the surface region can be
collected instead of being lost by recombination at the surface.

Within the base region, the calculation shows a much shorter
collection width than the device width, Collection widths of 85 um
and 95 um are calculated for type A v1olet and - CNR cells reSpectively.>
This is because the back surface‘ohmlc contact is in compet tion with
the pP-n_ junction for the collection‘of the light generated carriers.»

The available device short c1r0uit current density over the above

collection width can be readily calculated These calculated results

are 42.3 and 47.6 mA/cm respectively, which are about 90.5 and 92 percent

Py
"
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of the total available current density for violet and CNR cells

respectively. These values are close to the predicted short circuit
current densities of Table 3.5 indicating only a small percentage
of the available, current density within the collection width is lost

through bulk and depletion region recombination,

3.5 Models of the New Generation Violét and CNR Cells

Since 1977 violet and ENR cells have been made by comﬁining the
technologies of the back surface field and the eariy violet cell of
1973. The difficult back diffusion process can then be controlled
and the back contact has also been made highly reflective in order to
improve the long wavelength response (10]. |

Typical parameters for such cells are listed in Table 3.4 as cell B.
The base resistivity of a violet cell is nominally between 1 to 3 Q+cm.
However, measurements indicate that the majority of cells have a
resistivity atéund 1.3 Q+cm. The base diffusion length is taken from
the measurement of reférence [11] where a typical value of 210 um is
given for the preradiated cell. The radiation damage coefficient KL
for the diffusion length is assumed to be I«.’.leO"10 at a doping
density of 106/cm3,

The short circuit current density under radiation has been
calculated and compared to the reported méasurements for a typical
violet and CNR ceil. Theserare the type B’cells of Table 3.4. The

results are shown in Tahle 3.6,
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Tables 3.6, Comparison of the short circuit current density for
typical violet and CNR cells. The experimental data are
taken from reference [10].

Radiation 0 1013 g0l 10%°  sx101%
Dose '
Experiment 39,11 38.31 36.45 31.8 28.3
(ma/ em?)
Vé‘;ﬁt Calculation 40,62 39,56  36.46 31.57  27.28
(mA/cm<)
Agreement +2 +3.2 +0.02 -0.7 -3.7
(%)
Experiment
(mA/cmz) 46,98 4y, 43 41.9 37.27 33,83
CNR S
Cell Calculation 45,85 uy,81 41,81 37.08 32.92
(mA/cm?)
Agreement -20"" +0|8 "0.2 -0.5 -208

(%)
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The calculated short circuit current density has been corrected for
the'6 @ercent metal coverage and the magnitude of the simulated AMO power
density of 140 mW/cmz. The small discrepancy at low radiation dose‘is
perhaps due{éo the unknown base diffusion length for the particular cell
ﬁeasured. The discrepancy for heavlly radiated cells may be due
to an anneallng effect before taking the measurement. H;wever, it has
been found from a comparison of baloon-flown cells and ground measure-
ment that solar cell resmonse is a few percent less in the space measure-
ment [12]. This is consistent with our calculation and may suggest
that there are problems in the simulated solarkspectrum in the short
'wavelength‘region.

The calculation of spectral response under radiation is shown

in Figure 3.12 for a typical violet and CNR cell. This is in very good

agreement with Figure 8 of reference‘[li].

i 3.6 Conclusions

The following conclusions can be drgﬁn based upon the work in this
section.
(1) High efficiency silicon solar cells can be made by increasing the
surface optical transmission'efficiency through a textured silicon
surface. Such textured surfaces ﬁave been found to produce the highest
surface transmission efficiency, and it has also been found that the
thickness of the anti-reflection film is not very critical for near

optimum surface transmission.
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(2) It has been found that a high efficiency silicon solar cell can be
made by combining the Eechnology of the BSF structure and;the shallow .
surface doping density. Good collection efficiency can be obtained
with a practical base region diffusion length which has a value in the
range of the device depth.

(3) CNR cells are found to be more radiation resistant than a standard
Planar surface cell. This is due to the fact that more carriers ére
generated near the c&llecting junction in a textured surface cell,

Hence it degrades slowly with high energy particle irradiation.

3.7 Appendix A
The oblique optical reflection and transmission coefficients from
an anti-reflection film on a silicon surface [13j."

a) Reflection at the boundary of an absorbing medium

Figure A.1 The oblique optical reflection and transmission
. on a silicon surface.

61
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$# ‘Let the medium have the complex index of refraction Nen+ik and the

complex propagation vector, of ‘the refracted wave: be K = k 4 1a.. At the °

reflection boundary: (xacpiftc| \ o3 mh mi e -
. 3§3V§f-§giﬁggm’éﬁﬂ N .ﬁ ;; - z,'$ . (3.85
() o ‘
> > > TN IR
e ‘ . S e '!SQ:YJ‘ - K-Y = (k+id) Y, N . s (3*0 9)
b ' ot

kbsine iiksin¢;

(3.10)
The wave equatiog can be written as b

52

2 -
. (3-11)
t2

VEm=

o
ngi:
Q2

For plane harmonic waves wé have V'i‘—ix, g%-+ -1iw, so

| 7 -IE'K : Nw = Nzkz.

By equating the real and imaginary parts, we have

Koma? = (nz-Kz)koz, C ’ (3.12)
k-a = kacos¢ = nKki. - (3.13)

* After some algebraic manipulation of Equations (3.12) and (3.13), it is

found that

kcos¢t+ia = kJJNZ-sinze. R k (3.14)
Snell law of refraction can be written as

ni sind = Nsing . - (3.15)

e gm
B
P

N

N
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Now ¢ is a complex number and has no direct correlation to the angle ¢

By Equations (3.14) and (3.15)

N « kcos¢+ia ” (3.16)
't cos¢
\ e ‘

-.\

)
The boundary condition of continuity of the tangential components of

electric and magnetic fields leads to Fresnel's equation for TE and TM

polarization.
“ n, cos@-Ncos¢
Ypg = nlcose+Ncos¢ ’ (3.17)
—Ncose+nlcos¢
= . (3.18)
Yo
™ Ncose+nlcos¢

If there is an antireflection film, the transmitted and reflection

- amplitudes need to be added as Fig. A2 shows. In this figure,

% ity Ny

i////” / Air

Film

4"& \ Silion

Figure A.2 The multiple reflection and transmission d@eross an
anti-reflection film on a silicon surface.
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Where Y'-?y and t'=-t from the Fresnel coefficiehts‘of Equations (3.17)

and (3.18). Henae the total reflected amplitude is giVen by

-21i§
e 1
Sis. »  (3.19)
1+Y1Y2 1 -

1

= ] 26 |2 416
R yl+tltlyze 1+ tltlylyz 1+ -~

where Al is the change in phase of the beam on transversing the films

and

= 2L
61 Y nldlcos¢l.

Finally, it is the energy instead of amplitpde which is needed and fhe

resultant total reflection and transmission coefficients are

R = RR* (3.20)
n,

. T = Real (=) TT#* (3.21)

) coh o

The exact coefficientsjof reflection R andwtransmiosion T could be
solved from Equations (3.10), (3 12), (3. 13) and (3.16)-(3,19) using the
appropriate complex refractive index of nz«and n3 for TE or T™M modes.
The complete equation, however, is cumbersome ang hopelessly complicated.
The desired values of R and T however can be calculated numerically

using complex algebra.
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4. SHORT CIRCUIT CURRENT DENSITY AS A FUNCTION OF
TEMPERATURE AND RADIATION INTENSITY

4.1 Introéuction

Although solar cells were conyentionally measured at room tempera-
ture, the operation of solar cells is usually under varied temperature
and solar intensities., The cell temperature may vary from 60°C to 90°C
in the earth's synchronOUs orbit, and there 'are extreme temperatures
of -120°C and +l40 C near Jupiter and Mercury respectively. In the
terrestrial operation of solar cells, the con51deration of temperature
is also important because of the large temperature variations with
respect to locations and seasons. Especially in a multi-sun concentrated
system, a high working temperature is usually inevitable from the higher
input solar intensity.

The subJect of the temperature ‘dependence ofrshort circuit current
density is the main topic in this section. The material parameters as

a function of temperature will be discussed, and a comparison between

theory and experiment will also be presented.

4,2 Material Parameters as a Function of Temperature
-Several important.material parameters, which determine solar
cell operation as a function of temperature, are (a) 1ntrinsic carrier
‘density (b) diffu31on length and 11fetime (e) absorption coefficient wik
and refractive index (d) mobility and diffusion coefficient.
‘(a) Intrinsic carrier density ni.

The intrinsic carrier denSity n, is a function of temperature and

bandgap energy. The general form is [1]

,;\\‘?\\
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—Eg(T)/ZkT
hS .- Al A ..
n Nch e 4.1)

3/4 3/2 -E_(T)/2kT
T g

= 4.9.1015, Cde"dh ‘“‘) e , (4.2)

%o
where Mye and my, are the density-of—state effective mass of electron
and hole and E (T) is the bandgap energy at temperature.T The empirical
form of the temperature dependent intrinsic carrier density, which
satisfies the above functiou of temperature, is used in this work [2]

n, = 3.73-1016.03/2,7014/T | (4.3)

- The open circuit voltage of a solar cell is found to decrease
with temperature. This is due to the strong temperature debendence'of
the intrinsic carrier density. In the first oruer model the open circuit
voltage can be defined by |
- . I (T)‘ | R
VoolD = n- -—-ln [I (T)J v (4.4)
where I (T) is‘rhe saturation current densityfwhich is proportional to
| ni2 and n, in Shockley s diffusion current model or Sah's recombination
' current model respectively. The diode factor n is 1 or 2 for the above
models‘respectively. Hence, the reduction of open circuit voltage as

a function of temperature can be derived from Equations 4.3 and 4.4 with

the same result for both cases. @
&V (Ty,T,) = Voc(T) Voo (Ty) = 3k [T long T,logT, ] , (4.5)

or -

MV o(273°K,T) = -1.9 mV/K° | (4.6)
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However, both current mechanisms may exist simultaneously in a practical

silicon solar cell. In this case AV (T) can be derived assuming an
abnormal diode factor A and the dominance of diffusion current near
VOC(T).

o0c P12 ToY = Vo T2V, (le IT 1 logT, = 21ogT2] 4.7

where A is between 1 and 2. Therefore the AV (T) v?}ue is usually

lower than -1.9 mV/K depending on the A value of a practical solar cell,

The experimental:measurements always show a negative temperature

coefficicnt of V C(T) with a value of -2.2 to -2,3 mV/K° for 10 Q-cm
and 2 Q-cm silicon cell respectively [3]. These values are in agreement
with other reports. Luft reported a value of -2.13 to -2.29 mV/°K for
10 Q-cm cells [4]. A value of about-2.2 mV/K® was reported by Yasi [5]
for a 2 Q-cm cell., For GaAs, the reported data is between ~1.9 and
-2,2 uV/°K [6,7]. - o .

: The negative temperature coefficient of the open circuit voltage
canvpartly be compensated by the small positive temperature coefficient
of short'circuit‘current. However, tnis compensating effect is small due
-£to the very,smallftemperature coefficgent of the short circuit current
denSity. '

(b) Diffusion length
The‘magnitude of -the diffusion length is determined by the’carrier

1ifetime.and the diffusion coefficient as,
‘L =/, 4.8
A similar formula can be.written for holes by substituting sub-index p

for n. The diffusion coefficient is calculated from Einstein relation

- for nonfdegenerate semiconductors as



1S4 S ; - o kL. v
Q o Dn q un (4.9)

where the mobility pA is generally determined for silicon by the
acoustical phonon scattering mechanism and the impurity scattpring

mechanism. The component of lattice scattering Has the theoretical
-3/2

temperature dependence of T

2. s‘and =27

s while a;temperature dependence of
is experimentaily:observed for electrons and holes
‘iﬁﬁs iightiy‘dooed materisl [8]. The component of impurity scatter--
ing has a temperature‘dependence of TH/2, ﬁ

Inwthis work total mobility is calculated from lattice scattering

PO 3 )
mobility y, and impurity scattering mobility Hps @8

11,1  (4.10)
Hoow g
where
| m 1/2 73/2 .
wo = 4.7x10%7 (—) (4.11)
I Mefs ND1n(1+4'5x108T2/ND2/ 3
and | ,
Hin = 2, 1x109 =2.5, 2/V-sec (electrons), k (4.12)
hpp = 2 3x109 -2.7, 2/v-sec (holes) . | (4.13)

For an indirect bandgap material such as silicon, lifetime is primarily
controlled by defect levels located in the forbidden bandgap. If the
single defect level of Shockley and Read's model is assumed, the lifetime

f*

of the minority carriers can be shown to be

L rpoll + exp(Et-Efn)/kT] - - (4.14)

in the n~type region and similarly
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L [1+exp(E +E__-2E )/kT] o (4.15)

fP
in the p-type region, mhere ;Tpo and rh are equal to 1/0 vthNt and

1/0 v respectively;, Hence the carrier 1ifetime depends on the

tht
relative location of the trap level with respect to the quasi—Fermi
level and the intrinsic energy level., In early reports, the lifetime
was found to increase exponentially with temperature as Equation 4,14
and 4,15 for a shallow trap level [9]. However, more recent measurements
1nd£eate the dominance of a deep recombination level near the' intrin~
sic energy level and this implies that the above exponential terms

of Equations4.14 and 4,15 can be neglected [10]. The lifetime will then
be approximately constant for operation near room' temperature., These

'considerations‘suggest a relatively constant diffusion length as a

function of temperature for the deep retombination level model of a

. silicon solar cell. The published results of the measured diffusion

length as a funotion of temperature demonstrate the almost constant
diffusion length except at very low temperature [11],
(c) Absorption coefficient‘and refractive index

The temperature dependence of the absorption band'edge in a silicon
materiai is a well established physical phenomenon.‘ The temperature
dependence of the absorptlon coefflclent can, in general be obtained
by the appropriate displacement along the horizontal and‘vertical axes
in the absorption-wavelength curve, ~ The horizontal displaeement is
basically due to the bandgap shrinkage as temperature increages. The
‘empirical value of the bandgap temperature coefficient for silicon is

-4

about -2.4x10 ° eV/°K at temperatures above 150K° [1].
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'Since silicon is an indirect bandgap material, the photon

excitation of the absorption mechanism requires Phonon participation

for the conservation of momentum and energy, Therefore the temperature

functional dependence of the vertical shift ean be deduced from the

phonon statistics assuming McLean's model of two phonon interaction
with energies at temperatures of 212°K ‘and 670°K reSpeetively [12].

The absorption coefficient will then increase or decrease with
temperature beyond the 3Q00°K curve by a factor £ in the.vertical
direction of [13]

1 1 » .
1+ ; + - v
: e2l2/T_1 e670/T_1,

1+ +
T 212700 T 8707300,

Since the absorption coefficient is determined by the direct bandgap
for photon energy greater than the direct bandgap energy, vertical
movement of the q—l curves is negligible for these high energy photons.
Several absorption-wavelength curves at different temperature can
then be obtained by the appropriate horizontal and vertical movement
with respect to that at room temperature. These are shown in Figﬁre 4.1.
Measured data.of Dash and Newman [14] on the photon absorption of
silicon are replotted in Flgure 4 2 as al/z versus (ﬁv—E ) at
temperatures of 300°K and 77 K [15] The straight line matching of the
1/2.(ﬁv-E ) relation is a well known characteristic of the indirect
optical transition. Our analysis predicts a good fitting to the
experimental data ex;ept in the short wavelength range. wﬁer# the

direct bandgap photon transition becomes dominant over the indirect-

- bandgap photon transition.
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The general correlation between calculation and experiment
shows the ability to determine the absorption coefficient -as a function
of temperature by suitable horizontal and vertical translations of the
a=A curves. Since the major portion of the solar spectral intensity is
located at photon energy below about 2.5 eV, the deviation of the )
predicted absorption coefficient for‘higher energy photons has only small
effects on the predicted short circuit current density,

The temperature dependence of the refractive index is takéen from
refetence [16] for the wavelength range from 0.18 ym to 1.1 um,
However, the temperature coefficient of the refractive index has a very
small value of 5x10-3 A/KC .

4,3 The Temperature Dependence of‘Short Circuit Current as a

Function of Base Doping Density and Ra?iation Dose

The variation of the short circnit current as a function of

temperature canvbe”conveniently defined by the normalized temperature

coefficient KI of the short circuit current

- 1 . dISC(To)
: ’
I ISC(To) dT

K (4.17)

where To is a convenient reference of temperature such as 0°C oxr 27°C.
Sbveral reported experimental results for conventional silicon solar
‘rells have been compiled in Tables 4.1 and 4.2 [3,4,17 18].

Theoretical calculations were made to compare with this experimental

‘L

iirfusion length was kept constant with respect to the

temperﬁt&;e'"ariation in the calculation. (A few calculations using con-
stant life ime :re also attempted. HoweVer they have given identical
results ) A modifled generanion rate, which is calculated from the lin-‘

earlywhorizontally and vertically shifted absorption coefficient, was used,
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A violet-cell model has been assumed to be a typical structure of 250 um
thickness, 0 12 um junction depth and 0.5 pm high-low junction with a
600 A thickness of Ta205 for an anti-reflection film. The bage layer
has been assumed to have a doping density of 10 /cm3 and the surface
layer has a doping density of 10 /cm with a profile of a complementary
error function. The model of the conventional cell has been assumed to
have a structure of 300 pm thickness and 0,25 um junction depth with an
800 A thickness of Si0. The base and surface doping density are assumed
to have values of 1, 3x10 /cm and 2x10 /cm3 respectively, The one MeV
electron radiation damage coefficient KL is assumed to be 9x10 -1l

e/cm and 2,5x107% e/cm for 10 Q-cm and 1.3 Q-cm p-type silicon
substrates respectively,

Several characteristics of the calculated normalized temperature
coefficient of short circuit current are found te be in agreement with
experimentai measurement. The I -T curves were found generally not
to be a linear function of temperature. The nonlinear behavior
intensified at larger radiation doses. Th;s characteristic has been
reported previously [19]. Also it was found that the normalized
temperature coefficient of snort circuit current has a larger value at
a heavier radiation dose. This is due to more photon-generated carriers
available near the surface through the absorption coefficient change
with temperature. Hence the rate of increase of short circuit current
with temperature is higher for the solar cells with a shorter diffusion .
length after radiation bombardment, ’

The compiled data are shown in Figure 4, 3 along with the calculated

results., In Tables 4.1 and 4. 2, the temperature coefficient of short



- Table 4. 1 Normalized temperature coefficient of short circuit current density for 10 2-cm conventional
: silicon solar cell. O T

TEMPERATURE (C°) 1Mev Electron Radiation Dose (e-/cmz)

o T, ar 0 1013 0% ge!5 ET T

a. Faith [3] 0 0-200 - 7.0 11.0 16.0 - 22,0 25,0

b. Luft [4] 28 10-80 . 5.93 - 10.2 13.1 - 20.7

c. Luft [4] 28 10-80 7.2 - 12.0 16.5 - 31.3
d. Curtin [17] 25 1555 5.3 - - 10.0 13.0. -

e. RCA[17] - - 5.0 5.0 10.0 15.0 - 20.0
£. Martin [18] 28- 13-54 6.2 - - . - 14.6 -

Mean Value 5.9 6.0 10.8 1.1 16.5 24,2

1.0 0.72 2.2 3.9 2.7

‘Standard Deviation -

0.77

ead
5 !

9L
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~ Table 4.2. Normalized temperature coeff,jl/yéient of short circuit current for 1';13:9-cm, n+p silicon solar
/ ' :

cell, /
TEMPERATURE (°C) ) | 1 MeV Electron Radiation Dose (e /cm? -
| T, et 0 1013 10 qo1S T T
a. Faith [3] 0 0-200 - 7.2 7.6 | 19.5 20.0 25.0
b. Curtin [17] 25 15-55 4.5 5.6 9.5 13.0 18.0 -
c. Martin [18] 28 13-54 6.2 - - - 13.9 -
| Mean value 5.4 6.4 8.6 11.8 17.3 25 °
Standard Deviation 0.85 0.8 0.9 1.3 1.9 -

LL
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circuit cucrent was measured withinfﬁheitemperature range AT and
normalized to ISC(TO). Despite the minor differences of these measuresw
ments, the meaﬁ Qalue and standard deviation of the normalized
temperature coefficient Krwerecaiculated and shown in Figure 4.3.

On the other hand, the numerical calculation was performed in two
temperature ranges of 27°C to 77°C and 27°C to 127°C respectively,

The normalized temperature coefficient KI was then calculated within
thesefcemperature ranges and normalized to Isc (27°0). Therefofé, a
mean value and standard deviation of KI can be calculated with respect
to the above temperature ranges,

.The predicted value of KI is higher than the measured value at the
Pre-irradiation condition. This discrepancy could be due to an improper
1nitia1 diffusion length used in the calculation. ﬁowevér the comparison
between measured and‘calculated values is pretty good at high radiation
dose density where the diffusion length is primarily determined by‘the

radiation damage coefficient KL irrespective of the initial value

assumed.

4.4 Discussions and ConclcsionS'

Although the small positive temperature coefficient of short circuit
cufrent has been a well known experlmental result, thé physical‘
explanation has been unsatisfactory. Wysocki and Rappaport discussed '
the dependencc of diffusion léngth on temperature [20]. Luft suggests
that it is the increase in the minority carrier lifetime with tempera-

ture which improVes the red response of the long wavelength photons.



; 80
He also surmised that the higher normalized temperature coefficient

after heavy radiation bomhardment is’ due to the stronger tempera-

’ture dependence of the carrier'lifegime for the heavily radiated cells
thaﬂ fbr the lightly radiaged cells. However, the temperature dependent
kabsorption coefficient aﬁd genération rate were found to havekthe
dominant influence in’this work and ;hese were not considered by

these previous authofs&

One factor, which'may affect the temperature coefficient of short
circuit current, is the reduction of the forbidden bandgap and
consequently its effect on long wavelength response. However, the
chances of'¢oilecting thése long wavelength photons‘are very small due
to the lowkabsorpfion coefficient of 10/cm or iess. The short circuit
curfent.contributedrfroﬁ this spectral range canvbe calculated by the b
Equation [21] as

WLy g ~o/L

gN_. .oL L D
I = th D (L - e -0 De
SC 1+ uLD : (1—aLD)coshW/LD

1. (4.18)

The calcﬁiation shows a negligible effect becéuse of the small solar
spectrum density and small absorption coefficient in this long wave-
length range. Another factor, which has been suggested as responsible
for the temperature dependence of short circuit current, is the high
temperature annealing effect 6f the minority carriers [55]. However,

the above cited experiments except reference [3] wére carefully perfdrmed

near room temperature to avoid any annealing effects.
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5. KELDYSH-FRANZ EFFECT AND SILICON SOLAR CELLS

5.1 Introduction

The’effedt of;high doping density on limiting the efficiency and
open cirquit voltage of a silicon solar cell has been recognized for
many years. Experiments have shown that a low resistivity cell does not
produce high open circuit voltage. This is not consistent with the
simﬁleftheoretical predictions. However it is generally believed that
increasing the output voltage 1s a key factor for obtaining a high
efficiency solar cell [1,2]. Therefore, the real physical limitations of
low open circuit voltage need to be identified for low resistivity
solar cells. '

Many hypotheses have been given to explain the incdnsistancy
between the predicted and the achieved voltage performance of a low
resistivity silicon cell. The heavy doping effects have received much
attention [3]. There are also other explanations andispeculatidns, For
example, 1t has been suggested that an excessive reeodbination current
occurs in a heavily doped cell and the open circuit voltage is thereby
reduced. However, tL measured short circuit current and diffus1on length
of low resistivity cells has shown that this is not the primary factor in
limiting the cell performance [3]. Recently the so-called Keldysh-Franz
effect has been postulated and examined [4].

The purpose of this section is to investigate the low output voltage-
performance of a low resistivity silicdn cell and to assess the relative

influence from the Keldysh~Franz effect. The Keldysh~Franz effect is
b
i :

modeled by an equivalent bandgap reduction in the depletion region from a
4
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high internal electric field. ‘Therefore the temperature dependence of
the forward and reverse dark I~V characteristics can be calculated and

used to identify the real Voc limitations by several proposed physical

effects.

5.2  Keldysh-Franz Effect
In 1938'Fr?ng [5] and Keldysh [6] independently caleculated and
predicted thé sg-called Keldysh-Franz effect, which is tunneliﬁg assisted
light sbsorpﬁioh.i The essential ;Jea of this theory is that the elec-
trons tunnel into the forBiddenﬁégnd before optical absorption can occur.
This resuits in a broagening of ;bsorption and can be treated like a band-

gap shift with the electric field of : o

2

h 2,1/3
B (B = [ )*1Y/3,

(5.1)

This shift of the fundamental absorptibn edge has been observed for many

semiconductors such as Ge, Si, GaAs, etc. The space charge récombination

current density wil; thereupon increase by a factor of exp(AEg(E)/ZkT) as
| an, ZBinh(qVJ/ZRT)

Ig= r§°+rnown Vv )q/kr f(b?'exp(qAEg(E)zsz)' (5.2)

Therefore the recombination current Beéomes imboétant for high bandgap
and héaéily doped materials and at low temperature because of this
Keldysh~Franz effect- These phenbmena are generally consiséent with
the experimental observations.

In this work an empirical value of the bandgap reduction as a

function of internal electric field has been taken from the work of
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Britsyn and Smirnov[7]. Their results have confirmed the functional

dependence of the Keldysh-Franz effect onwthe electric field strength,

3.3 Junction Analysis and the Electric Field in the Depletion Region

At a p-n junction there exists a strong intetnal electric field from
the potential barrier. It is known that such an internal electric field
can alter the bandgap through the Keldysh~Franz effect. Thus the forward
or reverse dark current density will be increased by ihe enhanced deple-
tion region recombination current density. From Equation (5.2) it is

clear that the recombination current density is higher at low resistivity

- and low temperatures. In order to predict the importance of Keldysh-

Franz effects on a silicon solar cell, the complete Poisson equation
must be numerically solved. The effective electric field is calculated
for the unoerturbed or perturbed bandgap along the p-n Junction. rThe
forward and reverse dark current“densities are next determined. The
effective electric field in the depletion region is plotted in Figure

5.1 for the model cell of Table 5.1.
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Table 5.1. Material and .dimensional parameters.

Table 5.1 Material and Dimensional parameters

Cell Thickness 250 um

Cell Structure n+p
n+YThickness lum
+ . s ) 20 3
n Doping concentration 4x10° /em , erfc
.p Doping concentration 5x1017/cm3; (0.1 R-cm)
Diffusion length in p region 100 um
Diffusion length in o region (LD(MED) + LD(MIN))/2
Surface recombination velocity 103 cm/sec

The characteristics of the electric field in the depletion region
is changed after considering the Keldysh-Franz effect. The peak
electric fieiﬁ ié‘reduced; while the strong field region is broadened.
This is a direct consequence of the bandgap variation with the electric
field in the depletion region. The peak<e1ec;fic field 1s located near
the n+p metallurgical boundary where there is the gréatest bandgap
reduction. Therefore the peak electric field will be decreased due to
the lower forbidden barrier height.

The dark current density is presented in Figure 5.2 and 5.3 for the
forward and reversed biased conditions respectively. The higher current
density after considering the Keldysh-Franz effect is basically from the
enhanced recombination current density in the depletion region. It is
estimated from Figure 5.2 that the reduction of 6pen circuit voltage due
the Keldysh~Franz effect is approximately 6, 8 and 11 mV at temperatures

of 350°K, 300°K and 250°K, respectively.
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5.4 Heavy Doping Effect

It has been recognized that the heavy doping effects on minority

==, carriers can be treated by either an effective intrinsic carrier
concentration or by an effective doping density [2,8]. The reduced
effective surface doping density of a conventional silicon solar cell
is found to be responsible for the low voltage output of a low resistivity
cell [1]., This also leads to the reduction of the emitter efficiency and
curremt gain 8 of a tramsistor [9].

Figure 5.4 shows the effective surface doping profile as a function
of temperature. The characteristics of the effective doping density can
be used to explain the influence of emitter doping on the temperature
sensitivity of the emitter efficiency of a transistor [9].  However, this
point will not be discussed here. The reduction of the output voltage of
a highly doped cell is a consequence of the lower effective surface

\ doping density which greatly increases the surface back injection cur-
rent aensity. At the same time short circuit current density is decreased
by the retrograde field near the surface.

The percentage of the surface injection current density to the total
current density is shown in Table 5.2 at forward voltage of 0.5, 0.6 and

0.7 volts for temperatures of 300°K and 350°K respectively. It is clear
that the back injected current density has an abnormally large value for

a low resistivity cell,
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Table 5.2 Percentage of surface injection curr

density as a funct

ion of temperature.

ent to the total,current
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T . =
350°K 300°K
V(volts) ,
0.5 31.4 55.9
0.6 36.6 71.9
0.7 40.5 72.3

]

i

1
f

. 5,5 Diécussiong%and Conclusions

Although the so-called Keldysh~Franz effect was originally

investigated for the optical absorption properties of a semiconductor

or insulator, this effect on the efficiency‘of a heavily doped silicon

solar cell is not c¢lear. Our calculation shows that this effect is not

‘.Yery important as compared to the heavy doping effect for a cell with

0.1 Q-cm basa resistivity. On the other hand, the Keldysh-Franz effect

is found to be important in a first order calenlation which assumes

an unperturbed bandgap struct

ure. However our model takes into account

the perturbed bandgap with an effective electric field. The effective

electric field’is thereupon reduced because of the smaller bandgap in

the depletion region. Therefore, these caleulations predict a small

influence due to the Keldysh-

Franz effect for a silicon solar cell.
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6. THIN SILICON SOLAR CELLS

6.1 Introduction

For years there has been a great interest in experimentally pro-
ducing very thin solar cells in the range of 50 pym. Such cells can be
used to minimize power loss in the base region under lérge solar concen-
tration. They are also required to produce lightweight space solar
power systems. The iﬁterest in thin solar cells is also enhanced by
the economical consideration that there is less kerf loss from the ingot
cutting process. The cost from the silicon wafer can thereupon be
minimized. Recently thin silicon solar cells have been fabricated using
an improved low kerf loss ingot cutting process [1] and by non-
preferrential etching in a NaOH solution [2].

Tbese new technological breakthroughs are inevitably leading to new
ihiér;st‘in a better understanding of thin cells, where there are more
interactions between the incident photons and the back surface. High
injection effects and.the high—low‘jﬁnction leakage current can be
studied in such structures. There are also reflections in the aptical
"spectrum between the front and back surfaces in such a thin cell. The
purpose of this section is to investigate the physical behavior of a
thin solar cell. The conversion efficiency of a thin solar cell under
one MeV electron irradiation is also included for cells of several base

resistivities.,
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6.2 Some Characteristics of a. Thin Solar Cell
A thin solar cell is a good structure for investigating the physical
properties of the interactions between the front and back surface, due
to the incident photons as well as the injected carriers.
6.2.1 Optical Interactions Between the Long Wavelength Photons and the
Back Surface .
A good BSF cell requires a high optical reflectance at the back

surface and it should also provide a low surface recombination veloc1ty
4

R,

in order to improve the long wavelength response. Unfortunately, these'
two requirements are experimentally found to be in conflict with each
other [3]. An optically absorbing alloy interface is usually found to
provide a higher electron barrier and a lower surface recombination
velocity than an optically reflecting interface. The -optical
reflectance for alloy contacts has been measured in the range of fifty
to eighty percent depending on the .alloying time and temperature for
wavelengths from 1.3 um to 1.4 um [3].

It is known that the available optical current density is a function
of device thickness and the optical reflectance at the alloyed back

surface. Hence it is possible to calculate an‘ideal callection effi—

‘:ﬁ ciency as a function of device thickness and the back surface reflectance

for a particular solar energy spectrum. Table 6.1 shows this character-

istic for AMO and AM2 solar spectrums,



Table 6,1.

Available current density as a function of back surface

reflectance for a device thickness of 50 um.

- Reflectance 0 0.5 0.8 1.0
Solar Surface Thickness (A) Available curggnt density
Spectrum (mA/em™)

plane bare 28.8 29,7 30.2 30.5
AMO CNR bare o 37.4 38.2 38.7 39.0
135.3 (mW/cm?) plane Ta, 0, ,600A 39.7 40,7 41.2  41.6

CNR TaZOS,GOOA 45,2 46.1 46.4 47.0

plane bare 17.9 18.5 18.8.  19.0
AM2 2 CNR bare ° .25.5 26.2 26.5 26.8
74(mW/cm™)  plane Ta205,700A 25.8 26,5 26.8 27.1

CNR Ta205,700A 28.9 29.6 29.9 30.2

Table 6.1 shows that the improvement in the available current den~
sity is only a few percent even for a perfectly reflecting back surface.
On. the other’hand, it has been shown that the minority carrier collection
depth is a strong function of the back surface recombination velocity.
The collection depth is usually found to be much shorter than the device
width due to recombination at a poor high-low junction. The reduction of
the collection depth results in a smaller short circuit current for a
thin solar cell. Also a poor high-low junction enhances the interaction
between the injected carriers and the back alloyed surface and produces
a low open circuit voltage and low conversion efficiency. Therefore, it
can be concluded that a good high~low junction is much more important

than good optical reflectance in improvihg the conversion efficiency of

a thin solar cell with cell thickness of 50 Um oxr more.
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6.2.2 The Interaction of the Injected Carriers and the Back Alloyed
Surface

It has been shown that the high—lo@ junetion theory is an adequate
model for a BSF cell [4,5].7 It has also been found that the high-low
fﬁunction barrier height can be lowered for high injection operation [6].
Hence the high-low junction leakage current cannot be‘neglect%dxfor a
solar cell with long base diffusion length and short cell thicknees [7].
Figure 6.1 shows the prediction of open circuit voltage as a function'of
the back surface recombination velcoity of a 10 Q-cm cell with the para-
meters of Table 6.2. Curve (a) is calculated using an ideal SRV which is
a function of the material characterisﬁics on both sides of the high-low
Junction., Curve (b), (c) and (d)»are calculated by increasing the SRV
values by two, ten and one hundred times the ideal SRV valuee. Reductions
in the SRV can occur in a real solar cell from low lifetime or from a
high doping density at the high-low junction. It can also oceur if there
is local’'surface damage, such as dislocations, etc.

Since open circuit voltage is a direct indication of the interaction
between the injected carriers and the back alloyed surface, it can be
concluded from the result of Figure 6.1 that a good high-low junction
barrier is important for obtaining high output voltage of a thin BSF cell.

In Figure 6.1 an exact numerical calculation of V is also
presented which shows good agreement with the predictions of first

order models.
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6.3 Numerical Calculations

Since there are severals complicated physical interactions between

incident photons,

and minority carriers with the front and back surfaces,

an exact numerical calculation is necessary to accurately predict the

performance of a thin solar cell.

-

material parameters for optimum operation,

have been performed.

In order to determine the best
a seples of caiculations

The model parameters ape listed in Table 6.2. The

radiation damage coefficient KL is deduced from experimental measurements

and shown in Figure 6.2.

Figures 6.3 to 6,6.

N

The results of calculation are shown in

Table 6.2, Material parameters of thin solap gel;sv
Structure n pp
n+density (#/cms) l.leOZO(erfc)
n+ thickness (uM) 0.15

p density (Qe-cm)
P thickness (uM)

p+ density (#/cm®)

100, 10, 1, 0.3, 0.1

- 148,385

1019 (Gaussian)

'p+ thickness (uM) 0.5° .
Base diffusion length (LD(MAX)+LD(MED)/2,
Surface diffusion length (LD(MED)+LD(MIN)/2
SRV (cm/sec) 108
Anti-reflection oxide - Ta205; GOOZ

QO Double reflection YES

Radiation coefficient

Figure 6.2,
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Figure 6.3 shows the conversion efflClency as a function of vadia-
tion dose. The optlmum material is found to have a base resistivity from
1l Q-cm to 0.3 Qecm for a pre—lrradlated cell. However, an optimum base
resistivity is located between 0.3 Qecm to 0.1 Q*cm after irradiation.
The conversion efficiency is found to be essentially the ‘same fop

different material parameters after a radiation dose of leO15 e/cma.

Flgures 6.4 and 6.5 show the shqrt circuit qurrent and open circuit
voltage as a function of radiation dose. It is clear from‘Figure 6.5
that high injection and an ineffective high-low junctlon are the causes
of low open (elrcuit voltage for a 100 Q-cm cell,

Flgurelb.ﬁ shows the ratio of the peak power densities to unirradi-
ated power density g5 5 fuﬁction of radiation dose in order to determine
the radiation degradation for a tﬁinfsolar cell. The results show that a
low resistivity cell has the highes% ratio of peak power despite its
higher radiation damage coefficient. Also the degradation rate is found
to be smaller for high resistivity cells as indicated by the smaller
slope of the curves in Figure 6,5, However,the_conversion efficiency is

lower at high radiation doses fop these high resistivity cells.

6.4 Conclusions
The characteristics of thin BSF silicon solar cells have been

analyzed in this section. It is found that a good high-low junction is

thin solar cell with cell thickness of 50 um op more. The optimum cell
resistivity is identified to be from 1 Qecm to 0.3 fi*cm before irradiation

and from 0.3 Qecm to 0.1 Q+cm after a medium dose of one MeV electron
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radiation. The radiation degradation is found to be smaller for a high
re?istivity cell due to the smaller radiation damage coefficient. How-

i : .

ever, the conversion efficiency is lower for these high resistivity

cells after heavy radiation.

7

/)
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7. OPTIMUM SOLAR CELL DESIGNS FOR CONCENTRATED SUNLIGHT

7.1 Summary
* A computer program has been developed to perform a two-dimensional
~ calculation of silicon solar cell performance in order to evaluate the
importance of series resistance on the conversion efficiency of
cogéentrafor solar cells. It is shown that the optimum conce?trator
power density for a specific grid design or the optimum grid design
for-a specific concentrator power density can be quantitatively predicted

o

by this model.

7.2 Introduction

For a successful exploitation of terrestial solar energy, the cost
of a photovoltaic system must be drastically reduced from today's
price, Multi-sunlight concentrator-systems provide a possihle approach.
to~solving this problem. Hence it is eésential that an optimum cell
design is achieved in order to economically utilize the solar energy.

It is known that the coilection efficiency is a major factor in
umuwsﬂmcﬂldﬂdmwaﬂbwwﬁrmmwwﬁmm.waw
series resistance becomes more important at&high solar concentrations,
Therefore the optimum cell design depends on the solar intensity at
~which a solar cell is operated. Similarly, the éptimum solar concentration
- should be used for a specific solar cell designed to be»dberated under
concentration.

This section describes the application of a distributed resistance
and current model to the optimum design of concentrator cells and the
- grid pattern for multi-sunlight operation of a solar cell. A comparison
5etween model and experiment is also attempted. In-.addition, the model -

is compared to a first order model of lumped series resistance.
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7.3 Solar Cell Model

A detailed two-dimensional model has been reported elsewhere

(Appendix 10.4).

7.4 'Comparison Between Model and Experiment

A numerical model of a 2 cm2 baseline silicon solar cell has been
made and compared to experimental values [1]. . The cell is rectangylar

in shape with dimensions of 1 cm by 2 em. The front grid pattern

consists of 39 fingers, 0.005 cm wide and 0.98 cm long spaced evenly

across the 2 em cell dimension. The fingers are connected at one end
by a common bus bar. The front metal of 31lver has a resistivity of
about 1.59x10" Q*cm8 and a thickness of 3 ym. Baseline cells with hase
layer resistivities of 0.3 Qecm and 10 Q+cm have been simulated at solar
intensities ranging from one to ninetyvAMl power densities. The dark
current density is described by a singlé exponential voltage dependendé'
with a saturation current density of 5.6xlO-l2 A/cm2 and 4.5x10‘ll A/cm2
and an equivalent diode factor 1.05 and 1.04 for 0.3 Qecm and 10 Qecm
cells respectively. The surface sheet resistance is assumed to have a
value of 120 Q/0 for a junction depth of about 0}25|um to 0.3 um. The
metal contact resistance is assumed to have a small value of 10~4 Q-cm2.
The short circuit current densities under one AMl solar spectrum are
28.0 mA/cm and 30,5 mA/cm over the active areas for 0.3 Q-cm and 10 £-cm
cells respectively. '

The comparison of model and experiment is shown in Figure 7.1, It
is seen that the ﬁredicted optimum concentrated solap intensitieskaré very
close to the experimentai‘values where the peak efficiencies occur at

about 20 ~ 25 AM1 and 5 AM1 solar intensities for 0.3 Q-cm and- 10 Qecm

i
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cells respectively, Figure 7.2 shows the absolute total power losses
from metal coverage, sheet resistance, finger resistance, base resistance
and contact resistance as a funct;on of solar intensities for a 0.3 fi* cm
cell. Figure 7.3 shows the relative bPercentage of -the power losses from
each component of the total series resistance. It is shown 1n this
flgure that the optimum concentrated sunlight occurs at the point where

a compromise occurs between. the three.major'series'resistances of sheet,
finger and base resistances. Also the relative power loss from the grid
Coverage area is lower when the power losses from the series resistances

become higher at large solar concentration. _

N

7.5 Comparison Between the Lumped Resistor Model and the Exact Numerical
Model.

The first order model usually assumes a constant lumped resistance
connected in series with a solap cell. Therefore the photovoltaic
current-voltage characteristic becomes

' q(V—IRé)
D=1 loplgpr®) 21 - 1, (7.1)

where Io is the saturation current density and Isc is the short circuit

current density,

It can be shown that the lumped series resistance can be represented

by the following equation (Appendix A)

2
R, SF 2 Ram e SE R.W R R
M LF ST B D SC + BC (7.2)

s © W A, * *

R v .
12 AA AB As AB
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The above five components of R are the’ finger, surface layer,

base layer, surface contact and bottom contact resistances respectively. -

RM and RST are metal and sheet resistivities respectively. RSC4and RBC

7

are the surface and bottom contact resistivities respectively. SF, WF and

LF are the spacing between the fingers, the' width of the fingers and the
length of the fingers. R, is the basejresistivity and WD is the

B
céll tﬁickness. Ag and Aq are the surface and bottom contact areas
respectively. AA is the total active area.

The comparison of the lumped resistance model to the distributive
resistance and current model ig shown in Figure 7.2. It is found that
the lumped resistance model overestimates the pewer loss in a nonlinear
behavior, Th%§ discrepancy is due to tha’ fact that the total current
density is assumed to flow through the total lumped resistor of a
solar cell in the lumﬁéd resistance model. In fact, the resistance
and current eleménts of a'solag cell are distributive parameters and a
distributed resistor and current moéel is a more realistic model.

In order to determine the discrepancy of the lumped resistance
model, a more detailed comparison between bbtﬂ models is necessary.

- The humerical calculation of model cell D-7-1 with parameters as
given in Table 7.1 is shown in Table 7.2. |

Model (a) assumes that there are voltage drops across fingers,
sheet[surface and base bulk reéions. The overestimation of the efficiency
loss by using the lumped resisténce model is found to be about 6 percent

at fifty suns concentration level. Model (b) assumes there is only base

layer bulk resistance. The overest;mation of the efficiency loss is

found to be about 4.4 percent. Médél (c) assumes an additional base

i
‘/

: contact resistance, and the overestimation by the lumped reSlstance

\\
. model’ is about 4.3 percent at flfty ‘suns concentration leval

&

KRR
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Table 7.1 Material parameters of %911 D-7-1. 7

Structure
Surface doping density

Surface junction depth

Base doping density

‘Base width

Surface Diffusion Length

Base Diffusion Length

Surface Recombination Velocity
Sun power density
Anti-reflection film
Baseline structure
Width of fingers
Thickness of Fingers (T)

)

Sheet Resistance (RST
Surface Contact Resistance

i
Base Contact Resistance (Rgﬁ)

Base bulk resistance

115

n+p (1.0 éicm)‘
l.5x1020 #/om3, erfc function
0.3 uM

1.6x10%° #/cm3 (1.0 Q-cm)
250 M

(L(MED)+L(MIN))/2

(L(MAX )+L(MED))/2

C ,103 cm/sec

AM2 (7% mW/cm?)
Ta205,
89 fingers -

: o
600 A

50 uM
3 uM

92 3 (calculation) =
ot 2

1 Q~-cm
107 aeon? or 0.05 0 om®
0.025 Q
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Table 7.2. Comparison of the Lumped and Distributive Resisﬁgr Models.

Model a (T = 3 ym, Ry, = 92 A, Ryg = 107" Qecm?),

Model b (T = 30,000 wm, Ry,=0.01 oA, RBC=10‘” Qecm?),
2
Model e (T = 8 ym, R, = 92 0, Rpg = 0.05 Qecm®),
Sun Numbers. 1 5 50 -
Models Efficiency (%)
Exact Model a. ' - 15.44  16.60 17.u8
Lumped R_ Model a. | - 15.28  16.43  16.48
Overestimation (%) 1.4 1.0 5.7
Exact Model b. | 15.48 16.74 18.53
Lumped R Model b, 15.26 16,56  17.71
Overestimation (%) 1.4 1.1 4.4
Exact Model c. ‘ 15.41 16.42  15.49
“Lumped Ry Model c. | 15.20  16.26  14.83
Overestimation (%) 1.4 1.0 4.3

Therefore,it can be concluded that the overestimation of the effi-
ciency loss by using the lumped resistance model comes from the ovep-
estimation of the voltage drop across the base bulk region, surface sheet
and fingers resistances.‘ However the lumped resistance model is still a

good model at low series resistance and low solar concentration.
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7.6 The Optimum Concentrator Inténsity for Some Grid Designs
7
Since the peak efficiency of a high-intensity solar cell is a trade-
off between good collection efficiency and small series resistance, there

exists an optimum concentrator intensity for a specific grid design.

The purpose of this section is to calculate the optimum multi-sun power

.deﬁsity of some standard grid patterns. The results are summarized in
Fig;res7.l and 7.4 to 7.7. A summary of the grid designs is shown in
Table 7.8.

Figure 7.1 shows one example of the efficiency as a function of
solar concentration levei for the baseline cell. The other baseline
structures have similar characteristics. In these calculations, the

grid coverage areas are kept constant while the number of fingers are

‘'varied. Also two different sheet resistances are used in the calculations.

The optimum solar concentration level is higher for cells with increasing
numbers of fiﬁgers/as’shown in Table 7.3. ’

If the voltage drop across the series resistance RS can be found
af the current density of maximum efficiegcy under the optimum solar
concentration, a design equation can be derived in a first order model.
Table 7.4 shows the lumped series resistance, the voltage across RS and
the ratio of the peak—efficiency current density to the short circuit
current density at the optimum solar céncentration for several cell’
models.

The average voltage across the series resistance is about 46 milli-
volts under the optimum solar concentration.’”The‘ratio of the peak-

efficiency current dernsity to the short circuit current is about 0.95.

Hence the design equation can be given as

0.046 = 0.95:Tg-Ng Ry,

(7.3)



Table 7.3. Summary of'gridfdesign for the various cell configurations.

Level

a a' b bt c c! d 4’ e e! £
kCell‘géometry (cm2) 1x2 1x2 1x2 1x2 1x2 1x2 1x2 1x2 2x2 2x2 5 cm
; ; Dia.
No. of Fingers 39 39 30 30 20 20 10 10 60 60 240
Width of Fingers (um) 50 50 65 65 97.5  97.5 195 195 20 20 13056
Thickness of Fingers (jm) 3 3 3 3 3 3 3 3 3 3 4
Spacéibetween Fingers (um) u462,.82 162,82 477,82 477,82 510.32 510.32 1805 1805 313.3 313.3 varied
Base doping density (Q-cm) 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 03
. Device Thickness (uﬁﬂ'v 250 250 250 250 250 250 250 250 250 250 250
Sheet Resistance (2/0) 45 120 45 120 L5 120 L5 120 120 120 120
Width of Bus Bap (um) 200 200 200 200 200 200 200 200 20+ 20~ 1800
’ 200 200
Thickness of Bus Bar (um) 3 3 3 3 3 3 3 3 3 15 y
No. of Bus Bars 1 1 1 1 1 1 1 1 2 2 1
Concentration Design 40 25 30’ 19 22 10 7 2 7 25 20

8TT



Table 7.4. The voltage across the lumped series resistor at the optimum solar. concentration.

Cells | a a! b  b' c . c! d ar

Jumped series resisfance 0.02748 0.04087 0.03303 0.05566 0.04999 0.10090 0.14l64 0.34524 -
Q)

voltage drop (mv) 45.8 ’+7.'+  45.9 u4g8.8 46.3 Le.5 45.8 Ly,7.
IMAX ) : .

Ratio T 0.957 0.957 0,956 0.953 0.953 0.952 0.955 0,,9"? ,

6TT
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where ISc is the short circuit current density at one sun power density,
NS is the de51gned solar concentration level and R is the lumped series
re31stance of Equation (7.2). A very similar equation has been reported
elsewhere [2]. . However the numerical interpretation is different
despite the closeness of both equations.

Figure 7.4 shows efficiency as a function of ililumination
intensities for the violet-type cells. These cells have two tapered
common buslaré‘and 60 fingers evenly spaced across the cell dimensions.
In this case fhe one-sun efficiency is much higher than that of the
baseline celis due to the smaller grid coveragé area and the better
collection efficiency of the violet cells. It also shows the peak
éfficiéncy can be greatly increased by reducing the conducting resistance
of the tapered bus bar. For curve e' of Figure 7.4, the violet cell is
assumed to have a conducting bus bar with a thickness of 15 um fnstéad
of 3 um. |

If the voltage across the common bus bar is plotted against the
voltage at one terminal of the bus bar, the curve looks like the
illuminated I-V characteristics. In fact, the voltage difference between
two terminals éf the bus bar is proportional to the currentAdénsity and
the bus bar resistivity. Figure 7.5 shows these characteristics for the
simulated violet-type cells under several solar concentrations. It is
found that the optimum solar concentration level occups when the voltage
across the bus bar has a value of about kT/q. However, the cell efficiency
is{reduced at a higher solar concentration or a larger vbltage differenCe

across the bus bar. This value is also a good_pavaméter for the design

‘of optimum’ solar concentratlon for a violet cell.
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Figure 7.6 gives an example of a solar cell with very low sheet
resistance, thicker. conducting metal and lower base resistance., The
optimum solar concentration level is found to be close to 70 AMl solar
power denSitYmﬁé

Figure 7.7 shows a comparison between calculations énd the
experimental values for the large area, high intensity silicon solar
cell of Sandia Labs [1] This cell has an effective area of
15.2 cm2, and the active area is about 13.38 cm2. The finger width is
56 um -at the bus bar and tapers to 13 um near the center of the cell.
The photolithographic defined metallization consists of approximately
4 um of silver and a thin aluminum under;ayer. The predicted optimum

solar concentration level is about 20 v 25 which is very close to the

measured values.

7.7 " Conclusions -

“t}

The effects of series resistances on the multi-sunlight operation

of a solar cell have been examined by a distributive resistor and

"Current model. A number of conclusions can be made based on this work.

(1) An exact numerical calculation can be made to predict the optimum
illumination intensity of a specific cell design without fabricating

the cell. Similarly, this technique can be used to design the optimum

~high intensity solar cell with respect to the specific solar concentrator. .

(2) High efficiency solar cell operation can be achieved with a low
sheet resistance design at a high concentration level. A first-order
equation is also given which can be used to design the optimum concentra—

tion level at low series resistance and/or low solar concentration levels.
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(3) The lumped resistance model is found to overestimate the power
losses. This discrepancy is shown to be due to the overestimation of
the total séries fésiétances of the surface sheet, finger and base bulk
in the first order model. o |

(4) An exact solar cell model provides a valuable analysis technique

for desigﬂihg the optimum solar cell under multi-sunlight operation.

14
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7.8 Appendix (B). The Lumped Series Resistance

FINGER

1 LF b

' .
y | SF

—

' 4
X

The lumped series resistance usually consists of five components
which include finger, surface sheet, base, surface and bottom contact
resistances. If it iébaésumed fhat the space between fingers is much
less than the length of the fingers and there is negligible voltage
drop across the bus bar, the lumped finger and sheet resistances can be

derived as follows.

Let the voltage drop along a finger be Avgy)vat position y. Then

Y . g R, iR .SF 2
WV(F) = S A(LE-y) 5 ¢ gy = ey - L)
) A

where i is the current density. The overall average voltage drop across the

finger beomes

iR, *SF .SF
A (y) = & fLF AV(y)dy = oy . 1r? = T. _EM_____ . L_F2
LF o WE T 3 WF-T'AA 3
- R _+SF LF2
Hence the effective finger resistance is equal to WA 3

A
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Similarly, the voltage drop along the sheet resistance is

® SF U 2
AVFx)‘= ] il= - Xi;RSde=l.RST(§E-“ SF

o - )

The overall average voltage drop across the sheet resistance becomes

. SE/2 1R *SF? Rgp.+SF°
Ny = 572 ﬁ Wy = —q—=1r 12K,
R 'SF2 '
Hence the lumped sheet resistance is where R, is the surface
l2AA ST

sheet resistance and AA is the total active aréa.

@
%
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8. NON-UNIFORM ILLUMINATION EFFECTS ON SOLAR CELLS | w0
8.1 Abstract
A computer program has been developed to calculate non-uniferm
illumination effects on a solar cell. The non—ﬁniformity of illumination
is fbuhd to change the conversion efficiency by modifying the resistance
.losées*of the top surface layer. It is shown that a non-uniformly
illuminated solar cell can be operated near its peak power density by a

suitable design of the top surface sheet resistance and grid pattern.

8.2 Introduction

. Recently,vsolar concentrator systems have become popular as a means
of economically utlizing terrestrial solar energy in the ﬁear future.
However there are some problems which are not experienced in a non-
concentrated solar system, For example, the input spectral intensity
i5 usually distorted from the reflection and refraction of the different
wavelengths in an optical concentrator system. At present, it is not
clear how the distortion in spectral intensity affects the conversion
efficiency. It is also unclear as to how intensity variations across
the concentrated solar’ cell changes the solar cell characteristics.

In fact, there are two different kinds of non-uniform illumination

in the operation of a solar cell. The space—fiight cells generally have
an abrupt light-dark boundary caused by the satellite body or antenna, etc.
On the other hand, a concentrator cell usually has a steeply varied
illumination across the solar cell. The degree Qf non-uniformity generally

increases with the concentration level.
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A computer program has been developed to caleulate the characteristics
”Uf an abruptly illuminated cell with the illuminated boundary perpendicular
to the finger contact. Two extreme cases of calculation are possible for
the illuminated area on the near-side or far-side of the bus bar. For a
concentrator cell, the computer program has been used to calculate two
non-uniform illuminations in order to determine the effect of a varying
intensity across the solar cell on the cell conversion efficiency. The
first model assumes a c081ne intensity profile with the maximum intensity
farthest away from the bhs bar and zero intensity at the bus bap. The
second case uses a similar cosine intensity profile but with the maximum
intensity at the bus bar and zero intensity at the opposite edge of the
ceil.
This segtion describes the application of a modified,distributed
resistance and current model to calculate the characteristics of such
non-uniformly illuminated cells. In addition, it is shown that the

eff1c1ency losses due to the non-uniform 1llum1natlon can be minimized

by a proper design of the concentrator cell.

8.3 Solar Cell Modeling
A detail two-dimensional model of a solar cell has been reported

elsewhere (Appendix 10.4).

8.4 Comparison Between Uniform and Non-Uniform illumination
The characteristics of a non-uniformly illuminated cell can be
demonstrated for a 1x2 cm basellne solar cell. This cell has a grid

pattern of 39 fingers and a common bus bar at one edge of the cell,
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The contact fingers are assumed to be made from silver-titanium

with approximately 3 pm of silver deposited over a 500 Z titanium adhe:
sion layeri ~The 50 #m wide Fingers are 0.98 cm long and evenly spacedb
across the 2 cm cell dimension. This cell has a base resistivity of

3 Qecm, and the saturation current density is 5.6x10—l2A/cm2 with a
diede factor of 1.05. The surface sheet resistance "is about™120 32"/0
for junction depthsof 0.25 ym to 0.3 um, and the metal ‘contact

% qeem®.  The

resistance is assumed to have a negligible value of 10~
short circuit current density of an AM1 solar spectrum is 28.0 mA/cm2
in the active area.

The cell efficiency as a function of solar concentration for the
general non-uniform illumination is shown in Figure 8.1. The cosine
illumination,which has a maximum intensity near the bus bar, produces
the highest efficiency due to the lowest power losses in the top layer
e&a contact grid resistance. On the contrary, the cosine illumination
which has a ma;imum intensity farthest from the bus bar has the lowest
efficiency at all illumination levels. The uniformity of the illumination
influences the cell efficiency by modifying the resistance power losses
in the top layer and grid resistance. Therefore, the efficiency of a
solar cell depends on the current distribution on the cell surface due
to a non—uniferm illumination.

In Figure 8.1, a calculation is also shown for the same baseline
cell which has a grid thickness of'6 um. It is interesting to note
that the uniform illumination produces a higher efficiency at;high
concentration than the case of maximum illumination near the grid contact.

This is because the sheet resistance losses counterbalance the reduced

grid resistance losses in such a favorable cosine non-uniform illumination.
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More evidence of the competition between grid resistance losses and

surface sheet resistance losses can be obtained from the comparison of
the two cases in Figure 8.1. The power losses in the top surface
layer consist of the two components of sheet resistance and grid

resistance losses. The power losses in the surface sheet resistance

-dominate over that in the grid resistance at high intensities of

illumination. Therefore the total power loss of a non-uniformly
illuminated cell is higher than that of a uniformly illuminated cell,

despite the smaller grid resistance loss in this case. From Figure 8.1,

it is clear that the calculation of a non-uniformly illuminated cell

can be used to show the dispersion of the conversion efficiency as a
function of the conceﬂ;%ation level and fhe non-uniformity of illumination.

Figure 8.2 shows a solar cell design‘for multi-sun operation. The
effect 6f non-uniformity of illumination is shown to be reduced to a
négligible minimum with a design of low surface sheet resistance.

Figure 8.3 sh;ws the results of the efficiency a; a function of the
active area for two cases of abrupt illumination. The pesults are
plotted as a ratio of efficiency versus the patio of the active area.
where the ratios of efficiency and active area -are referved to the fully
illuminated solar cell, It is clear that the cell efficiency is nearly
proportional to the active area and is not a strong function of the
illﬁminating profile. This is because the cell efficiency is limited
for low intensities by the collection efficieﬁcy instead of the power
losses in the series resistance. The power losses in the grid resistanée

is small and the conversion efficiency is only a function of the active

area.
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8.5 Conclusions

Some of the characteristics of non-uniform illumination on a solar
cell have been analyzed in this chapter, | Several important conclusions
can be made as follows:

(1) The conversion efficiency can be analyzed as a function of the
cell structure, grid pattern, illumination level and the non-uniformity
of 1llum1natlon by the two-dimensional solar cell model. This phase of
work is important in +the design of solar cells under concentration and
in the design of concentration systems.

(2) The power losses in the surface sheet resistance, bulk resistance,
contact resistance and grid resistance can be dccurately predicted with
the model developed in this work.

(3) The effects of non-uniform illumination on cell conversion

efflclency have been analyzed for a few solar cell designs, It has also

‘been shown that the effects of non-uniform illhmination can be reduced

to a negligible amount by an appropriate design of the surface and grid
resistances. v

(4) Perhaps, the most important conclusion is that the non-uniform
illumination is found to decrease the cell efficiency at high concentration

levels irrespective of the 1llum1natlon profile, if the surface sheet

resistance is the domlnant loss factor.
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9. HIGH-LOW JUNCTION EMITTER SOLAR CELLS

9.1 Abstract
This section discusses the physical characteristics of a recently
proposed solar cell - the HLE solar cell [1] which has been predicted to
give a substantial increase in the output voltage and the converstion
efficiency of a highly doped junction solar cell. However, our calcula-
tion predicts the negative results. The‘discrepancies have also been
identified as high injection effects and heavy doping effects in the

emitter-high~low junction of the HLE solar cell.

9.2  Introduction
High efficiency has been predicted for solar cells with low base
resistivity near about 0.1Q.cm [2]. Unfortunately, the measured conver-
sion efficiency is substantially less than the théoretical expectation
for thege highly doped cells. This has been found to be due to the
disctepancy in the values of the output voltage and open circuit
voltage. In fact, the measured value of open circuit voltage is about
150 mV less than the predicged value from the simple Shockley diffusion
_theory for a 0.1 @+ cm cell.
Physjcal studies have recently shown that the discrepancy

of the VOC performance of a highly doped solar cellvis due to heavy
doping effects in the heavily doped surface layer [3]. Therefore, there
is excess surface recombination current which is usﬁally much larger than

the base layer injec%ion current density for a highly doped solar cell.
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" In order to reduce the.abnormally large back injection current
density, a high~low junction emitter solar cell has been proposed and
predicted to achieve high VOC follo&ing a similar reason of a high-low
junction base solar cell [1].

This seqtion will discuss the pﬁysical operation of a high-low

-emitter silicon solar cell. The results of the numerical calculation
will be presented for several structures of'£he proposed high-low

emittervcelis.

9.3 Numerical Calculations

A HLE cell has an additional high-low Jjunction 1océ£ed in the sur-

face region of a conventional cell. Figure 9.1 shows a schematic struc-

ture of a HLE cell with a structure of n+np. The back injection current

Ns n*np
erfc ' N
Ne e
N 2 4'
Xs Xe Xp -

Figure 9.1. A structure of a HLE junction solar cell.

density is expected to be reduced from thg minority carrier confinement
in the surface n-type region due to the s&all SRV at the emitter high-low
junction. The open circuit voltage will thereupon be increased from the
resultant smaller juncfion saturation current density. Before discussing
the physical fundamentals of the'emitter‘highrlow junction cell, the
numerical calculations will be presented for several proposed

models;of Table 9.1.-
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Table 9.1. Structures of models a to j of the proposed EHL junction

solar cells. g and X, are equal to 5x1017 /em3, 0.25 mm and
200 {m, respect§ ely.

Ng (- /en’) Ny ( /emd) X, (um) Efficiency
Model a 2x10%? 10t 0 16.59
Model b 2x101? 1014 1 14.77
Model c 2x10%0 10t 10 12.23
Model d 2x1020 10t 0 16.25
Model e 2x1020 1014 1 14.58
Model £ 2x1020 T 10 11.60
Model g 2x1020 1016 1 15.40
Model h 2x10%0 1016 5 14.94
Model i 2x10%0 “ 1018 5 13.70
Model i 2x10%° 10Y7 10 12.78 J

Cells a-j are assumed to have a 595 Arvhlckness of Ta O at one AMO
éolar 1nten31ty. The SRV of the diffused‘surface is assumed a value of
103 cm/sec. The base diffusion length is assumed to be 100 ym, which is
close to L(MAX) at a base resistivity of 0.1 Q'cm. The surface diffusion
length is taken to be (L(MED) + L(MIN))/2. Therefore, the minority car-
riers of the surface epitaxial layer have been assumed a diffusion length
of 55 im. This value is very close to the experimental value at an
n-type doping density of 1014/cm3 [4]. |

The results of the numerical calculations are summarized in Figures
9.2 and 9.3, It is seen in Figure 9.2 that the cell conversion
efficiency is lower at a wider width of the constant doped n~layer. This
is a direct consequence of the high injection effects in the lightly
doped n—laYér. In Figure_9.3, it is clear that the cell with a wider
n-layer has a high slope in the dafﬁxI-V characteristics. ‘Therefore, the
cell curve factor is degraded and the conversion effiéiency is lower. At

the same time, the back injection current density is larger for cells

b reba— e o e e e
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with a wider epitaxial layer. This is due to the ineffectiveness of the
SRV at the EHL junction and the low carrier lifetime or diffusion length
of the n~type material. The back injection current density can be

conveniently represented as Xp
g Aqpdx

where the first term is the recombination current density in the con-
stantly doped layer. It is clear that the back injection current density

is higher for a wider epitaxial layer of Xps if the second component of

Equation 9.1 can be neglected.

9.4 Physical Mechanisms of an Emitter High-Low Junction Solar Cell

It has been established that the carrier transport through a conven-
tional p-n Junctlon can be described by the Shockley diffusion theory or
Sah's recombination current moeel. However, a high-low junction can be
described by the HL junction theory or the HL junc;ion theory plus the
junction leakage current mpdel [5,6]. In these modele, a high-low junc-
tion has the advantage of confining the minority carriers in the lightly
doped region where the carrier lifetime ie supposed to be higher than
that of the highly doped layer. Therefore, the junction saturation cur-
rent density is lower and the corresponding Voc will be higher than its
conventional counterpart.

’In order to determine the validity of the‘high—low junction model,
a comparison between experiment and model is attempted and shoﬁﬁ in
Figure 9.5 for a high-low 3unction base solar cell of Figure 9.4 and

Table 9.2 [7].
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(10,1,0.1,0.01 N-cm)

| 4

025um 10um 250am 7

-Figure 9.%4. Schematic structure of the experimental cells.

© Table 9.2. Parameters used in the calculatlon of V variation with
substrate resistivity.
[

L

Substrate
7 .
Resistivity Diffusion - Diffusion Length Width
Q*cm Coeff.(cm“ /sec) (um) (um)
0.01 3.2 ) 10 250
0.1 9.3 ‘ 50 250
1.0 22 » ) 125 . 250
10 33 = 0150 250
Epitaxial Layer
Resistivity Diffusion Diffusion Length Thickness
Q*cm Coeff.(cm”/sec) ( m) (um) ‘
10 33 : ) 80 10
10 33 , 80 10
10 33 ' 80 - ' ' 10

10 33 , 80 10
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The calculations of Figure 9.5 are based on the following equations

for Shockley's model and HI Jjunction model:

D

D
= oA 2 p n
Js -qAni ( - + ), (9.2)

w .
s lﬁNDdx 7PN, dx
[e] (o]

Wn
S+tanh T

qAD - (9.3)
- n . n .
Ty, = \ nOoep) ———,
1+8 ‘t:anhf—l
n
Taon = i +-qAn(xHL)'SHL . (9.4)
D, N L L n Cxyr ) o Cxpr )
S = EE—- Eﬁl ﬁR-coth EE—-[l + ~E————*ﬂ S [1+ —E———~—J (9.5)
Pt et ) p* Y %
where J*, JH and JHLL are the saturation current densities for Shockley's

model, HL junction model and HL junction plus leakage current model,
respectively. § and SHL are the normalized and unnormalized SRV at the
HL junctioa,respectively. These values are functions of the material
parameters on both sides of the HI junction, whibe N and NP+ are the
majority carrier densities on both sides of the HL Jjunction.

It is clear from the calculation of Figure 9.5 that the high-low
Junection theory is a good model for a high-low Junction cell. The con-
finement of the minority carriers in the lightly doped lafer requires a
highly reflecting HL surface or a low SRV at the HI Junction. This can
be easily achieved in a hilgh resistivity BHL junction solar cell. On the
other hand, this may not be true for a EHL Junction solar cell. Since

the EHL junction is located near the illuminated surface, SHL will then
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be increased by the optical generated majority carrier density in the

‘lightly doped n?type region. This is shown in Table 9.4. Therefore, the
carrier confiﬁement in the n-type region is deteriorated. On the other

hand, for a BHL solar cell, the interaction between the base HL junction
and the optical generated carriers is negligible due to the depth éf the

BHL junction from the illuminated surface. In this case, S is pri-

HL
mafily a function of the material parameters at both sides of the HL
junction. o

The predictions of VOC from the first order model are shown as Tables
9.3 and 9.4 for cell (c) of Table 9.1. These are compared to thé value

of 0.565 volts from the exact numerical -calculation.

9,5 P+PN Emitter High-Low Junction Solar Cell
Since the previously proposed n+np solar cell is not more efficient
than the conventional junction solar cell, we now propose a similar EHL
junction solar cell with a p+pn structure. The newrmodels are shown in
Table 9.5. The structures.of these cells are similarAto those shown in
Figure 9.1. In the numerical calculations, the solar cells are assumed
to have a 595 Z;thickness of Ta,0

275

of the top surface is assumed to have a value of 103 cm/sec. The base

at one AMO solar intensity. The SRV

diffusion lengths are assumed to be 30 pm and 60 um, which are close to
LD(MED) for the n—t&pe base doping densities ofolO17 /cm3 and 1017 /cm3
réspectively. The surface p+ and p layers ére assumed to have a diffu-
sion length of (L, (MAX) + L (MED))/2. | |

The results of the numerical calculations are‘shown in Figure 9.6,
which shows the dark I-V characteristics for cells of Table 9.5. The
‘dark‘current densities are found to be nearly equal at highvforward volt-

age irrespective of the doping density in the p-type layer. ' This implies
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Table 9.3. Parameters used in the calculation of V for cell (c) of
oc
Table 9.1.

EPITAXIAL LAYER

Doping Diff. Diff. Length Width

Density Coeff. (ym) (ym)
Shockly's model 10t 12 55 10
HL junction model 1014 12 55 10
HL junction plus 10t k 12~ 7 55 10
leakage current
model
SURFACE LAYER
Doping Diff. Diff. Length Thickness
Density Coeff. (m) (um)
A
Shockly's model 10%? 2 2.5 0.25
HL junction model 1019 2 2.5 ‘ 0.25
HL junction plus 10? 2 2.5 0.25
leakage current ‘
model

Table 9.4. Calculated Vo from the first order model. Model A uses the
' ' extrinsic doping density of the n-type region in the calcula-
tion of Voo while Model B takes into account the light-
generated carrier density in n—type region.

MODEL A MODEL B
SRV at HL junction Voc SRV at HL junction Voe
(em/sec) (volts) (cm/sec) (volts)
S S ‘
o S o S
Shockly's Model - - - - 0.416
HL junction Model 0.80 (3.41) 0.504 ; 8.0 1.29 0.563
HL junction plus 0.80 (5.7) 0.503 8.0 12.8 0.562
leakage current ' )

Model

In Table 9.4, model B takes into account the light generated carrier
density which is equal to Gi. Thg calculated value of the light generated
carrier density is about 1012 /ecm® where G has a value of about 1021/cp3
in the n-type region.
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Table 9.5. Structures of models a' to £' of p+gn junction solar. cell.
Ngs Xg, are equal to 2x1020 #/cm s> 0.25mm and 200ym,
respectively. o

Model a' b' c d' e' f!

Ny (Hen®) | sx10 5017 s q017 s5x1017  5x1017 10Y’

N. (F/cm®) - 10t 104 100 sx10l7’ 10t

X (#/cn) 0 10 20 10 10 10

Efficiency (%) 14.53 15276 15.84 15.66 15.00 15.30

Table 9.6. The photovoltaic characteri

stics of emitter high-low junction

solar cell of Table 9.1 and 9.5.

Model c h . 3 b'! -d" e £' k

Structure n+hp n+np n&hp | pfpn p+pn p+pn p+bn n+npp+
ISC(MA/2cm2) 79.82 77.94 62,62 75.21 74,92 71.24 77.70  85.16
VOc Gmlés) 0.565 0.630 0.660 0.678 0.678 0.678 0.649  0.566
IMQMJ2cm2)73.84 74.19 59.84 72.39 72.09 68.20 73.03  80.25
PM(MMQcm2)33.08 40.43  34.59 42.64 42.39  40.58 41.41  37.15
CFF 0.733 0.823 0.837 0.836 0.834 0.841 0.821 0.771
EFF (%) 12.22 14.94 12,78 ’15.76 15.66 15.00 15.30 | 13.73
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that the suppression of the dark emitter recombination current density

and the total saturation current density ig primarily determinéd by the
base recombination current density in a p pn solar cell. Therefore, the
open circuit voltage of these cells are relatively constant as shown in
Table 9.6, which contains the detailed photovoltaic characteristics for
some cells of Tables 9.1 and 9.5. )
Finally, a novel n+hpp+ solar cell is modelled which has both
emitter and base high-low junctions. Both n-type and P-type layers are
assumed to have 3 doping density of 1.3x1015 /cm3. The p-type base layer
has a diffusion length of 300mm and the n-type surface is assumed to have
a diffusion length of (LD(MED? + LD(MIN))/Z. The emitter and base high-
low junctions have doping densities of 2x1020 /cm3 and 1019 /cm3 and
depths of 025ﬁm and 0,5ym, respectively. The calculated results are

shown as Model k in Table 9.6. It ig found that this cell does not show

higher efficiency despite its high short circuit current density.

9.6 Discussions and Conclusione

This section will discuss the valldlty of the calculation of V oc
from the p-n junction saturation current'density and the corresponding
short circuit current density. 1In fact, V is a series combination of
the voltages across the P-n junction, surface region, base region and HL
junction at the open circuit condition. Among the above components, the
Dember voltages across surface and base regions are usually very smaill.
The voltage across the HL junction is also small unless under high inten-
- sity 1llum1nat10n where V reaches the junction built-in voltage [8].
Iherefore, it is a good approximation to calculate V from the junction

3

saturation den51ty and short circuit current dens1ty for a solar cell

under one AMO solar den31ty
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It can be concluded that the proposed n+np junction solar cells do

not yield a higher output voltage as expected from the incorporation of
an additional high resistivity emitter layer in a conventional solar
cell. The results show that the highest open circuit voltages are
obtained for low resigtivity emitter layers. On the other hand, a p+pn
junction solar cell can produce a higher open circuit voltage than an
n+np céll irresééctive of the doping density in the surface layer. This
is due to a more effective high-low junction and a higher diffusion

length for the p+p high-low junction.
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Appendix 10.1

COMPARISON OF THEORETICAL AND

EXPERIMENTAL SOLAR CELL PERFORMANCE*

C. R. Fang and J. R. Hauser

.

North Carolina State University
Raleigh, NC 27650

ABSTRACT

performance of silicon solap cells and the experi-
mentally observed performance. The comparison has
included the dark I-v characteristics, the spec-
tral response characteristics and the I-V charac-
teristics under AMO illumination, In general it
.has been found that the agreement between theory
and experimental behavior is very good. This good
agreement has been obtained for a variety of cells
fabricated with junetion depths ranging from 0.1
UM to more than 1 um and for base layer resistivi-
ies from 10 Q¢em to 0,1 Qe cm,

INTRODUCTION

in thoroughly understanding the physics underlying
solar cell operation. The discrepancies between
simple theories of open cireuit voltage and exper-
imentally measured values have been of much inter-
est and. study [1]. The presence of high doping
band gap reduction effects has generally become
accepted as the reason for the low open circuit
voltage of low resistivity base layer solar cells
(2], although there is still some controversy over
this effect [3],

The present study was undertaken to determine
how closely present theory agrees with experiment
with respect to solar cell performance. It is
known that theoretical predictions are in general
agreement with experimental results., However, no
detailad comparison has been reported between
theory and experiment fop a range of specific
solar cells,

ANALYTICAL APPROACH AND DEVICE PARAMETERS

The analysis has been performed using a
detailed numerical solution of the semiconductor
transport equations as applied to solar cells.
Details of +he approach and analysis have been
presented elsewhere [4], In general the analysis
used is quite free from the normal simplifying
approximations made in semiconductor device

Te——— . . )
This section has been published in

the Procéedings of the Thivteenth
Photovoltaic Specialists Conference.

e 3 e s e

analysis. A summary of the major features of the
analysis include the following:

(a) Optical generation is calculated directly
from available empirical measurements of a specific

(b) The optically generated current is cal~
culated directly from the interplay of the above
generation rate and the device operation i.e. there
are no assumptions pertaining to collection effi-
ciency.

{c) Recombination is included within the
analysis, not only for the bulk regions, but also
for surface and depletion regions.

(d) Both ¢rift and diffusion components of
current flow are included. This allows the appear-

‘ance of high injeetion effects, resistive loading,

and the effects of any Dember type potentials,

(e) A diffused impurity profile is included
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in the surface region through an empirical or erfe .

impurity distribution.

(£f) Band gap shrinkage due to heavy doping
effects is included in the diffused surface region.

(g) ‘A non-ohmic contact is inecluded at the
irradiated surface through a finite surface recom~
bination velocity.,

Several device parameters are of major impor-
tance in the modeling of solar cells, The most
important of these are reviewed here to discuss
the values and models used in the analysis. The
lifetime or diffusioen length is parhaps the single
most important deviee parameter. The diffusion
length is known to decrease in general with
increasing impurity concentration. Howevern, widely
varying values as shown in Figure 1 have been
reported for the diffusion length at any given
doping density £3,5-8]. At low doping densities
(below 1017/cm3) measured diffusion lengths cover
a4 range of values as large as two orders of magni-
At large doping densities (2019/em8 op above)
the scatter in the experimental values appears to
be much less as seen in Figure 1. This is likely
due to the dominance of Auger recombination at
large doping densities.



For solar cells which have good efficiency
values, the base layer diffusion length must be
above the center curve labeled L (MED) in Figure 1..
Diffusion length values about miRway between the
L.(M4X) and L.(MED) curves of Figure 1 are typical

SR the values for the cells studied in this work.

For the base layer of the cells studied here,
measured diffusion lengths were available. In most
cases it was found that ‘the calculated solar cell
properties agreed well with the experimental data
when the measured diffusion length or a value close
,to the measured value was used in the analysis.

“fhe BSF cells studied were found to be an exception
to this rule. For these cells gooua agreement
between theory and experiment could only be obtained
using diffusing length values considerably larger
than those measured by the X-ray technique. This is
discussed in more detail in a later section.

For the diffused surface layer experimental
data was not available for the diffusion length so
the data of Figure 1l was used as a starting point
in the analysis. The surface layer diffusiop”
length was adjusted to obtain the best agrgeméent
between theory and experiment in the short wave~
length region of the spectral response. Specific
values used in the analysis are discussed in connec-
tion with the results.. 'In general, the best agree~
ment between theory and experiment was obtained
when the surface diffusion length was taken some-
where between the L_(MED) and L (MIN) curves of
Figure 1. Since the surface layer is heavily
doped, the region of Figure 1 of importance for the
surface is avound 10%9/cm3 or abova: . In this region
the difference between the solid curves is not
nearly as great as at lower doping densities.

The properties of the surface layer of any
silicon solar cell plays an important part in the
performance of the cell. In this work, the analy-
sis has been found to be sensitive te the doping
profile used in the surface layer. "As an approxi-
mation a Gaussian or erfc profile is frequently
used for a diffused layer. Experimentally it is
known that a phcsphorous diffused layer has an
impurity profile which diffesrs significantly foom
the simple Gaussian or erfc profile [9]. Near the
surface a region of nearly constant doping appears.
This is followed by a rapid drop in carrier concen-
tration to ‘a region deeper into the diffused layer
which follows fairly closely an erfc profile.. Tsai
[9] has given cuwves from which the surface doping
density Cs’ the width of the constantly doped layer
X and thé doping demsity Cp at the boundary of the
constantly doped and erfc doped region can be esti-
mated using the diffusion time and temperature.

In the early stages of this work simple erfc
or Gaussian doping profiles were used in the theo~
retical calculations. With such profiles it was
found to be very difficult to obtain good agreement
between theory and experiment in the spectral
response data. In most cases good agreement was
never obtained with the simple doping profiles,
After an impurity profile such asthat found by Tsai
9] was used in the calculations, it became much ’
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easier to obtain good agreement between theory and }
experiment. ‘
<

Not only the doping profile, but also heavy

«doping bandgdp reduction effects appear to be

important in the diffused surface layer. It has
now been pointed out by several workers that the
bandgap reduction effect appears to be the physical
origin of the low open circuit voltage of low
resistivity base layer cells [2,10]. As discussed
previously, bandgap reduction effects were included
in the analysis performed here and appears to be
essential for obtaining good agreement between
theory and experiment unless one uses very small
diffusion lengths within the surface layer. The
combination of the correct doping profile and
bandgap reduction effects leads to a thin surface
layer whizh behaves almost identically for carrier
Eol%ection as the '"dead layer" model of Lindmayer
111]. )

The Keldysh-Franz effect has recently been
proposed as an important effect in solar cells
£3]. This effect was included in some of the
theoretical caleculations using experimental data
for the bandgap reduction due to an electric field
[12]. The major effect has been to increase the
calculated dark current from a cell at low volt-
ages by a factor of 2 to 5. The effect has typi-
cally been very small for voltages above about 0.5
volts forwsrd bias. The Keldysh-Franz effect can
only be of major importance in solar cells domina-
ted by depletion region current and the cells
studied in this work did not show this character-
istie.

An accurate modeling of the optical processes
is important to obtaining good agreement between
theory and experiment in spectral vesponse data.
In general the optical processes associated with
surface reflection and bulk absorption are well
known and characterized for silicon., One region
where some uncertainty still exists is the long
wavelength absorption coefficient around 1.0 um.
This is difficult to ¢ erimentally measure
because of long wavelength free carrier absorption
in silicon. At the beginning of this work the
data of Dash and Newman [13] was used for o in the
long wavelength region. However, it was soon

‘found that good agreement between theory and

experiment could not be obtained at 0.95 um and
1.0 um using this data. The reported range of
absorption coefficient values in this wavelength

‘range is shown in Table 1. As can be seen there

are very significant reported differences with
Dash and Newman's values being near the largest
reported. After using several potential values,
good agreement between theory and experiment was
obtained using the values in the last row of

Table 1. These values can be seen to be well with-
in the range of reported values and we believe

~these values are more accurate than most of the

reported experimental values since they give good
agreement between theory and experiment for a wide
variety of solar cells. ’

Inladdition to absorption coefficient an
accurate modeling of surface reflection is needed.

-



Some ¢f the cells studied had bape silicon s facaes
while others had a Ta,0. coating of about 595 in
thickness. At the bagigning of this work a compari-
Sen was made between theory and experimental data
for the transmission coefficiant of a bare surface
and a Ta, 0. coataed surfaca. The agraement was
within aBodt 1% except in the 0.9 to 1.1 ym reglon
whera largen differences occurred. The oprigin of
the discrepangy here is not known. Howaver, tha
excellent agraemant elsewhaere, give confidencs in
the accurate modeling of surface veflaction and
trapsmission propervties.

A complate characterization of selar cells
raquires that account ha taken of the two~dimen=
sional effects associatad with the contact grids.,
Spactral response measuraments made at low light
lavels are not greatly affacted by the contaat =
grid except for the avea reduction factor. How- ,/
aver, the dark and light I-v characteristiocs ave
influenced by the sheet rasistance, contact
resistanca and two-dimensional propertias, Values
of officiency and cunve factor are especially
influenced by two~dimensional affacts, In thig
work a two-dimensional grid modsl was used to
accurately model these affects, Datails of tha
analysis and model are discussed elsewhere [19].

A two-dimensional rodeling of the contact effects
1S necessary if good agresment is to ba ohtainad
betwsen theovy and experiment for efficiency,
open circuit voltags, and curve faator,

RESULTS OF COMPARISON

A few genexal comments ape needed to axplain
the manner in which the comparison batwean theo~
retical and expevimenta) vesults has been mada,
The experimental data which was usad consists of
three different types of measurements, These are
1) dark current I~V characteristics, 2) short
clreuit spectral vesponse data and 3) light I-v
chamcteristics under simulated AMO, L sun illu-
nination, In addition to this general breakdewn,
o types of dark curvant data was available.

The fipst technique simply measures the terminal
I-V chavacteristies of a solap cell in the dark,
Tha second tachniqua measuras open circuit volt-
age Voc and shert civeuit current Iq at various
intensities of illuminatien and plot€ the rasult-
ing pairs of numbers. These twe tachniquas will
be refamred Yo as the davk I-V tachnique and the
I --Voc tachniqua. For an ideal one-dimensional
s8far cell with no seriss vesistance both tach-
niques should give the same cunve, since at the
opan circuit volta ) eondition the intevnal dank
current exactly aquals the short circuit solap
genarated curvent. The twe curves diffex whan
saries resistance and two-dimensional effects
are considered., At high ocurvent densities the

Lo Vo tochnique tends to be much eloser to the
iﬁaal,ana-dimansional theery since the voltage
is measured under conditions of Zero net current
flow in the solar cell, Tha differences batwaen
the two measuvement tachniques will become claaven
after the discussion of the spscific axamplas,

In companing the theory and axpevimantal data
not all device parameters ave of major Impartance

“silvar of a few um,

‘values at low voltages.
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In each set of measurements, Fop example the speg~
tral response depends vexy little on sheat resis-
tanca, contact resistance and other two~dimensional
properties of the cell. Also as just discussad the
ISQ-V maasurement is relativaly insensitivae ta
two-dimensional effacts. The device parameters of
most importance in thesse characteristlics ave the
davice diffusion lengths, doping profile, surface
recombination velocity, and heavy doping models.
Thus the I -V data and the spectral response
data has b&&n Sompared with the results of the ong-
dimensional caleulations. The paramaters of shaat
rasistance, contact resistance and grid structure
were then included along with the one-dimensional
vesults in the two-dimensional computer program andg
compared with the dark I~V characteristies and the
1igit T-V characterfsties. For almost all of the
davives a combination of sheet pesistance and conw
tact resistance was vequired to aceuvataly degseraku
the two-dimensional nature of the cells.

The solar cells studied ean be broadly dividaed
into three satogories of cells based upon the
resistivity of the base layer and the type of eall
design. The first catagory consists of n*-p calls
with 0.1 fivcm base layers and a Ffinished thickness
of aither 6 mils or 10.2 mils. The second category
consists of n'-p cells with 10 Q-cm base layers arnd
a thickness of about 0.5 mils. The third typa of
call is a back surface fiald (BSF) cell with a
18 Q-em base layer and a thickness of about 6.5 mils,

The first two categories of cells were 1 am by
2 om and used a ten finger grid pattern while the
third category of cells were 1 em by 2 om and used
a ning finger grid pattern. Table 2 glves parame-
ters for the two diffevent gind pattarns used on
the cells. The Fivst two categories had a harg
silicon surface %hile the third category cells werg
coatad with 585 A of Ta205 and a 5 mil Teflon FEP
covax,

The solar calls wera Fabvicated and measured at
the NASA-Lewis Research Cantow, Cleveland, Ohie.
The n-typo surface layers were phosphorous diffused,
using POGL,. The temperature and duration of the
diffusion process are described for sach typa of
eall in the following seotions. The top and hottem
cantacts vera made using agmetal mask with avapo-
rated aluminum (200 v 500 A) followed by avaporated
Tha contaots were sintered at
temperatures of 550 vo §50°C in H,. For each cell
the hase layer diffusion length wis measured at
NASA Lewis by the Nw-vay method,

Within each class of cells the measured chap-
actaristics were consistent and certain cells cone
sidered to be typical of each type ware selectsd
for detailed study. The major diffopences in any
given categoxy of ocells were in the daok aurrent
Thasa differences do not
greatly influenca solar cell performanca sinca
operation Is at larger voltages where the difFfon-
ancos between calls is veduced. .

CELLS WITH 0.1 Q-CM BASE LAYERS

Results for two different cells within this
ganeral cutegory ara presented.  These ealls were



fabricated on 0.1 frem (5x1017/em3) Boron doped
wafers, Various device parameters for the two.
cells which are D-1 and D-2 are listed in Table 3.
The major differences between the two cells are the
cell thickness, 6 mils and 10.2 mils, and junction
depth, 1.0 pm and 0.72 uym. The base layer diffu-
sion lengths of 60 um and 105 um are the experi-
mental values which were also used in the compu-
ter caleulations,

A comparison of the calculated and experi-
mental davk I-V characteristies is shown in Figure
2, The comparison between theory and experiment is
very goed for voltage values of 0,45 volts or
larger, There is a large difference between
theory and experiment at low voltages and this is
typical of all the solar cells studied, It might
first bhe suggested that this difference is due to
the Frangz-Keldish effect which was neglected in
the calculations. However the current is much
larger than that calculated including the Franz-
Keldish effect. Also the voltage dependence of
this excess curvent is not congistent with the
Franz-Keldish effect, ?

The triangle points in Fijgwre 2 show the cur-
rent which would result from a pure resistor of
2.57 K@ in parallel with the solarjcell, As can
be seen from the Ffigure this voltdge dependence
fits the excess current almost exactly. The pres-
ence of such a shunting resistance has been seen
in all cells studied, The magnitude of this resis-
‘tance has been observed to vary greatly from cell
to cell within a particular category., This shunt-
lng vesistance has not been studied in any detail
in this work, but it has also been observed by
previous workens {20]. The physical origin of this
resistance remains somewhat of a mystery, It may
be due to shunting preclpltates for example with-
in the junction depletlon region.

-

The dotted curve in Figure 2 illustrate the
sensitivity of the caleulated dark I-V character-
istic to the diffusion length (or lifetime) in
the diffused surface layer. Values calculated
using the L. (MED) curve of Figure 1 are definitely
below the eXperimental curve. = The best Ffit was
obtained using values midway between L_(MED) and
L (MIN) of Figure 1. The final selection of base
layer and surface layer diffusion lengths must be
made from comparing not mnly the dark current data
but also the spectral response data, 4 small sur—
‘face layer lifetime cannot be distinguished from
a small base layer lifetime using dark current
data alone since both lead to large dark currents.
However, differences ¢an be seen between these two
cases in the spectral response calculations,

A comparison between the theoretical and
axperimental spectral response calculations is
shown in Figure 3, The parameters which give good
dark current calculations are also seen to provide
good spectral response calculations. Curves are
also shown of the relative contributions to the
spectral response from the base layer, depletion
layer and surface layer. The spectral response
caleulations prove to be a sensitive test fav
accurate device parameters,

K

. wavelength spectral response,

The spectral response at 0.9 - 1.0 um is
determined almost entirely by the base layer
properties. Values at this point are very sensi-
tive to the base layer diffusion length and long
wavelength absorption coefficient. The correctioms
to the long wavelength absorption coefficient dis-
‘cussed earlier were identified studying the long
Before the absorp-
tion coefficient values of the last line in Table
‘1l were used, it was not possible to accurately
match the dark current data and long wavelength
spectral response, not only of this cell,but of
all the cells studied.

The ‘spectral response at 0.4 - Q.45 um is
determined almost entirely by the surface layer
properties, which include not only surface layer
lifetime, but also surface recombination velocity,
doping profile and bandgap reduction effects.
Because of the interaction of all these effects
it is difficult to attribute a given spectral
response value to any one of these effects alone.
Initial caleculations were made for the cells
using an erfec'doping profile in the surface
Jayer. With this type of doping profile it
proved difficult to obtain a good match of spec-
tral response at all wavelengths. In general the
spactral response would be too large at 0.4 =
0.45 pm if a good fit was obtained at larger wave-
lenths. Reasonable combinations of diffusion
length, surface recombination, surface doping 2tc.
could not be found to match the data. However,
when an impurity profile modeled after the experi-
mental work of Tsai was used, good agreement such
as shown in Figure 3 became relatively easy to
obtain. The parameters describing the surface
doping profile are listed in Table 4 for this
device and the other devices studied.

In the final analysis the only device param-
eters which were adjusted somewhat to obtain the
good agreement between theory and experiment seen
in Figures 2 and 3 were the surface recombination
velocity and the surface layer diffusion length.
The final values used and reported in Table 8 are
.quite consistent with ‘the diffusion length data
,of Figure 1 and other reported values of surface
recombination velocity [7].

In calculating the light I-V characteristies
‘and the overall efficiency at AMO, additional
Jparameters describing the contact grid (Table 2)
‘and values of surface layer sheet resistance and
contact resistance must bBe introduced into the
two-dimensional model.. The D-1 solar cell and
other devices with the 1.0 um junction depth
were found to have very low values of sheet
resistance and contact resistance. Values used
in tRe analysis are given in Table § for this and
the otfier cells studied. Fipgure 4 shows a com-
parison Between the solar cell power quadrant I-V
characteristics and the theoretical calculations.

" Again the agreement between theory and experiment

is very good.

The second cell in this categovy for which
data is reportad (D-2) is similar to that just
discussed except for the shallower junction depth
and increased base layer thickness as shown in



Table 3. Tables 3 and 4 also show that essentially
the same parameters were used in the theoretical
caleulations as for cell D-1. A larger diffusion
length of 105 um was measured in this cell and this
value was used in the calcwlations,

Figures 5, 6 and 7 show a comparison batween
theory and expeviment for this cell. In Figure §,
a significant difference is seen in the experimen—
tal dark I~V and I -V measurements at voltages

.Of 0.6 and 0.7 vo1¥§. Fhe I_ -V data agrees
wall with the one-dimensionaiccafgulations while
the two-dimensional caleulations including sheet
resistance and contact resistance is required to
describe the dark I-V data.

Several curves are shown in Figure 5 to
illustrate severval different theoratical models.
The solid curve gives a good fit at large voltages
using the parameters of Tables 3 and &. A dashed
curva shows the effact of including the Keldish-
Franz effect in the device. Above about 0.5 volts
the Keldish-Franz effect is seen to hava little
influence on the curves. The curve including the
Keldish-Franz effect combined with a shunting
resistance of 5 kR does appear to give the hest
£it to the low current data for this particular
cell,

The dotted curve shows a calculation using the
Same parameters as the solid curve but neglecting
heavy doping bandgap reduction effects, The cur-
rent can be seen to be much too small at high
voltages. Without the heavy doping effects a very
low surface layer lifetime would be required to
get agreement between theory and experiment,

The parameters which give a good fit to the
-dark current, alse give good spectral response
calculations as seen in Figure 6. Without heavy
doping effects the spectral response is also seen
to be much too large at short wavelengths.

A comparison between theory and experiment
for the light I~V characteristics is given in
Figure 7. In this case it is seen that the
inclusion of the shunting resistance and the
Keldish-frans effect gives the best fit to the
experimental data. For both of the two-dimensional

- caleulations sheet resistance and contact rasis-
tances of 21 8/ and 0.12 O respectively were
used in the ealculations.

CELLS WITH 10 Q+CM BASE LAYERS

The second general class of cell studied were
fabricated on 10 fcm material of 10.S mils thick-
ness.  Additional data on the cells is contained
in Tables 3 and 4. The junction was diffused at
850°C for 30 mins, resulting in a junction depth
of about 0.57 um. Parameters used in ths calcula~
tions to describe the doping profile ave given in
Table 4,

Basically the same models and device param-
eters were used for these cells as for the 0.1
frem cells. A detailed comparison between theory
and experdment is shown in Figures 8 s -9 and 10,
In Figure 8 a large difference is sesn at large
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currents between the I_ -V charactaristic and
the standard dark I-V &Rar@8teristic. This indi-
cates a very large sheet resistance and/op contact
resistance. The difference between the curves is
accurately dasaribed by a sheet resistance of
1500 9/p and a contact resistance of 1.12 Q.
These values are both very large and much langer
than can be tolerated in high efficiency solar
cells. No attempt was made on this cell to des-
cribe the low current region by either the Keldish-
Franz effect or a shunting resistance since this
has little effect on the characteristic above about
0.4 volts,

The comparison between theory and experiment
for the spectral response is shown in Figure 9.
Good agreement is again seen over the entire wave-
length range. Included for comparison are calcu-
lations for an erfc doping profile at various sur-
face recombination veloeity (SRV) values. A good

“fit to the short wavelength values could not be

obtained for the erfc profile even with very small
values of SRV,

A reasonably good overall fit to the light I-v
characteristic is shown in Figure 10. The agree-
ment in this case is not quite as good as for the
0.1 Q-cm devices. The largest error between theory
and experiment occurs in V__ which has about a 2%
error. This is probably d8€ to a theoretical dark
currerit which is slightly too large. This in turn
could be due to a diffusion length used in the base
or surface layers which was slightly too small., In
general , however, the agreement between theory and
experiment is good considering the large values of
sheet resistance and contact resistance for these
cells.

CELL WITH 16 Q-CM BASE LAYERS

The final general class of cells studied weve
BSE gells on 16 Q-cm base layers. Relevant device
data is given in Tables 3 and 4. The devices had
a very shallow junction depth of about 0.2 um.
Because of the very shallow junction depth, the
diffusicdn profile was modeled by a single erfc
profile. The back surface field region was made
by alloying Al. This p* la{er was modeled as a
Gaussian doped vegion of 1019/cm® doping density
ard 0.5 um In width., A TaZOs antireflecting layer
of 5953 was present on the“célls and this was
included in the computer calculations.

The terminal I-V characteristics are shown in
Figure 11. Two theoretical ecurves ave shown, The
dotted curve was calculated using the experimental
diffusion length value of 150 Hm. This is seen to
give a current much. larger than the experimental
values. The dark current could not be made to
agree with experiment until the base layer diffu-
sion length was increased to about 450 um. The
resulting curve is the solid one in Figure 11,

For the non BSF cells studied the measured diffu-
sion length was found to give a good theoretical
calculation. Howevew, the failuve of the X-ray
measurement tachnique to give a veliable diffusion
length value is not too surprising in the present
case. The cell thickness of 6.5 mils corresponds
to 165 um which almost exactly equals the measured




diffusion length. The X~ray technique is known to
become unreliable when the diffusion length becomes
larger than the cell thickness [21].
fusion length value is also ‘consistent with the
expectation that 16 Q+cm material should have a

larger diffusion length than 10 Qeom material. This

inconsistency between the measured diffusion length
and the caleuwlated performance was observed for all
thin BSF cells studied in this group,

_Comparisons of spectral response and light IV
data are shown in Figures 12and 13. The agreement
is again very good. Fop this cell a sheet resis-~
tance value of 380 /0 and a negligible contact
resistance were found to give a good mateh to both
the efficiency and the dark current I-V data.

SUMMARY 'AND CONCLUSIONS

This work has involved a detailed comparison
of the experimental performance of three types of
solar cell designs with the theoretical results
caleculated with a detailed numerieal analysis of
solar cell performance, The analysis ineluded a
two-dimensional analysis of sheet resistance and
contact resistance effects.

In general it has been found that an accurate
modeling of all the Physical effects present and
of the device doping profile leads to theoretical
caleulations which ape in very good agreement with
experimental results. The most important physical
effects which were found to be necessary in opder
to obtain good agreement between theory and
experiment are:

L. The base layer and surface layer lifetimes
or diffusion lengths.

2. The doping profile within the diffused
surface layer. v

3. The presence of heavy doping bandgap
reduction effects.

4, An accurate modeling of the absorption
coefficient and sunface reflection,

§. An accurate modéglng of the two-dimen-
sional nature of the surface sheet resistance and
metal contact resistance.

The good correlation of theory and expepiment
-obtained here give confidence that the theoretical
calculations can be extended to other device
structures and device designs and accurate results
obtained,
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faﬁle 1. Comparisocn of reported absorption coeffi-
clent values at long wavelengths [18].

Absorption Coefficient (cm~1)

Llum 1.0 pm  0.95 ym
{13] Dash & Newman 7 100 220
[14] vedam - - 270
[1s] éunyan - 67 170
[18] Vol'fson & Subashiev - 64 150
£171 Macfarlon 3.9 ™ 204
This work ' 3.9 7 204
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Table 2. Parameters for the two grid pat#ernS.‘ Table 5. Resistance parameters fop two-dimensional
analysis.
1 cm by 1l cm by . Y
2 am 2 cm
Parameter 10 finger 9 finger. Parameter Cell number
cell cell
D~1 D-2 D-3 D=4
Length of fingers (cm) 0.9736 1.949 ]
Sheet resistance 9 21 1500 380
Width of fingers (cm) 0.02 0.0055 by
Thickness of metal (cm) 0.00019  0.00019 . " -
Contact resistance 10 0.12 1.12 10
Spacing between fingers (em) 0.18 0.1056
Bus bar width (em) 0.0264 0.051
Resistivity of metal (fvem)  1.56x10-6 1.56x10-6
Table 3. Device parameters.
Parametenr Cell number
D-1 D-2 D~3 D-4
Base layer resistivity 0.1 Qeem 0.1 Qeem 10 Qecm 16 Q-cm
Thickness (mils) 6.0 10.2 ' 10.5 6.5
BSF Cell NO NO NO YES
Surface profile empirical empirical empirical 2x1020erfc
P 1 1 .
Lsurface Lnzinmbmed Lmin E(Lmin+Lmed) §{Lmin+Lmed‘
Lbase(um) 60 105 230 160(460%)
Junction depth (um) 1.0 0.72 : 0.57 0.2
SRV (em/sec) lO5 105 2xqu 5x10s
Q
Anti-reflection layer absent absent absent 595A Ta205
“Value actually used in calculations,
Table 4. Parameters of surface diffused layer,
Parameter Cell Number
D=1 D-2 D~3 Db
lo‘Fl lll( T llll v l”l 1 l(l' 1 lll' T llll 1 =
X5 Cum) 1.0 0.72 0.57 0.2 2 8 bl 1 1
e (en™%) 10?0 41020 o0 5020 N ;
z
- o -
Cp (en™®) g0 ggol® g0l 2x102° z 3
5 E
X, Cum) 0.4 0.20 0.07 0.0 § 3
§|o° 3
]Illlllll‘lll]lll“lIlllllllllllll
1o0l4 lole 10t8 1020
IMPURITY CONCENTRATION (cM%)
Figure 1. Model of the diffusion length and com-

parison to experimental data. A1] experimental
data are for p-type material except those marked
by triangles.
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Appendix 10.2 A TWO DIMENSIONAL ANALYSIS OF SHEET PESISTANCE AND

' CONTACT RESISTANCE EFFECTS IN SOLAR CELLSH

C. R. Fang and J, R. Hausep

North Carolina State University
Raleigh, NC 27650

ABSTRACT K

Most studiesof contact resistance and sheet
resistance effects in solar cells have modeled
these effects in terms of'a lumped resistance in
series with an ideal solar cell, The two-dimen-
sional nature of the distributed sheet resistance
from the surface layer, however, makes the accu-
rate modeling of a solar cell more involved than
a simple series resistance. If an ideal one~dimen-
sional solar cell has a dark current which varies
as exp(qV/kT), the terminal current of a cell
including sheet resistance will have a voltage
dependence which approaches exp{qV/2kT) at large
currents due to the sheet resistance ohmic volt-
age drops. This effect cannot be accurately
modeled by a lumped resistance. In this work an
analytical model and detailesd numerical calcula-
tions have been studied for describing the sheet
resistance and contact resistance effects in
solar cells.

INTRODUCTION

The important effects of contact resistance
and the sheet resistance of the surface layer have
been recognized for some time. Series resistance
effects are especially important in determining
peak efficiency and curve factor of a cell and are
of lesser importance in determining short circuit
current, open circuit voltage and spectral
response. Analytical studies have been conducted
by several workers [1,2] developing expression for
the series resistance to be used in modeling solar
cells. As discussed later these approaches all
have limited application because the two-dimen-
sional nature of the sheet resistance cannct be
accurately modeled by a lumped resistance unless
one is considering only small changes in voltage
about some operating point.

Figure 1 shows a typical solar cell structure
with a conventional contact finger geometry. The
front surface metal consists of a main bus bar to.
which metal fingers which collect the current are
attached, Such a structure has the following
major sources of resistance:

1. Bus bar metal resistance,

*This section.has been published in
the Proceedings of the Thirteenth
Photovoltaic Specialists Conference,

2. Finger metal resistance,

3. Front surface contact resistance between
metal grid and semiconductor,

L. Sheet resistance of the semiconductor
layer at the surface, .

5. Base layer bulk resistance,

6. Back surface contact resistance between
metal and semiconductor.

In particular solar cells any or all of these could
provide the major source of series resistance, but
for solar cells operating at 1 sun, the two major
sources of resistance are usually contact resis-
tance and surface layer sheet resistance. This
assumes that the contact metal grid structure has
been designed with sufficient thickness of metal
that voltage drops along the contact fingers are
small. This is readily done at 1 sun intensity.

For multi-sun operation it becomes more and
more difficult as the intensity is increased to
achieve a good contact grid design. The spacing
between the grids must be decreased as well as
decreasing the width of the contact stripes. Ohmic
drops along the contact fingers tend to become more
important under multi-sun conditions. The base
layer resistance can also become more important.
However for BSF (back surface field) cells in which

" the base layer is less than a diffusion length,
conductivity modulation effects in the base tend
to minimize base layer resistivity effects, even
under multi-sun conditions.

The major emphasis of this work has been on
the contact resistance and sheet resistance as they
dominated the solar cells studied. The two-dimen-
sicnal computer analysis, however, was designed to
include all of the effects discussed above except
for any bus bar resistance, i.e., the bus bar was
assumed to be at a constant potential.

SOLAR CEZLL MEASUREMENTS

There are three fundamental sets of terminal
I-V measurements which are influenced in different
ways by the series resistance and two-dimensional
effects. In the Zirst method the terminal I-V
characteristic.is measured under a steady 11lumin-
ation. These measuvemenzs may be made for AMC,
AM2 or scme other spectmum and under 1 sun or
multi-sun conditions. iIn any case by varying the
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load resistance the power quadrant of active
solar cell operation is obtained. The important
parameters determined from this are short circuit
furrent, open circuit voltage, efficiency, finl
factor, etc. This is of course the most impor-
tant final test of solar cell performance. For
the first order model of an ideal solar cell in
series with a cell resistance, this curve is
described By the equation

I=Isc-Io{exp[q(V-IRs)/kTJ-l}. (1)

wherg Isc' I_and R5 are constants for the cell
and illumination conditions.

In the second technique the dark forward I-V
characteristics are measured by applying a ter-
minal voltage and observing the current. If a
solar cell can be described as an ldeal diode in
series with some resistance, the current in this
Reasurement can be expressed as

I=I°{exp[q(V-IRs)/kT]-l}, (2)
where IO and RS are constants.

The third method referred to here as the
s -Voc method uses a varying illumination level
aBd measures open circuit voltage and short
circuit current. A plot of the corresponding
points then gives an I-V curve, which according
to the model of an ideal cell in series with a
series resistance can be expressed as

Isc=Io{exp(qV°c/kT)-l}. (3)

This method Has been used independetly by Heeger
[3], Wolf [1] and Queisser [4], The advantage of
this technique is that the effects of series resis-
tance are eliminated, according to first order
theories.

Figure 2 shows experimental data measured on
one particular solar cell by the two techniques
discussed above. Attention should be directed to
the regions of the curves for which voltage >0.5
volts. Below about 0.5 volts the curves ape-
dominated by depletion region currents and shunt-
ing resistance currents and the ideal diode theory
does not apply. The I -V data is seen to follow
almost exactly the expacted (See Equation (3))
exp(qV/KkT) dependence as indicated by the solid
curve. The standard dark current curve, however,
is seen to follow almost exactly an exp(qV/2kT)
Cependence. This cannot be described by Equation
(2) Sor any constant value of series resistance.

The type of behavior seen in Figure 2 has
Seen observed on a wide range of solar cells. The
ISC—V° data at large currents follows almost the
138a1%8iode behavior. Deviation from the ideal
exp(qV/kT) behavior are always observed at low
currents and are again observed at high currents
where high injection effects begin to occur. In
the region where the standard dark current data
begins to deviate from the I ~V__. data the slope
of the curve on a semilog grggh %nds to be almost
exactly one-half that of the I_ -V  data. This
type of behavior can only be eiglagged by the
model of an ideal diode in series with a resistor,
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8s for example Equation (2), if one assumes that
RS is a function of current level. A series
resistance which varies with current level has
indeed been found and reported by several workers
[1,5]. However, the almost exact factor of 2 in
the slope of the two curves leads to the suspicion
that there is some fundamental physical process
responsible for this and that the effect is not
simply a current dependent resistance. This is
indeed the fact as shown in the next section where
the two-dimensional nature of the sheet resistance

is shown to account exactly for this factor of 2

in-slope.

DISTRIBUTED SHEET RESISTANCE

The sheet resistance of the surface layep of
a solar cell is ¢éne of the most important, if'not
the most important, contribution to the pesis-
tance effect in solar cells. Figure 3 shows a
cross sectional view of a solar cell illustrating
the distributed nature of the surface layer sheet
resistance. Consider the dark I-V characteristics
of the cell generated by applying a voltage to the
terminals as in Figure 3. The current which
crosses the p-n junction must flow in a dirvection
transverse to the p~n junction to reach parts of
the junction away from the contact. This causes
a potential drop along the surface layer V(x).
This in turn causes regions of the junction away
from the contact be be less heavily forward
biased. For large voltages and high terminal
currents, the current density is crowded into an
area near the contacts and uniform current density
no longer occurs.

The current crowding problem described above
for solar cells is almost identical to that which
occurs in bipolar transistors due to base current
flow transvers to the p-n junction. In fact for
analysis purposes the solar cell looks like a
transistor with zero current gain. The current
crowding problem has been extensively studied for
transistors and the results can be readily applied
,to solar cells [6].

The current crowding problem can be thought
of as giving rise to some effective width, Lef‘ in
Figure 3, over which one can consider uniform ©
injection at the junction to eccur. The current
on each side of a finger can then be expressed as

IF=J°LFLeffexp(qV/kT), (4)

where L. is the length of the finger and L __ is
the effective distance over which current Bfsw
occurs. Of course at low voltages L f,;_.~»Sl_./2,
where S.. is the spacing between the ingers.
Equation (4) neglects the current due to the area
under the fingers and bus bar. This is usually

small due to the small metal coverage factor.

As the current density increases, the effec-
tive width decreases. When severe current crowd-
ing occurs, it has been shown that [6]

.
2k’1‘..F

heff -+ ——qDST - E;’: (s)



where Pgr is the sheet resistance of the’surface
layer, ¥his shows that the effective width
decreases inversely with total current, Combining
Equations (4) and (5) and solving for the total
terminal current gives:

I =/AJ0IT exp(qV/2kxT), (6)
where 2
m e @

ST

with h equal to the perimeter of the contact grid
pattern. Since current crowding can océur around
the entire metal surface, it is clear that h
should be the total perimeter of the contact grid
which includes both the contact fingers and the
bus bar.

Equation (6) has the correct voltage depen-
dence to describe the high current experimental
results as shown in Figure 2. The difference
between the I -V  data and the conventional dark
current data 1S s8Sn in this model to be due to
the sheet resistance, but the effect cannot be
simply expressed as a eonstant resistance in
series with an ideal solar cell. The current I
has a simple physical interpretatien in terms or
the measured I~V characteristics. If one solves
the ideal current equation

I= AJ_exp(qV/kT), (8)

and Equation (6) simultaneously, one finds that

I, is the intersection current of the twe curves.
Tgis provides a simple means of determining sheet
resistance from experimental I-V data. Two curves
are drawn as shown in Figure 4. One curve fitting
the I -V data and a second curve with 1/2 the
slope®Sf Be 1 -v data to describe the conven-
tional dark I~§cda%§. The intersection of the two
curves then determines I,, and from this the sheet
resistance is calculated'as

= Dol = (9)

where h is again the total perimeter of +he metal
area and A is the total solar cell area. This
technique has been used to'estimate the sheet
resistance of a number of solar cells with very
good results. The values obtained in this manner
have been used in a detailed two-dimensional
numerical caleulation with good results as dis~
cussed in detail in the next section.

A large metal sheet resistance can lead to |
4 second type of current crowding along the length
of the metal fingers instead of perpendicular to
the metal fingers as occurs when the semiconductor
surface layer is the limiting factor. This could
occur for an improperly designed contact structure
or perhaps in cells operating under multi-sun
conditions. This distributed cutoff effect along
the fingers will also lead to a2 dark current which
varies as exp(qV/2kT). The presence of this
effect can be predicted quite readily by calculat-
ing the expected voltage drop along the contact
fingers at any given current level, If the
expected voltage drop assuming a uniform current
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eollection along the fingers exceeds kT/q volts,
then one can expect a distributed resistance
effect due to finger resistance.

In principle, a solar cell could have distri-
Dbuted resistance effects due to both the semicon-
ductor surface ang the grid fingers acting simul-
taneously. In such a case the dark I-V charac-
teristic would be expected to have a slope of 1/4
that of the ISC-V°c data. This would lead to a
Furrent dependence of exp(qV/4kT). This type of
behavior was not observed in any of the cells
studied in this work. Typically one or the othep
distributed resistance effect will dominate » and

far the cells studied in this work, the semicon-
ductor sheet resistance was found to be the domi-
nant effect.

After accounting for the distributed sheet
resistance effect, the experimental data of Figure
4 shows a derivation at large currents from the
predicted exp(qVv/2kT) voltage dependence. This
excess voltage is identified as R!<I in Figure 4,
For all the cells studied in this“work, it has
been found that this excess voltage can be accu-
rately described by a constant resistance in series
with the terminal current. There are several
potential sources for this resistance such as bus
bar resistance, metal finger resistance, and front
and back surface contact resistance. For the
solar cells studied in this work, the metal-semi-
conductor contact resistance has been identified
as the most likely source of this resistance.
Detailed evaluatiens of this resistance are dis-
cussed in a later section.

An analytical model describing both the low .
current and high current distributed resistance
behavior of a solar cell can be constructed from
the two limiting cases of Equations (6) and (8).
Solution of the equation

12 4 Iy = I Tiexpla(V-R_'T)/kT],  (10)

where I° = AJ_ provides an approximation to the
current®at a17 voltages, Also included in Equa-
tion (10) is a lumped series resistance R! to.
describe the non-distributed resistance sﬁch as
.contact resistance.

It should be pointed out that although a
simple analytical model can be used to describe
the terminal dapk I-v characteristic, no such sim-
ple model is available fop describing the distri-
buted sheet resistance effects on illuminated
cells. ' The model of a diode in parallel with a
current source cannot be employed for the complete
cell when distributed resistance effects are domi-
nant. The only known technique for accurate calcu-
lations unde® these conditions is a two~dimensional
numerical technique.

COMPUTER CALCULATIONS

A detailed two-dimensional cemputer model has
been used to also ‘study distributed resistdnce
effects in solar cells. The model which has been
used consists of a ‘two-dimensional array of ideal
one-dimensional solar cells interconnected by
series resistance. An &ray of NX and Y points



between two grid fingers are used to locate an ele-
ment of the two-dimensional array. The number of
grid points in the X-direction is NX and the corrae-
sponding number in the Y-direction is NY. Figure §
shows the equivalent eircuit of the incremental two-
dirensional model where the current source and
diode is that of a one-dimensional model including
both optically generated current and forward bias
current. For the present work this current was
calculated from the tabulated current vs. voltage
values obtained from a one~dimensional computer
analysis. RS is the sheet resistance of the semi-
conductor sur?ace layer and R is the contact resis-
tance between the metal-semicOnductor interface.
The collecting metal is also assumed to have a
finite resistance Ry which is included between array
elements located on the edges of the grid fingers.

The distributive resistance elements can be
calculated from the following equations:

a. Sheet resistance: RM-1=RH+1=RST %é, (10)
b, Sheet resistanca: RM-NX=RM+;Q=RST%§3 (1)
e. Contact resistance: Ré = RC/AC, (12)
d. Metal resistance: Rﬁ = RM %—3 (13)

where AX and AY are the spacings between grid poimts
in the X- and Y-direction respectively, R.. is the
sheet resistance in_f/square, R. is the cBihtact
resistivity in 9~cm2, and R, is“the metal resistiv-
ity in fecm. A, is the incremental area of the
metal contact aid T is the thickmess of the metal
contact grid.

Any bulk resistance R% in Figure 5 which
arises from the bulk resis 1vity of the base layer
need fiot be included here, sinée it is already in-
cluded in calculating the one-dimensional I~V char-
acteristics. Also the distributive base resistance

in Figure 5 can be usually neglected, since
most solar cells are covered with an ohmic contact
over the entire back surface.

The bus bar is assumed to be at a constant
potential which equals the terminal solar cell vol-
tage. The voltage of all other grid points can
then be calculated from the simultanecus solution
of the node voltage equations at each grid point.
Details of the solution method are discussed else-
where [7].  The input data to the two-dimensional
computer program consists of the one-difmensional
I-V data plus structural data on the contact fin-
ger arrangement. An iterative solution tecfinique
based on a modified Newton-Raphson technique has
been used to solve the nonlinear coupled node equa-
tions. Calculations have typically been made until
the voltage is accurate at each array point to less
than 10-4% volts.

The two-dimensional program provides calcula-
ted values of voltage and current density at each
hode point between the grid fingers as well as pro-
viding terminal I-V calculations including the dis~
tributed resistance effects of the solar cell.

- 0.07 um.
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COMPARISON OF THEORY AND EXPERIMENT

The results of the two-dimensional calculations
have been compared with experimental data for a num~
ber of different solar cells. Results are reported
here for three specific solar cells with widely
varying sheet resistance values.

The first requirement for modeling the distri-
buted resistance effects is to have an accurate
mode) or representation for the intrinsic properties
of a one-dimensional solar cell neglecting these
effects. In this work this was obtained from a
computer modeling of the one-dimensional solar cell.
Details of this work are reported elsewhere [8].

For the purpose of this work it can be stated that
the one-dimensional calculations were found to agree
very well with the experimental I__-V__ data such
as shown in Figure 2. Thus for the pﬁgposes of this
present work, the I__~V__ data can be taken as the
one~dimensional solZf 21 1-v characteristics used
in the two-dimensional computer calculations.

Figure 6 shows measured I-V data for a good
solar cell in which there is little difference in
the measured I_ -V data and the conventional dark
current I-V da®S, °Fhis cell had a junction depth
of 0.7 ym and a base layer of 0.1 Q+cm resistivity.
The sheet resistance and contact resistance values
which give the best agreement between theory and
experiment are 21 /0 and 0.12 R, respectively.

The calculated points in Figure & show very good
agreement between theory and experiment.

Figure 7 shows the corresponding agreement
between theory and experiment for the same cell
under AMO, 1 sun illumination. The agreement is
again very good. Because of the small resistance
values, good agreement can also be obtained for
this cell using a lumped series resistance model.
Data for a solar cell with a larger value of sheet
resistance has been previously shown in Figure 2.
This particular cell had a junction depth of about
Q.3 ym, resulting in a sheet resistance of about
40 240, When this was used along with a contact
resistance of 0.2 @ good agreement between theory
and experiment was obtained from the two-dimensicnal
calculations. Figure 8 shows the good agreement
between theory and experiment in this case.

Fipally data for a solar cell with a very
large sheet resistance and contact resistance are
shown in Figure 9. This data can only be explained
by severe current crowding. This cell had a june-
tion depth of 0.07 uym and the value of sheet resis-
tance which best describes the experimental data is
8200 2/3. The sheet resistance is somewhat larger
than would be expected from a junction depth of
However, with such a shallow junctienm,
the junction depletion region may occupy a large
part of the layer accounting for the large sheet
resistance. The contact resistance at the front
and/or back surface was also found to be large at
a value of about 2.84 1. Some of this large value
may arise from the back surface contact to the
10 Q-cm base layer of ‘this particular cell.

Although not shown, even with such large
values of sheet resistance and contact resistance,



the agreement between theory and experiment for the 168
illuminated characteristics are very good. For

such large resistances it is not possible to obtain

good agreement 'between theory and experiment with-

out the use of the detailed two-dimensional compu-

ter analysis of the distributed resistance effects.

g sAR
SUMMARY AND CONCLUSIONS — A

FRONT CONTALT

In this work the two-dimensional nature of the
sheet resistance and contact resistance effeets in
solar cells has been discussed. One of the major
results of this work is the demonstration, both 12 » sast Lamin . acx
theoretically and experimentally, that the distri- couTaCY
buted nature of the semiconductor sheet resistance
causes the terminal dark I-V characteristics to
exhibit an exp(qV/2kT) type dependence even when
the one-dimensional characteristics of the cell
exhibit an exp(qV/kT) type voltage dependence. The
analytical model developed also provides an easy
method for estimating the sheet resistance of a Figure 1, Solar cell with conventional contact
solar cell from the terminal I~V data. finger arrangement.

When the distributed nature of the sheet resis-
tance is important in the terminal I-V character-
istiecs it is not possible to accurately model a
solar cell by an ideal diode and current source in
series with a fixed resistance. A two-dimensional
computer analysis using an array of grid points can
be used to accurately model the solar cell. The
results of such an analysis are in agreement with
the analytical model developed here for the dark
I-V characteristics of a cell. The computer analy-
sis has been found to be in very good agreement
with experimental results of sheet resistance and
contact resistance effects for a wide variety of
solar cells. By comparing theory and experimental
results it has been possible to determine semicon-
ductor sheet resistance and metal-semiconductor
contact resistance for a number of silicon solar - &
cells. o 1 L
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Appendix 10.3
Impurity Gradients and High Efficiency Solar Cells®

~C. R. Fang and J. R. Hauser

North Carolina State University
Raleigh, NC 27607

ABSTRACT

One potential means of improving the efficiency of solar cells
especially after space irradiation is to incorporate built-in fields
into the device through the use of impurity doping gradients.
Previously published papers have indicated an improved minority
. carrier collection efficiency and improved efficiency when doping
gradients are present. In this work a detailed numerical calculation
of solar cell performance has been used to study various types of
doping gradients. In general the predicted improvements in performance
have been less than previously reported due to various device effects

such as high injection and the dependence of .lifetime on doping density.

*This section has been accepted for publication in Solid-State Electronics.
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I. INTRODUCTION

There have been a number of theoretical investigations into the
efficiency of drift field solar cells in recent years [1-4]. In these
earlier investigations the emphasis has hren on the calculation of
collection efficiency as a result of including drift fields, with some-
'what different approximations in lifetime, mobility and other important

parameters. Wolf [1] was the first to demonstrate that a surface drift
field helps the short wavelength response and to show that a base field i
can considerably reduce the effects of radiation damage and increase

the useful life of solar cells. In 1967 Bullis and Runyan [3] found

that there exists an optimum field width which is approximately twice

the diffusion length or about 25 ¥ whichever is shorter in n+—p cells

for maximum collection efficiency. Van Overstraeten, et al. [4] have
shown that the advantage of the drift field is mainly determined by the
layer closé to the collection junction. To obtain higher collection
efficiency, the magnitude of the drift field should be high, at its optimum
width and the doping density should be as low as possible.

In considering impurity doping gradients, it is useful to distinguish
two somewhat different types of doping gradients. First, if the doping change
is very rapid, space charge regions form. On the other hand if the change
in doping density is very gradual, a state of quasi-neutrality exists at
every point and a built—ip electric field is produced thfoughout the bulk

of a solar cell. A gradient sufficient to give rise to a space charge

[ i
region will be referved %% here

e/

as a high-low junction while a gradual

change in doping will be féférrﬁA,to as a drift field region.
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Despite the theoretical predictions of the drift field enhancing
the collection efficiency, the advantages of drift fields are still
unconfirmed experimentally, especially with regard to total conversion
efficiency [5]. The purpose of this paper is to explain the physical
mechanism governing the operation of drift field cellsand the discrepancies
of those earlier results. The emphasis is on maximizing the total conver-
sion efficiency as a result of including the base field. In this paper
. the major mechanisms which'tend to limit the conversion efficiency due to
the incorporation of drift field in Si solar cells are discussed.

The use of a high-low junction in éolar célls is a more recent
innovation than the drift field concept. However, the advantages of such
abrupt doping gradients have been experimentally demonstrated and incor-
porated into the design of high efficiency solar cells. Basically the
high-low junction near the back surface prevents minority carriers from
reaching the back ohmic contact and thus acts as a minority carrier

reflecting boundary [6].

II. FIRST ORDER THEORY

The structure of the basic solar cell to be considered here is
shown in Figure 1. The n+ surface layer is a thin (0.1-0.5 um typically)
heavily doped layer which may have a doping gradient. The p-type base
layer is shown with a high-low junction near the back ohmic contact and a
wide, dgift field region. Because of the major role of the base layer
properties in determining solar cell performance, the discussion here
concentrates on the base layer.

Within the drift field region of the base, excess minority carrier
electrons (n) are controlled by the basic drift—diffusion‘and continuity

equations which when combined into a single equation for steady state gives
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De -
d™n n dn d 1l .- _
Dn ;1-}'(—2— + ['-d—x" + ].lnE] 'a‘)z‘ + [a‘x‘ (UnE) - ;;" In '*: G =0, (1)

where G is the optical pair generation rate. For a general doping profile
Equation (1) must be solved by numerical techniques. Also the dependence
of mobility Hy and lifetime T, °on doping density complicates the solution.
The special case of a constant electric field (exponential doping
profile) with constant T and Hy has beeﬁ frequently used for drift cells
and provides certain insight into drift cell operation. If the simpler

equation for these conditions

o. -~ -
d™n dn n R ,
Dn;{—2+ }JnEa;-———'i'G-O, (2)

is considered, an exact solution can be obtained of

A=A exp(x/Lh) + Ay exp(-x/17) + G, (3)

where 11 = /(1/Ln)2 + (qE/2KT)?  (qE/2KT). ()

The basic theory behind the drift field solar cell is that the electric
field increases the collection depth for optically generated minority
carriers within the base layer since L+>Ln'

The value of a constant dpift field can be written as

E:E-—l%-'klgn (.ItIz) ([)
QN dx T qi N °

where W is the width of the drift field region and N2, Nl are the doping
densities at the ends of the dprift field region. The ratio N?/Nl is
limited in value to around lO5 in practical cases and this sets an upper

limit to the field which can exist. From Equation (5) it is seen that the
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largest field occurs when W is as small as possible. However, if W becomes
less than L+, Equation (4) begins to lose meaning since the field doesn't
exist over the assumed dimensions. Thus by setting W larger than or equal to

L" and combining Equations (4) and (5) a limit on L' can be established as

+
L <Ln /I+zn(N2/Nl). (6)'

With a ratio of lO5 for N2/Nl this gives L+<3.54 Ln. Thus an enhancement in
collection depth by a factor of about 3 for the conditions stated above
is the most that can be realized due to doping density limitations.

Previous studies of drift field cells have concentrated on the
improved collection efficiency. Equally important in determining solar
cell efficiency is dark forward current and open circuit voltage which,
according to first order device models, are related as

I dapk = exp(qV/kT) (7)

_ kT

Voo = g 40U, /30, (8)

where Jsc is short circuit current density and JO is a function of device
geometry, and material parameters. For a drift field cell with constant

mobility

qD n.2 qD n.2
g = -—n _i n

1
o + N VIR o 7N N
L 1 Ln lﬁ%n(NQ/Ni) 1

(9)

For a large open circuit voltage, JO should be minimized. A large drift

"

field requires that N, be large and N, be small, while Equation (9) shows

that this is far from the condition for minimum dark current where Nl should

be as large as possible. Thus large‘drift fields and minimum dark current
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are incompatible objectives. Fop many potential drift field designs,
it appears that increases in dark current almost completely eliminate
any increased collection efficiency due to the drift field.

The previous considerations have been for cells with a base layer
thickness large compared with a diffusion length. These considerations
must be modified considerably if the cell thickness is comparable or
less than the diffusién length. For such thin cells, the diffusion
length is not the majo;yfagtor determining collection efficiency and a

\

\
back surface high-low junct%on has been found to be effective in increasing

the efficiency of such ceiig. Q“

The purpose of a high-low junction such as shown in Figure\i is to
prevent minority carriers created eithep by light or forward injection
from recombining at the back surface. The high-low junction interface
can be characterized as a low surface recombination boundary to the base
layer. vThe high-low junction is most effective for solar cells in which
the base width is less than a diffusioﬁ length. As discussed elsewhere
[6-81, the high~low junction can be very effective in reducing back surface
losses, giving a collection depth approximately equal to the total cell

thickness. An ideal high-low junction minimizes dark current and maximizes

short circuit current and open-circuit voltage simultaneously.

III. NUMERICAL CALCULA'I;IONS
In order to investigate in detail the ideas discussed above, a series
of calculations have been made of solar cell performance with various types
of drift fields and high-low junctions. The analysis consists of a detailed

numerical solution of the semiconductor device equations. Details of the
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Figure 1. Structure of the solar cell with base drift field.
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modeling and solution techniques have been discussed elsewhere [9].
The solutions include all types of nonlinear device effects such as
high level injection as well as doping and field dependences of device
parameters.

In any comparison of solar cell performance with and without drift
fields, the type of cell and the parametefs which are held constant in
the analysis are very important. In this work the approach has been
as follows. Since a uniformly doped.base layer solar cell with a back
surface high-low junction has so far demonstrated the highest experimental
efficiencies; the approach has been to take this cell as a reference cell
and to see if other types of dopingqgradients improve:the efficiency.
The analysis has been performed for a céll with the device parameters
listed in Table I. The density of 2x1019/c;n3 is chosen as a constant
‘surface density, since this is approximately the highest doping density
obtainable after considering heavy doping effect which doesn't produce
any retrograde surface field [9,18},

Si0 is used as the antireflectiép léyer in its optimum thickness of
800 K where it allows 45,4 mA/cm2 currént'density to be available for
collection. Despite the short wavelength absorption.in 8i0, it makes
little difference in the collection efficiency of the base layer 31nce
most of the short wavelength photons are absorbed in the surface layers.
To avoid problems in 1nterpret;ng the results, heavy doping effects were
not considered throughout thiszork.u However, such effects as bandgap
reduction would not significanfly_change'the results because of the low dopiug
density used for the surface layer in the calculations. The irradiance condition

used is AMO and total optical reflection at the back ohmic contact was assumed.



TABLE I.

DEVICE STRPUCTURE PARAMET

ERS
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Overall cell thickness

n" surface thickness

p base thickness

p" thickness o
n' surface doping J
p base doring

pT doping
Lifetime model
Surface recombination velocity

Antireflection layer

Irradiance

150 um

0.2 ym
144.8 um

5 pum

2 x 10%%/cn®
Optimized
1019/cm3
Iles [10]
10% cm/sec
Sio, 800 X
AMO

TABLE II. RESULTS OF SOLAR CELL CALCULATIONS FOR DIFFERENT

DIFFUSION LENGTHS AND DIFFERENT DRIFT FIELDS

_3 __3 J

EB LD Nl(cm ) Ng(cm ‘) e oc n CF Jo JR ,
(V/cm) (mA/em?2)| (Vorts)] (%) (mA/cm?) (A/cm®)
0 |Max|5.6x1016 |s5,6x1016 42.40 | 0.690 |18.19]0.882|u.4ux10"13]2,87x10-10
10 |Max]3.2ux1017|9,9x1014 42.79 | 0.693 |17.79]0.812|1.45x210~12]3.73x107L0
20 |Max|6.49x1017{6.0ux1012| u2.82 | 0.698 {17.60]0.798]6.2ux10~11}1.11%10~9
0 |Med|ox1016 gx1016 35.82 | 0.623 |13.70/0.830|7.u43x10-13{2.96x10~°
10 |Medl3.6x1017 {1.1x1015 40.83 | 0.561 |13.71]0.810{7.19x10~11|1.92x10-8

20 {Med]7.2%x10Y7 |6.7x1012 42,09 | 0.52u |11.79(0.724|u.29x10-9 |7.7x10-8
0 |Min|sx10l7 5x10L7 22.63 || 0.613 |8.39 [0.818]4.69x10-12{2.77x108
10 |Min]2.921018 [g.8x1015 | 27:13 | 0.501 |7.91 {0.787|u.12x10-10]3.30x10-7
20 |Min|5.8x1018 |s5.4x1013 31.29 | 0.385 |6.35 [0.713]7.53x10"8 [1.83x10~°
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Another very important factop in any solar cell study is the assumed
relationship between diffusion length, op lifetime, and doping density.
Three different relationships as shown in Figure 2 have been used in this
work., These curves are based upon experimental data by'Iles, et al. [l;]
with the top and bottom curves representing limits near the top and bottom
of measured diffusion length data, while the middle curve represents values
near the center of the measured range. These curves are convenient for the
150 um cell thickness since the three curves represent, at light doping
densities, cases where the diffﬁsion length is much larger, approximately
equal and much less than the total cell thickness. The behavior of the
cell and the importance of drift fields depends on which of these three
cases is considered.

For a given cell thickness and given diffusion length curve, there
is an optimum uniform base layer doping density which results in maximum
efficiency, and this condition was first determined. Table IT (E = 0 case)
lists the optimum uniform doping density for maximum efficiency and the
corresponding device parameters for the three diffusion length cases. Also
shown in Table II are performance parameters for cells with drift fields
(EB) of 10 and 20 V/ecm. For each different LD case the average doping density
remains constant as the field increases.

Nl and N2 are the doping density near the high-low junction and P-n
junction respectively. It is clear that the collection efficiency as
measured by I sc indeed increases after building in the drift field with
the larger increase for the lower base layer dlffu51on length. For the
minimum LD case ISc increases from 22.6 mA to 31.3 mA as the drift field

increases,
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Figure 2. Model of the diffusion length as a function of the doping density.
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Figure 3 shows the minority carrier current density as a function of
position in the base region for the calculations of Table II. It can be
seen in the table that the increase in collection efficiency is very
limited for the maximum diffusion length used here which is already
larger than the base width, Figure 3 shows that the collection distance
can be effectively expanded all across the base layer with the appropriate
drift field for the case of the medium diffusion length. The curves fon
the minimum diffusion length indicateza much smaller increase in collection
depth. Since collection occurs only over part of the base, this suggests
that an improved cell can be obtained by grading only over part of the base
layer near the p-n junction. This has been verified and is discussed later.

With the inclusion of the base field, the doping density near the p-n
junction (N2 of Table 3) is inevitably reduced assuhing that the average
doping density remains constant. This reduction in doping density has
profound effects on the cell operations. In analyzing the calculated results

the dark current was approximated by an equation of the form
J = Jg exp(qV/kT) + Jp exp(qV/2kT). (10)

The JO and JR values which give the best fit to the calculated dark current
curves are listed in Table II. The forward injection current density as
evidenced by the JO term increases as a result of lowering the injecting
barrier, and this typically results in a reduced open circuit voltage as also
seen in Table II. The depletion layer expands which leads to a larger space
charge recombination current density as evidenced by the increased JR term,
Third, and perhaps most importantly is the fact that high injection may
easily occur at a voltage well below the operating voltage of the maximum

power point.
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In Table III the transition voltage Vg between the low and high

injection regions is calculated from the equation

N o= EI
VH =2 q

2a(Ny/n,). (L1)
The table also shows the transition voltage V§ where the depletion region
current equals the ideal injection current density. It's clear that the
cell is operating at a voltage well above the high injection limit for

the case of 20 V/cm for both the maximum and medium diffusion length cases.
The high injection effect is the major reason for the reduction of the curve
factor CF in Table II and the overall drop in conversion efficiency.

Although there is a small reduction in CF due to the increased depletion
region recombination current density, the major reduction is due to the
deterioration of the open circuit voltage as a result of a much highen
forward injection current density. The increased dark current which is
predicted by the approximate model of Equation (9) due to a decreased Nl
is definitely verified by the computer calculations,

From the vesults of Table II several conclusions can be drawn with
regard to solar cells with the same average base doping levels. First, a
drift field enhances the collection efficiency with the largest changes
occurring when the diffusion length is much less than the base layer thickness.
Second, almost all of the increased collection efficiency is offset by
increases in dark current and a reduced open circuit voltage. Third, for
large drift fields, operation near the pP-n junction tends to be in the
high injection region which further tends to reduce efficiency due to a

reduced curve factor.
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Table IV shows calculations:for cells with the same electric field
but with different average base layer doping densities. In comparing
this data with that of Table III, it is seen that the highest efficiengy
results from a compromise between retaining a large open circuit voltage
and achieving an enhanced collection efficiency due to the drift field.
The calculations have shown that for highest éfficiency the doping density
near the p-n junction should be kept near the value which gives highest
efficiency for a uniférmly doped base layer.

A series of calculations have been made to determine the optimum drift
_ field conditions for highest effieicny for the three different lifetime
cases., The general impurity profile considered is shown in Figure 4. The
nf surfaé% layer is taken as uniformly doped at 2xlOlg/cm3.~ The back surface:
p+ layer ié also uniformly doped at‘lolg/cma. The base regién wésvassumed
t5'ﬁave'a constantly doped region near the back p+ region of varying doping
density NW' The graded doping'region was varied in width and-type of dopiﬁg
profile to study the effects on overall efficiency. The types of doping
profiles studied were 1) constant, 2) exponential and 3) erfc. The erfc
.profile gives the largest electric field at the p-n junction while the

exponential profile gives a uniform electric field.

i

¢ -5
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TABLE III.

- COMPARISON OF TRANSITION VOLTAGES V:

186

AND Vﬁ WITH THE

R
OPEN CIRCUIT VOLTAGE Voc AND THE MAXIMUM POWER VOLTAGE Vm
. o %
EB LQ VR VH VM ~ oc
(V/cm) (volts) (volts) (volts) ’ “1‘*'(«1‘101;5 )
0 Max 0.334 0.780 0.600 0.690
10 Max 0.286 0.572 0.5397 0.693
20 Max 0.148 0.309 0.594 0.698
0 Med 0.428 0.805 0.450 0.623
10 Med 0.288 0.577 0.4ul 0.561
20 Med 0.149 0.315 0.413 0.524
0 Min o.44y8 0.893 0.309 0.613
10 Min 0.346 0.685 0.427 0.501
20 Min 0.165 0.422 0.301 0.385
TABLE IV, dALCULATED PARAMETERS FOR CELLS WITH
DIFFERENT AVERAGE DOPING DENSITIES
Nl N2 Jsc voc ~CF n
( -3, -3 2 9
cm V) (em ) {(mA/em”™) | (volts) (%)
Max L ) ,
’ 3 17 15
EB= 3.14x10 1.15x10 42.63 0.689 0.839 18.21
EB= 3.02xlOl7 5.6XlO1b 42,28 0.694 0.844 18.29
Min LD
EB=10 1.37x1020 5xlOl7 23.28 0.617 0.818 8.69
EB=10 5.87x1018 2.5xlO16 26.61 0.530 0;790 8.23
EB=10 l.37x1021 5XlO18 18.53 0.674 0.824 7.60
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Table V shows.calculated results for cells with the maximum LD values
for different doping profiles. For these large values of LD the diffusion
length is larger than the cell thickness and therefore the drift field
width was taken as equal to the cell thickness. The field is seen to have
little effect on cell efficiency giving an increase from 18.19% for a BSF
cell to only 18.29%. Larger fields than those shown in the table were

found to give lower efficiencies because of reductions in open circuit

voltage.

Calculated results using the medium diffusion length case are shown in
Figure 5. In this series of calculations the doping density was varied
exponentially between 9x1016/cm3 at the p-n junction to lOle/cm3 at the
edge of the drift region (W). The width of the drift region was varied
from 20 um to 100 um with the results shown in Figure 5. The peak
efficiency is seen to occur when the drift field exists over about 40 um.
This peak value of 14.64% is slightly better than the 13.70% obtained without
the drift field.

Similar calculations to those shown in Figure 5 have been made with the
graded region doping varying between 9x1016/cm3 and lOlg/cms. The results
as a function of width of graded region are similar to those of Figure 5.
The major differences are a peak efficiency of 14.70% for a graded region

width of about 80 um.
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TABLE V. COMPARISON OF CELLS WITH DIFFERENT
DOPING PROFILES (W=14%4.8 ym, MAX )
N, N, I v CF n
Doping Profile (cm-a) (em” 3) (mp/ cm2) (volts) (%)
Constant 5.6x20°% | 5.6x1016 42,40 0.690 | 0.841 | 18.19
Exponential 3. oleo” 5. (SxJ.O16 42.28 0.694 0.844 | 18.29
Exponential 1.15x20%8 | 5.6x10%6 42.20 0.695 | 0.844 | 18.29
Erfec 10t7 5.6x1016 42,73 0.692 | 0.835 | 18.214
Erfe 1018 5.6x107° 41.72 0.699 | 0.845 | 18.90
TABLE VI. MAXIMUM CALCULATED EFFICTENCIES
LD W E ¥*e7§0 oc CF n
(um) (V/cm) (m&/em™) (volts) (%)
Max 14,8 3 42,28 0.694 0.844 18.29
(0) (42.40) (0.690) (0.841) (18.19)
Med 80 15.3 86.61 0.650 0.836 14.70
(0) (35.82) (0.623) (0.830) (13.70)
Min 10 77.9 24,70 0.635 0.820 9.50
(0) (22.63) (0.613) (0.818) (8.39)
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Calculations for the medium diffusion length case using an ernfc
doping profile between the same doping limits as used for the exponential
doping have also been made. The results are very similar to those shown
in Figure 5. For an erfc doping profile between 9x1016/cm3 and lOls/cm3
the peak efficiency was calculated as 14.62% which is slightly less than
the 14.64% value obtained with the exponential doping. For the erfec
doping profile between 9x1016/cm3 and lolg/cm3 the peak efficiency was
found to be 14.76% at a graded region width of about 100 um. 'This efficiency
is slightly larger than the éorresponding value for the exponential profile.

Calculations made with the minimum diffusion length curve of Figure 2
have given results similar to those discussed above. The largest calculated
efficiencies were found to “occur when the dopingAdensity was graded between
leOl7/c’i’qm'3 at the p-n junction to lolg/cm3 at some distance W from the
junction. Optimum values ofiw were found to be about 10 um for the
exponential grading and about 5 um for the erfc grading with peak calculated
efficiencies of 9.50% and 9.u5% respectively.

In all of the calculations, the maximum efficiency has been observed
to occur when the width of the dujft region is approximately twice the
diffusion length. This appears to be the best compromise between enhanced
collection efficiency and increased dark current.

The maximum efficiencies in various drift field type cells calculated

~ in the preéent study are shown in Table VI. Shown fop comparison purposes

(in parenthe81s) are the maximum efficiencies for cells with unlformly
doped base layers. These values may not represent absolutemaximum values
since optimization studies wepe not done on all possible parameters. However

they should be close to the efficiency enhancement to be expected in drift
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field cells. The largest improvements are observed in cells with low

diffusion lengths which is to be expecfed. Ho&évep the imprqvement
which can be achieved is fairly limited. This is consistent with the
first order models of Section II which show that the collection depth
can only be improved by about a factor of three. The major limitation,
however, is the increased dark current and iowered open circuit voltage
which tends to accompany any attempt to build in a large drift field

through the use of doping gradients.

IV. RADIATION RESISTANCE
One of the major reasons for considering cells with built-in fields
is the potential for improved radiation resistance. This is consistent
with the results of the previous section where it was shown that the drift
field had the largest improvement in cells with low diffusion lengths,
The degradation in lifetime with radiation flyence ¢ is normally

modeled by an equation of the form

A=

=%—+ Ko - - (12)
o . ' ‘

where T is the initial lifetime and K is a damage cdefficient, which may
change with doping density and radiation dose. In the present calculations
for electron irradiation, K has been taken as a constant and of vaiue
3.2x10_9 cm2/sec.

To investigate the expected degradation in efficiency, calculations
have been made on three different cells with the basic device parameters
of Table I. In the first cell the base region was uﬁiformly doped at

5.6x1016/cm3. In the secdﬁd cell an exponentially graded region from
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5.6x10]f6/cm3 to lo;g/cm was taken over a distance of 54 um, while in the

third cell the graded region width was taken over a distance of 18 ym.
The calculated changes in maximum efficiency with electron fluence are
shown in Figure 6. It is seen that the drift fields do improve the
efficiency for large radiation doses. The graded width of 54 pm and

18 ym.were selected as approximately twice the diffusion length after
total doses of lO15 and lole/cmz'respectively. The cell with a 54 um
graded region‘is seen to be best at'lols/cm2 and the 18 um cell %s best
at_lO'i-B/'cm2 as expected from the selection of graded region widths.
Other potential devices have also been studigd and in all cases an
enhanced radiation resistance could only be achieved at the expense of

the initial cell efficiency.

V. CONCLUSIONS AND SUMMARY

In this work a detailed numerical computer analy;is ﬁrogram has been
used to stud§ the efficiency of silicon solar cells with various internal
drift fields achieved by use of doping gradients. In agreement with
earlier wopks, it has been found that a drift field can be used to
significantly enhance the short circuit current of solar cells with short
diffusion lengths.L However, these improvements are to a large extent offset
in terms of peak efficiency by increases in dark current and by reductions in
curve factor when a drift field is present.

For a given ratio of doping density across the drif£ field region,
there is an optimum width for the drift field region. The oﬁtimum width
was found to be on the order of twice the diffusion length when the
diffusion length is less than the cell thickness. When the diffusion
length is larger than the cell thickness, very little improvement was

¢

found in efficiency due to the drift field. This conclusion holds only
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for cells with a high-low junction at the back surface and larger

improvements are observed for n+-p cells with a back surface ohmic
contact.

. The galculations indicate that drift field cells can have somewhat
higherﬁefficiencies after electron irradiation than similar celis with-
out the drift field. However, this is obtained only at the expense of

lower initial efficiencies.
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Appendix 10.4 Two-Dimensional Model of a Solar Cell
A\ [y
10.4,1 I;nfc‘@i—o/ﬁ

A solar cell is in general at least a two-dimensional device. One

[,

dimensional is parallel to the p-n junction where the light-generdted cur=
rent £lows,while the other dimension is perpendicular to the p-n junction.
Although the optical currvent may be uniformly generated over the junction
area, the surface current densi%& is. non~unlformly distributed over the
active area. The sheet re31stance and contact resistance which are tra-
versed by the surface current density are thus functions of the relative-
location of a given area to the finger contact. All these considerations
add to the complexity of a solar cell and require the use of a two-dimen-
_8ional model For an accurate analysis of the terminal properties of a
solar cell,

The equations of éﬁe'two—éimensional carrier flow and its associated
phofovoltaic.potential have been previously develeped in analytical form
[1-3]. Since the equations ‘are non-linear functions of the current density
and series resistancé, théy can only be solved in closed form under very
stringent assumptlions such as low light levels or specimens with special
contact shapes. Hence ghe use of closed form‘equations is very limited.
In this chapter a general two-dimensional model for solar cell analysis
is proposédﬁand developed. A comparison of the calculated results to

experimental data is also presented.

10.4.2 Distributed Resistance and Current Density Model of a Solar Cell

The distributed resistance and current density model considered here

is actually a two-dimensional array of ideal one-dimensional solar cells
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interconnected by series resistance. Shown in Figure 10.lis an array of

‘NX and NY points between two grid fingers which are used to locate an

element of the two-dimensional array. The number of grid points in the
X-direction is NX and the corresponding number in the Y-direction is

NY. Figure 10.2shows the equivalent circuit of the two-dimensional model.
Figurelo,g'show; the diéfrigﬁtive resistance and current mddel at each grid
point where the current source is that.of an ideal one-dimensional model
including both optically generated éurrent and forward b%as current.

For the present work, this current is calééiated from thev%abulated current
vs. voltage values obtained from the one-dimensional computer analysis. RST is
the sheet resistance on the surface and Rc is the éqntact.resistance between
the metal-semiconductor interface. The colleefing metal is also assumed

to have a finite resistance RM which is included between array elements
located on the edges of the grid f,ipgers.

The distributive resistance elements can be calculated from the

following equations, i
. 4
X AX 7
a. Sheet resistance - RN__l = RN+l = RST N 4 ﬁ (1al)
| J
. “AY ra
b. Sheet resistance RN—NX = RN+NX = RST NG ‘ . o (102)
¢. Contact resistance Ré = RE/AC’ ‘ (10.3)
d. Metal resistance R& = RM i (10.4)
C

where AX and AY are the spacings between grid points in the X~ and Y-

direction respectively, R, is the sheet resistance in Q/@, R. is the

ST c

contact resistivity in Q-cmz, and R, is the metal vesistivity in Q-cm.

M

AC is the incremental area of the metal contact and T is the thickness of

the metal contact grid.
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Figure 10.l. Array of Grid Points used for Two-Dimensional Solar |
Cell Calculaticn.
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Figure 10.2. Equivalent circuit of a two-dimensional solar cell.
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VN4+NX

Figure 10.3.. Two-dimensional array of one-dimensional cells
interconnected by series resistances.
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Any bulk vesistance RBl in Pigure 10.2 which awnises from the bulk
resistivity of the base layer need not be included heve, singe it is
already included in caleulating the one-dimensional I-V characteristics.
Also the distributive base resistance RBQ in Piguye 10,2 can be usually
neglected, since most solar cells ave covered with an ohmic contact
over the entire back surface,

The bus bar is assumed to be at a constant potential which eqﬁals
the terminal solar cell vdltage. The voltage of all other grid points
then can be caleulated from the simultaneous solution of the node
voltage equaticns at each grid point.

The node voltage equation can be wrnitten for each point of the arvay
in the active area (Bquation (L0.5)), for points under ‘the grid contact
(Equation (L0.6))and for the points on the grid pattewn (Equation (10.7))

FLVQN) J=VEN) [6{N-1) 4G (N1 )+G QN ) 4G (N -NX) =V (N-1)+ Gl-1)
-V(N+l)-G(N*“?L.)’—V(N-NX)'G(I\I~NX)~V(N4-{}I§5)G (NR-T LV () 1=0 (10.5)

PEV(M)]=V(M)[G(M-—l)+G(M«NX)/2+G(M+NX)/2+GC(M)]—V(M-l)-G(M—l)
=V (M=NX 1 BOI-NX ) /2-V(H4NE D CMHNY ) /2-GC (M)-V(P)-IMEV(H) 1=0, (10.6)

FLV(R) =V (PY [BCQM)+GF -V(P=1)+GE +V(P+1) J=V(P=1) GE-V (P4L) «
GF-GC(NM) V(M) =0. (10.7)
The task now becomes a problem of solving a system of (NX+2)(NY+l) simul-

taneous equations in the same number of unknowns.
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10.4,3 Numerical Algorithm

The computer algorithm which has been used to solve this system of
simultaneous equations is an iterative solution technique based on tﬁ;
modified Newton-Raphson method. A brief discussion of this technique
follows.

The Newton-Raphson method can be derived from a Taylor series
expansion. For a single function f(x) = 0, the algorithm used is

X = xi—f(xi)/f'(xi) where x. . is the approximate value at the

i+l i+l

(i+1)th iteration. For two coupled equations with two unknowns fl(x,y)=0

and f2(x,y)=0, the algorithm can be written as

£, (x ) ———-——————afl(xi’yi)
l i!Yi 3 8 y
= 1
41 7% 73 . (10.8)
£, (x ) ifgffi:zii
2 %2517 Ty
ifiﬁfi:Ziz. £(x,y.)
1 3 x > FNRgYy
Yit1 T Y1 © 7 , (10.9)
Bfl(xi,yi)
o vy
where J is the Jacobian
Bfl(xi,yi 3fl(xi,yi)
ox ? oy
J = . : (10.10)
3f2(xi9yi) afz(xl:yl)
% i dy

For a solution to occur , J must not be zero.
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The requirement of a non-zero Jacobian is difficult to check before
running the program and the computation of the matrix operations is time
consuming, hence a simpler modifier Newton-Raphson method is generally
used, This consists of applying the single-variable Newton—Réphson method
n times, once for each variable in a system of n simultaneous equations.
Each time we é? this, we assume that the other variables are kept constant.

. 5
3 T . .
Considér as an example two equations: with two unknowns such as

i

£,(x,y) =0, (10.11)

0. (10.12)

f2(x,y)
Taking‘xo and yé as the initial guesses new values are obtained as

/

e £ (x 5y )
1 o Bfl(xo,yo)

’ (10.13)
X
fg(xo ’yo)

o afz(xo,yo)
oy .

Yy =V : (10.14)
The algorithm is then repeated until the desired degree of accuracy is
achieved. An important question is which variables should be used to calculate
the next approximate solution and in what order.

One simple example given below will illustrate this point.

fl(x,y) 0.2X + 0.1 Y-0.01, (10.15)

0.1X + 0.2Y-0.01. ; (10.18)

11

f2(x,y)

e e e g ra e ~— -
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When we use fl(x,y) to calculate x and f2(x,y) for y, convergence to an
error of 107" is achieved in 14 iterations. While the choice of f2(x,y)
to calculate x and fl(x,y) to calculate y gives a fast divergence. In
general, it can be easily shown that the function with the steeper slope
at the solution point with respect to variable x should be chosen to
calculate the next approximate x, and similarly for Ve

The question of convergence for the modified Newton-Raphson method
is a touchy one, since one cannot always-guarantee a solution. For n
simultaneous equations with n unknowns, theve are n! ways of picking the
variables and order of execution and sometimes only one of these choices
will converge [4].

Scmetimes the modified Newton-Raphson method does not converge but
instead oscillates back and forth around the solution. This raises the
question of when to stop the iterations. In this work the iteration has
typically been continued until the maximum changes of the variablesis
below some selected small value, but what this may mean with respect to
the answer is another question. In fact,it is possible that the differ-
ence between two successive calculations may be very small even though
the values are nowhere near the right answer in the case of very slow
convergence. To overcome this difficulty, the so-called under-and-over
relaxation method has been used as a weighting parameter in the variable
correction equation.

In this work, the unknown variables are always chosen from the equa-
tion which shows the steepest slope with respect to that particular
variable at the solution point. The order of evaluations are

arranged to assure fast convergence with an appropriate relaxation welght.

T TR e it o mmnast e eesm e ot e
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Suppose V(N)j is the j'th iteration value of V(N). The next

corfécted value by using the one-variable Newton-Raphson method is then

_ FLV(N)s]
V(N)j+l = V(N)j - ;nfvfﬁggju (10.17)

where P'[V(N)j] is the partial derivative with respect to V(N)j. The
explicit form of F'[V(N)j] is

3T Lv().]

av(N)j (10.18)

F'[V(N)j]=G(N+L)+G(N—l)+G(N-NX)+G(N+NX) -

for the grid pointé(?n the "active area. IyLV(N)] is the current density

»of the dark current density:superimbosed oﬁ the optically-generated
current density. The current derivative can be accurately calculated, if
the injected dark current denSify is assumed to be an exponential function
of the potential at each pavtiéular grid point.

A flow chart of the two-dimensional analysis program is shown in
Figurel0.4, The input data consists Of'the one-dimensional I-V data plus
structural data on the contact finger arrangement. The complete two-
dimensional I:V characteristic‘ of the solar cell is then calculated at
specified terminal voltage points using the modified Newton Raphson method.
Calculations have typically been made until the voltage is accurate at each
array point to less than lO‘u volts. :With the voltage known at each array

point the total solar cell current can then be evaluated B§ summing the

current contributions from each node in the array .




Figure 10.u4,

: READ
INPUT DATA

CALCULATE
SHEET
RESISTANCE

r

. CALCULATE
VOLTAGE CORRECTION
BY NEWTON'S METHOD

NO . ACCURACY

SUFFICIENT
YES

CALCULATE
TOTAL CURRENT

YES

NEW

VOLTAGE

NO

PRINT AND
PLOT RESULTS

G

Flow Chart of Two-Dimensional Analysis

Program

206



207

10.4.4 Discussions

Several quesfions may arise concerning the accuracy of this model.
The first question concerns’the number of grid points used in the cal-
culatioﬁ. Theoretically we can use as mény points as we want to improve
the precision in calculating. In this work, an array of 20x20 grid points
has generally been used unless mentioned otherwise. This vesults in errors
of only a few percent even in very severe condifions such as high sheet
and contact resistance.

The second question concerns the validity of the one dimensional I-V

characteristics used in the two-dimensional analysis. Since the typical

built-in field in the diffused surface is in the range of 103_104 volts/
cmywhich is several orders of magnitude larger than the transverse field,
the development of a transverse field in the two-dimensional analysis has
a negligible influence upon the minority current density obtained from
the one-~dimensional model.

»The third question is the assumption that the optically generated
.carriers in the base region will only be collected at the junction under
the illuminated area. It is possible for the generated carrier in the
base region to diffuse to the junction under the grid pattern, especially
for the case of a thin collecting metal grid and a long diffusion length-
of the base minority carrier. For "good" cells with low sheet and contact
resistance,this effect is found to be relatively unimportant, since the
total collected optical current is the same in both cases.

The fourth assumption concerns modeling of contact “resistance
through a distributed surface contact resistor. In good solar cells, the

surface contact resistance is usually veb&»small because of the high
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surface doping déﬁsity. The base contact resistance is limited by the
substrate doping density for non BSF cells and may not be negligible.

The base contact resistance can however be transformed into an effective

surface contact resistance. The calculated photovoltaic potential is

the potential difference across the p-n junction irvespective of the
combination of contact resistance from the surface or base. The relative
voltage drop across the surface or base cofitact resistance can be deter-

mined experimentally.

10.4.5 Conclusions

(A) A general two-dimensional program has been developed which can simu-
late a practical éZlar cell with any arbitrary grid pattern and series
resistance.

(B) A general two-dimensional program is a good tool for the optimum

design of grid patterns and the prediction of the non-linean series

resistance effects at the maximum power output.
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Appendix 10,5 Fill Factor and Diode Factor of Solar Cells.

10,.5.1 Abstract

The interrelation between fill factor, diode factor, series resistance,
saturationiéurrent ané space chavge current éensities for solar
cells has not beendecrinitely identified hefore;' In‘the‘literature;

a simplified dark I-V characteristic is usually assumed as follows:
av

IDK_= Ioe AkT’
where Io and A are taken as two independent parameters. Howeyer, this
assumption cannot be physically jusitified, and the extensive adoption
of this equation muy sometimes lead to erroneous conclusions. In this
paper, a bettef physical model ofjfhe cell current-yoltage characteristics
~ 1s used and the fill factor dependence on the diode factor, series
resistance, éaturation current and space charge current densities can
therefore be more accurately predicted.

10.5.2 Introduction

) . i .
In recent years, considerable effort has been made to raise the

conversion efficiency of photovoltaic devices. The efficiency of a

solar cell can be conveniently represented by

B VMIM ~ CFF'VOC-ISC
n = P - P ’ (l)
IN IN

where the fill factor CFF is a measure of the sharpness of the photo-
voltaic I-V characteristics of a solar cell. It is clear that high cell

efficiency can be achieved by raising the values of CFF, VOC and ISC'
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However, it is also clearly recognized that increasing one component
of the above parameters will advérSely'affect other components. The

i
interelagionships between fill factor V c’ ISC and other cell character-

0
istics have not always been definitely identified.

In previous analyses, there are some discrepancies about the
dependence of CFF on the above cell characteristics. Lindmayer [1]
suggests that the reduced fill facgor 9fﬁa practical solar cell is due

fon
to space chafge recombination current. ﬁdﬁever the effects of series
resistance and saturation current density are not considered in this
analysis. Pulfrey [2], on the other hand, shows that the fill factor
of a solar cell is principally determined at a given series resistance

by the saturation dark current density instead of the diode A factor,

The fill factor is also found to. improve with an increasing value of

I
7

diode A factor for a .constant series rééistance.

On the contrary, Hovel [3] and Green [4] point out that, at a given
series resistance, the fill factor is reduced with a higher value of
diode A factor. However, itiS very doubtful that a complete_independence
between the saturation current density or open circuit voltage and the
diode A factor exists in.a\practical solar cell as was arbitrarily
assumed in the érevious analyses [1-4].

This paper will calculate the fill factsr of a solar cell in a
more general analysis without the constraints and assumptions of the
previous references- [1-4]. The dependence of fill factor on the cell
characteristics, namely the saturation current density, the space charge
current density, the diode 4 factor, and the.series resistance is pre-

sented and examined.
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10.5.3 Calculation of Fill Factor and Diode Factor

It his long been recognized that silicon p-n junction heh;vior
does not fqllow ideal diffusion theory. In addition to injection’
into the neutral region qf a p-n jggction, electrons andlﬁoles can
recombine via the localized recowmbination centers in the space charge
region.without surmounting the poteptial barrier. In the quantitativé
treatment of reference [5], which.a;sumes a Shockley-Read recombhination

17

center, it is shown that

DK?

where the first term represents normal injection; and the second term
is the space charge current. The series resistance RS can be represented

by the following equation in the first order model:

2
R = RST SF + LF2'SF'RM + E§_+ RCS + RCB (3)
S 12-AA 3-T-WF+AA AR~ (AR-AA) ~ AR’

where the meanings ofhfhe above parameters are explained in Table 1.
It is also shown that the n value of Equation (2) varies between 1 and
2, where the value of n is 2 if the recombination peaks in the vicinity
of the center of the space charge region [6].

If the superposition of the light and dark currents of an
illuminated solar cell is assumed to be valid, then the photovoltaic
I-v chéracteristic'becomes

IL.=L_-1I_ ., (4)

LT DK SC

or

L= IOl-(exp[q(V—Rs'ILT)/kT]—l) + I, (exp[q(V-R )/ZkTJ-l)¥ISC,C5)

s TLr
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where n=2 has heen Assumed in the space charge region ¢urrent. The
short circuit current ISC and the open circuit voltage can be inter—

related by setting ILT—O in Equation (5), i.e.

Igo = I01'(‘eprqu /kT1-1) + I, -(.eprqV o 261]-1) , (6)

The maximum power can be calculated by setting d(I -V}/dV to zero and

calculating the corresponding VM and ;M The following equation is

found;
.o 2x X
ISC—101(1+2x) e =L, () se™=q, (7)
where x = a(VM g LT)/ZkT The fill factor CFF can be calculated ag
V. T
CFF = LI (8)
0GC™s¢

Instead of using Equation (2) to describe the dark I-v characteristics
of a solar cell, the following simple equation ig frequently used in the
solar cell literature [1-4]

Ik = Lo(exp[qV/AkT] ‘-l ) (2)

where A is a dimensionless number which is usually found equal to or
g8reater than 1 in a practical silicon solar cell. Also A is not a
constant value, but changes with the terminal voltage or current level

of the device, In addition to the uncertain value of A, I has no
physical meaning except as a parameter fitting to Equation (9). This
value of IO does not correspond to tha actual reverse saturation current
density, and it is also different from the prediction of simple diffusion

theory.
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From Equation (2) and (9), thecempi;ical A factor can be calculated

at the maximum power point as:

LY,V
17V
A= , (10)
KD I 0p2 7
4 I,

where.VI and V2 are two voltages in the‘vit;nity of VM.
10.5.4 Relationships Between Fill Factor, Saturation Current Density,
Series Resistance and A Factor

Numerical calculations of Equat}ons(l) to (10) have been performed
for cells of Tables 1 and 2. The results are shown as Figures 1 to 3.

Figure l-a shows that the fill factor decreases with the series
resistance and the space charge current density. The diode A factor
_can Be calculated from Equation (10) for a specific value of the series
resistance and the space charge current density. The interrelation
between fili factor and the corresponding diode A factor is thereupon shown
as Figure 1-b. This figure cleariy shows that the fill factor is a
monotonically decreasing function of the dioée A factor for a constantr
series resistance. Moreover, the dashed line shows that the fill factor
will decrease with the series resistance at a given value of the space
charge current density. At a zero series resistance, the fill factor is

3 =4

about 0,80 or 0.75 at a current ratio I of 10° or 10°. The A

01/102
factor is about 1.08 or 1.58 in this case. Howeyer, with. the series

resistance of model ¢ in Table 2, the fill factor has a value of
0.77 or 0.72 and the corresponding A factor is 1.2 or 1,92 at a

current ratio IOl/Io2 of 10° and ld4 respectively.
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Tab;e 1 Baseline Cells 10Q+ cm 1Q cm 0.1 em
Area AR (cm2) 2 2 2
Active Area AA (cmz) 1.73Yy ‘1.73Y 1.734
Sheet Resistance RST €2F.# )} 120 120 120

No. of Fingers NF 10 10 10
%idth of Fingers WE  (cm) 0.015 0.015 0.015
Space of Fingers SF (cm) 0.00019 0.00019 0.00019
Length of Fingers LF  (cm) 0.9375 0.9375 0.9375
Thickness of Fingers T (cm) 0.0635 0.0635 0.0635
Length of Bus LB (cm) 2 2 2

Width of Bus WB  (cm) 0.0625 0.0625 0.0625
Base Bulk Resistance RB (Q-cmz) 0.25 0.025 0.0025
Surface Contact Resistance RCS (Q-cmz) 1074 1074 1074
Base Contact Resistance RCB (Q-cmz) Varied Varied Varied
Saturation Current Density Iol (A/cmz) 6.94x10~ll 6.83xl0m12 1.76x10“13
Space Charge Current Density 102 (A/cmz) Varied Varied Varied
Short Circuit Current ISC (mA/cm22 43.0 40.0 35.0

Table 2. Models of the Series Resistance R

Factor of g solar cell

g in the calculation of Fill

Models RCB(Q-cmz) 10 Q- cm
R, (@)
a 0 0

b 107 0.32

o] 0.5 0.57

d 1.5 1.07

e 3.0 1.82

£ 5.0 2,82

d Q+cm
R (%)

0
0.21
0.46
0.96
1.71
2.71

0.1 Qecm
R ()

0
0.20
0.45
0.95
1.70
2.70
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It is known that a conventional n+p silicon cell has a fill factor
cf about 0.72, On the other hand; the theoretically predicted f£ill
factor is about 0.81. This discrepancy has been identified above as a
result of a high space charge current density and a high series
resistance in a practical silicon solar cell. Similar results are shown
}n Figures2-a, 2-b, 3-a and 3-b for a 1 Qecm or 0.1 2+cm_solar cell. _From
the comparison of parts a and b of Figures 1, 2 and 3, it is clearly seen
that the fill factor is higher for a low resistivity solar cell at a
specific series resistance and space charge current density. Therefore
a low resistivity cell has the advantage of a higher fill factor than a

high resistivity cell.

10.5.5 Discussions and Conclusions

This section discusses the discrepancies in previous theoretical
analyses [1-4]. As has been shown, the previous analyses of fill factor
began with the simple Equation (9). 1In this representation, the values
of the two empirical parameters of A and I0 need to be varied along with
the voltage and current levels in order to fit the dark I-V characteris~

tics of a practical solar cell. Therefore, it is doubtful that one can

arbitrarily assume independent values of A and Io. However,

it is still a good representation if it is used to calculate the cell
characteristics at or around only one particular point such as the
maximum power density. Moreover the values of A, I, and Ry are closely

interrelated and they can not be treated as independent parameters.
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In this paper, Equation (2) instead of Equation (9) has been used
in the analysis. There is a definite physical meaning for each
parameter of Equation (2). In our calculation of the fill factor, the
Space charge current density IO2 is allowed to vary due to the physical
copdition in the space charge region. The diode A factor is calculated
agrthe maximum power point; therefore, the fill factar and diode factor
can be correlated without the limitation of the assumptions of the
previous analyses.

It can therefore be concluded that the fill factor of a solar cell
is a monotonically decreésing function of the series resistance; the
space charge current density and the diode A factor. In order to
obtain a high value of fill factor, it is important to design a solar
‘cell with a low series resistance and space charge current density
A low resistivity cell is also found to give a higher f£ill factor than

a high resistivity solar cell.
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