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1. INTRODUCTION

1.1. Program ObJectlves

- The purpose of this program is to provide general analytlc support to Sandla
Natlonal Laboratory s effort to develop high efficiency, high concentration solar cells.
This support has taken the following forms: ‘ o | R |

1). Implementatlon of the two-dimensional silicon code on Purdue s Cyber -
205 | | | o o
2)_ - The release of both the one- and two—dlmenswnal SIhcon codes to Sandla '

" National Laboratory v . o
| 3) " Continued enhancement of the codes and updatlng of the physmal models
" used by the codes. S _
" 4) Use of the two-dimensional code to 1nvest1gate the performance and :
o 7'desrgn of hlgh concentration solar cells. IR

1.2, Perlod Covered by this Report

o ThlS report covers work performed between June 1,1983 and November 4 1984

1. 3. Summary of Accomphshments o

In addition to providing analytlc support to Sandla support has also been pro-
vided to various agencies and institutions. These include the University of Delaware,
Cleveland State University, NASA-Lewis, ASEC, ARCO Solar, Westinghouse, Spire
‘Corporation, the University of Arizona, the National Bureau of Standards, MIT Lin-
coln Laboratory, Jet Propulsron Laboratory, SERI MACOM SUNY, and Washlng- | _

ton University.

The two-dimensional silicon’ solar cell simulation code, SCAP2D has been ’, =

implemented on Purdue’s Cyber 205. Although the previous version of this code used
iterative- techniques to solve the linearized system of equatlons arising from the
numerical solution of the semiconductor equations [1], the speed and virtual memory
capabilities of the Cyber 205 have allowed a direct solution of these equations. This
has made the code faster and much more reliable. A typical current-voltage



characteristic takes about 5 minutes of CPU time on the Cyber 205. The previous
-‘ version of-SCAP‘2D,F_.which ran on a CDC6600, needed as much as 3 hours of CPU
‘,.time to generate‘ a current-voltage characteristic. In addition, 'modiﬁcations have
been made in SCAP2D to include the effects of. carrier-carrier scattermg on moblhty
and allow for non-1deally ohmic electrlcal contacts. These modlﬁcatlons are detalled
‘in Chapter 2. ' '
_ Calculatlons were made to determine the theoretical limit of eﬂiclency of silicon
~ concentrator cells. These- calculatlons indicated that properly designed and fabri-
cated cells may approach efficiencies of 30% at 100 suns. A complete descrlptlon of
these calculations is given in Chapter 3. ,
Several papers were publlshed durlng this report perlod Coples of these papers
| ‘appear in the Appendices.
~Appendix A contains a paper wh1ch appeared in  Solar Cells [4]. In thls paper,
the factors which llmlt the performance of high concentratlon s1hcon solar cells are -
reviewed. The design of a conventional hlgh concentration cell is discussed, and the
present»state of the art is presented. The many unconventional cell designs which
have b_een proposed to overcome the limitations of the conventional design are
,r_eviewed"and compared, and the present status of unconventional cells is presented
The  two-dimensional simulation ‘code, SCAP2D, was used to. 1nvest1gate the

et eﬁ‘ects of radlatlon damage on the performance of the EMVJ and gratlng solar cells

| de51gned for space applications. This paper [5], which is reproduced i in. Append1x B,
was. presented at the Space Photovoltalcs Research and Technology Conference at
, NASA—Lew1s in October 1983. » PR

: The phenomena which 11m1t the performance of concentrator cells were exam-
ined i in a ‘paper which appeared in Solar Cells [6]. These phenomena include contact

, ‘grld shadow1ng, reflective losses, series res15tance, and recomblnatlon mechanlsms

These. are examined individually to. determine whether and how their eﬁ”ects on cell
'performance can be reduced or eliminated. It is concluded that a 51gn1ﬁcant improve- -
B ment 1n cell efﬁclency may yet be reahzed A copy of this paper appears in Appendlx
v Appendrx D contalns a paper “which was presented at the. Seventeenth IEEE
Photovoltalcs Specrahsts Conference [7]. In it, SCAP2D was used to examlne cell

- vgeometrles designed for high efficiency. These include the conventlonal lBC EMVJ

vand gratlng cells. It is concluded that recomblnatlon at ohmic metal contacts is the

- major factor limiting cell performance and that novel contact des1g'ns could increase

E the efﬁmenmes of concentrator cells dramatlcally



A bpaper, which appears' in Appendix E, describing the current status of the one- L
and two-dimensional modeling codes was presented at the High—Eﬁieiency Chrysta- |
,line‘Silicoh Solar Cell Research Forum in Phoenix, Arizona in July 1984 [8]. In it,
- the  capabilities of the codes were described ‘and the occasions when a two-
- dimensional model is required were discussed. The a,'pplication' of the models to -
design, analysis, and prediction were presented along w1th a discussion of problem
‘areas for solar cell modehng ’



2. SCAP2D MODIFICATIONS

2.1. Introduction

Purdue’s Cyber 205 became available for limited use during the spring of 1983.
As was recommended in a previous report [1], it was decided to convert SCAP2D to
run on this machine. Implementation on this machine has several advantages. The
virtual memory capability of the Cyber 205 and its faster CPU allow a direct solu_Q
tion of the Jacobi matrix equation to be performed. “This has completely ‘el'im"inated'
problems. with convergence for certain device geometries when iterative ‘methods 5
were used. As a result, this makes SCAP2D much less operator dependent and
makes it as easy and straight-forward to use as SCAPID. In addition, since the
~ Cyber has Vector'processing capabilities, vectorization of the linear equation routines -
increase the speed even more. A typical current-voltage (I-V) characterlstlc takes
about 5 minutes of CPU time on the Cyber 205. : ' '
~ Since implementation of SCAP2D on the Cyber 205 serves only to improve the
speed with which simulations are obtained, the reader is referred to [1,2,3] for the
details of the problem formulation. The “discussion here will be limited to
modifications made during the report perlod to the physical models used by
SCAP2D ’

A two—dlmensmnal computer model of solar cells is necessary because most solar
cell geometries exhibit two-dimensional behavior under high illumination (high injec- v
tion): condltlons Then, under high injection conditions, the effects of carrier-carrier
scattering on mobility become significant and must be included in the computer
model. The model we use for carrier-carrier scattering is described in the next sec-
tion. ' |

It is apparent that the fabrication of contacts that act as good minority carrier
mirrors while remaining ohmic to majbrity carriers is a desirable objective. SCAP2D
has been modified to allow the effects of the electrical contact on device performance
to be investigated. This modification is explained in section 2.3. |

2.2. Carrier-Carrier Scattering and Mobility |

SCAP2D has the capability of using two different empirical models for the
mobility in doped single crystal silicon. The models are a Caughey-Thomas formula



[9] wi‘th’updated constants {10,11] and a similar model proposed by Arora;, et.al. [12].
Dorkel and Leturcq [13] have proposed a mobility model which also ‘includes the
effects of 'carrier-carrier scattering. Unfortunately, their expression for t.he component
of moblhty due to impurity scattering is inaccurate for doplng levels ~above

10! em™3, making direct usage of their empirical expressmns lInpOSSlble since the
vemltter and collector (hlgh-low junction) of solar cells are often doped In excess of ,
1020

Carrler-calrrier scattering has been incorporated by assuming that ‘the lattice-
impurity scattering components of the mobility (as given by the Céughey—Thomas or

Arora models) and the carrier-carrier scattering component combine as follows.
R 1 _ 1 1 - -

(2-1)

Hn ”li,n ”ccs :
~ and
1 | 1

._:_+

| (22
Hp Mi,p Hees '

The subscnpt “li” refers to the lattice-impurity component and the subscrlpt “ces”
- refers to the carrier-carrier scattering component. o
- The carrier-carrier scattering component is given by [13]
' 7m3/2 » -1
e = ZEEL ho(1 4 8,985 108 T2pn) 12 )] (23
(pn)Y/ | AR |
Tt should be noted that although the mobility is now injection level dependent
and therefore modifies the Jacobi matrix, these modifications are ignored and the
mobility is merely updated after each Newton iteration. For the cases that have been
encountered thus far, this has no effect on the rate of convergence of the Newton

1terat10n

2.3. Modeling of Electrical Contacts

A't'ideally'ohmic contacts, the carrier concentrations are assumed to be at their
equilibrinm values. Thus, in effect, the contacts are treated as surfaces with an
~ infinite surface recombination Velocity To allow for the possibility of non-ideal
‘ohmic contacts, SCAP2D has been modified so that the contacts can be modeled as
surfaces w1th ﬁmte surface recombination velocities. '



For an electrical contact to a p-type semiconductor, the normal COmpoﬁéiits of _

the hole and electron currents flowing into the contact are modeled as follows.

Jp = aSppAp R (2‘4) '
I, = —qSAn @)

| Spp is the effective surface recombination velocity for holes at a p-type cont_a._ct_{ Spp 18
the effective surface recombination velocity for electrons at a p-type contact, and Ap
and An are the excess hole and electron concentrations at the contact. Contacts to
n-type semiconductors are modeled similarly. _

Typically, the majority carrier surface recombination velocity is taken to be the
thermal velocity, while the minority carrier surface recombination velocity is selected

to match the assumed minority carrier reflecting properties of the electrical contact. -



- 3. ESTIMATION OF EFFICIENCY LIMITS

3,. 1. Introduction

The'design of high efficiency solar cells requires an understanding of the interac-
tion of the recombination mechanisms affecting cell efficiency. These recombination
mechanisms have been examined in a paper which has been reproduced in Appendix

A [4]. It was concluded that all sources of recombination can probably be reduced to
neghglble levels by proper cell design and fabrication, except for recombmatlon 1n'
the base reglon of the solar cell. Given this assumption, it is possible to write a
current-voltage expression for this ideal device in terms of the cell's thickness and
base doping. Given a solar spectrum and concentration level, the efficiency of thls

ideal cell for a given thickness and base doping can be computed. These calculations

were presented in a paper which is reproduced in Appendix D [7]. The_-analy.s1s is

repeated here, except that Auger recombination is included and a higher base life-

time is assumed.

3.2. Estimation of Efficiency Limits

If the only source of recombination occurs in the base of the solar cell and if
the base width is smaller than a diffusion length then the cell current can be

approx1mated as follows: o
| | MVWN—Q‘GdrwfR (3-1)

where V; is the applied voltage across the pn junction, W is the base thickness, N is
the base doping, and G(x) is the optical generation rate associated with the incident
spectrum and the assumed optical properties of the cell. | |

The cell voltage is the sum of three terms: \A the pn junction voltage Vhl» the
applied voltage across the high-low junction; and Vb, the ohmic drop across the base.

VUV, W,N) = V; + Vyy(VN) = Vi (V, W,N) o (39)

Since under our assumptions the carrier concentrations in the base are ‘independent
of position, there are no Dember potentials.

Assuming recombination in the base is controlled by a SHR midgap trap and
band-band_Auger recombination, the recombination current is just



1 .
T(n+p-+2n=')'

qf R (x)dx = qW(pn=n?) |A, n+A  (3-3)

~where A, = 2.8x107%! em®/s and A, = 9.9x10° 32 cmﬁ/s are the Auger recombm a

tion coefficients [14] and 7 = =T has the followmg emplrlcal doplng dependence

[15]. | " |

;= »1000M§ec | ' | (3-4) B
L+ . . |

7.1x10% o
This asSumes that the best attainable lifetime in low doped silicon is about 1 ms.

An empirical expression for the effective 1ntr1n510 carrier concentration, suggested

1€
by Slotboom and DeGraaff [16] has been used. Although this formula is ‘based on
measurements of p-type silicon, it was assumed in these calculations that it is also
valid for n-type material. | , ' | '. -

' The excess carrier concentratlon in the base is easﬂy computed in terms of the
applied voltage across the pn junction, V;. Since the excess, carner concentratlon is -
assumed to be uniform throughout the base the excess carrier concentratlon can
then be used to compute Vy,. d

- The ohmic drop across the base is computed from the following, where the
mobility model of Leturcq, et. al. [13] which includes carrier-carrier scattering has

been used
V= — - o (35)
- qop, tgppy, :

"Solar cell efficiency contour plots are shown in Figures 3-1 to 3-5 for n-type _
bases at 1, 10, 100, 500, and 1000 AM1.5 suns, respectively The spectrum intensity
has been normalized so that 1 sun corresponds to 100 mA/cm The short base -
| assurnptlon breaks down for the region above and to the rlght of the heavy line, so .,
‘the calculatlon is not valid there although it still represents an upper limit.
| } “The solar cell characteristics at the peak efficiencies are tabulated in Tables 3-1.
Tt should be emphasized that these are only upper limits on devwe performance.
Their main value is in demonstrating that considerable 1mprovement may yet be
attainable for'single crystal solar cells. In addition, they give starting points for the
‘base thickness and doping when using the simulation codes to design high efficiency
solar cells



Table 3-1.
Theoretical Performance Limits

AM1.5 suns
parameter 1 1 10 100 500 1000
Voc (mV) 702 784 814 849 883 900
Jso (Afem?) | 0416 | .0386 405 4.13 20.38 | 40.1
FF 814 823 862 883 882 883
n (%) 24.6 24.9 28.5 31.0 31.8 31.9
W (pem) 175 40 100 150 110 80
N (em™3) 3x10'0 | 1x10™ | 1x10' | 1x10! | 1x10! | 1x10M

These results indicate that silicon solar cell eﬂiéiencies of nearly 25% at 1 sun
and about 30% at several hundred suns may be possible. However, these high
efficiencies can only be attained if recombination losses at the contacts, free surfaces,
and in the heavily doped regions can be reduced to negligible levels. It is also
apparent that these cells should, in general, be thin and lightly doped, although the
restrictions are not severe. For example, at 100 suns, cells between 40 and 400
microns thick with base dopings of up to 1x10!8 all have an efficiency of over 30%.

Much 'Qfl.the dependence of efficiency on cell thickness is due to the assumption
of only a double pass of the incident light. If perfect light trapping properties are
assumed, the trend is for the best cells to be as thin as possible. The dependence on
base doping is roughly the same. For example, with the assumption of perfect light
trapping, a 20 micron thick cell with a base ddping of 1x10'* has a theoretical max-
imum efficiency of over 29% at 1 sun. This same cell at 500 suns has a maximum
theoretical efficiency of nearly 36%. '

3.3. Summary

Very high theoretical efficiencies are predicted for single crystal silicon solar
cells. These predictions indicate that significant improvements may yet be possible
for silicon cells. In order to achieve these high efficiencies, all recombination losses



-10 -

must be vrhinimized simultaneousl.y.v These include recombination at th_e contacts, at
the free surfaces, in the heavily doped regions and in the base. If these can be prop-
erly chtrolled, then fabrication of cells with efficiencies approaching these high lim-

its is ‘possible.
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Solar Cells, 6 (1982) 17 - 38 | ST

REVIEW OF SILICON SOLAR CELLS FOR HIGH CONCENTRATIONS

_R.J.SCHWARTZ |
. .Purdue Unwers:ty, School of Electricgl Engmeermg, West Lafayette IJY 47907 (U.S.A.)
(Recexved July 30, 1981 accepted August 28, 1981)

: Summary
_ The factors whlch limit the performance of high concentratlon s1hcon

: sqlar cells are reviewed. The design of a conventional high concentration cell
is discussed, and the present state of the art is presented. The many uncon-:
ventional cell designs which have been proposed to overcome the limitations

of the conventional design are reviewed and compared. The present status of
unconventlonal cells is presented.

1‘.' tIntrodi.tction

Ever smce their invention in 1954, silicon solar cells have received a .
great deal of attention for applications in unconcentrated and low concen-
tration systems. The relative abundance of silicon, the existence of a hxghly
‘developed silicon technology and a high level of understanding of the prop-
‘erties of silicon together with a large indigenous production capability for
silicon devices make silicon an attractive candidate for a solar cell material,
even though other materials have band gaps which are more closely matched -
to the solar spectrum. In recent years, silicon has been shown to be an excel-
lent choice for high concentration applications also, Recent reports show
that silicon is capable of conversion efficiencies in excess of 20% [1] and has
been operated at concentration ratios as high as 1000 [2] .

Initial attempts to use silicon solar cells under concentrated sunhght
met with only modest success [3 - 6] . As the insolation level was increased -
“on cells which were designed to operate at 1 sun, the efficiency was found -
to increase, to peak and then to decrease rapidly to levels which were no
longer useful. Even though these early experiments were of limited success,
they served to identify some of the problems which are of major concern ln
. the design of today’s concentrator solar cells.

’ The purpose of this review is to discuss the theory of operatlon ofa
silicon solar cell at high intensities, the factors which limit the operation of
these cells, the techniques which are employed to overcome these limits, the ,
present state of the art and future expectatlons

‘0379-6787/82/0000-0000/$02.75 © Elsevier Sequoia/Printed in The Netherlaﬁds
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Some of the limits on conversion efficiency, such as reflection, are ‘
equally important in 1 sun cells and concentrator cells, while other problems
'such as series resistance, which affect both 1 sun and high concentration
cells, are greatly aggravated by operation at high concentration. Some design
constraints, such as the cell area, are imposed as a result of systems consid-
erations, while others, such as the thickness of the device, may be imposed
by fabrication considerations. Still others, such as the depth of the junction,

‘may be imposed by the properties of the material and the solar spectrum,
‘ Many cell designs which promise improved high concentration opera-
tion have been proposed; however, the highest reported conversion efficiency
‘has been obtained in a solar cell of conventional design [1]. The operation
of a cell of conventional design will be reviewed, and then the many uncon-
ventional cell designs which have been put forward will be examined. The
relative advantages and disadvantages of each of them and their relationships
to each other will be discussed. Finally, the expected future performance of
silicon solar cells in concentrator systems will be examined.

2. The one-dimensional intrinsic solar cell

~ For an ideal intrinsic device the relationship between the current and
voltage is given by ' = :

S y , ( qV ) 1§ . . -_,' ‘ : (1)

= . (\x | e — . .. B

- sc '0 pl’lkT » . .
Thé open-circuit voltége I ‘ v '

and the conversion cl'l’ig:ien(-y n is given by

n =Vl kil | o . ' | (3)
‘ . oc{sc Pinc . . |
~where P, is the incident power density and FF the fill factor. Examination
of these equations illustrates one of the benefits of using a solar cell in a con-
centrator. The short-circuit current density J,, is proportional to the insola- -
tion. The open-circuit voltage V,,, is proportional to the natural logarithm of '_
the light intensity. The fill factor FF is nearly independent of the illumina-
tion-level (under ideal conditions it actually increases slightly). Thus, the
cell operating efficiency increases as the illumination intensity increases. This
_Increase in efficiency will continue as the illumination intensity increases -

‘until extrinsic effects become large enough to dominate the performance of
the cell. . o
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2.1. Open-circuit voltage V,,. . v
‘The term J, which occurs in the expression for the open-circuit voltage .
-(eqn. (2)) is given by '

J0=Jn+Jp ’ (4)

I,f_,f as is typically the case, the minority carrier diffusion lengths in the _. '
emitter and base are much larger than the thickness of these regions, and if
‘ 'we\consider first the case where the surface recombination velocity is large,

S e Ny ) ax ' = o
Jp 4 /6[ b;’iez(x)Dp(-’.‘_) v (5) .

and -
RS AG : '
gl =‘ nio* eXP(ﬁ) : A (6)
where AG is the effective band gap narrowing péu'ameter which is required to
account correctly for various “heavy doping effects” [7]. A similar expres-
sion holds for J,,. :
_ In the simplest case of no heavy doping effects and constant doping,
eqn. (4) reduces to

2 2
- qn;, Dp+ qnio Dn

. )
NpW,  N.W,

0
and the open-circuit voitage would be expected to increase, for fixed values
of illumination level and diffusion coefficient, as the doping density of the
two sides of the junction is increased. This is not what has been observed -

[8, 9]. The value of V,, was observed to reach a maximum with a base
doping density in the vicinity of 10?7 - 10'® cm™3. This discrepancy has sub-
sequently been explained by an increase in the minority carrier concentration
in the heavily doped regions (above 10'” ¢cm™3%). The origins of the increase -
in the minority carrier concentration have not yet been definitively explained
but they appear to be due to a reduction in the energy band gap [10, 11]

and possibly due to a change in the density of states [7 ]. Whatever the
origins of the effect, it has been shown that eqn. (5) is correct, provided that

-the value of ny, is correct.

If, as has been proposed [12], the band gap narrowing is due to free
carriers, this effect may impose an upper limit on the illumination level at

~ which solar cells may be operated since it is possible to have the free-carrier
concentration exceed 10'” cm™2 when an illumination of above 100 suns is
‘used. However, both the base and the emitter would probably be relatively -
heavily doped in any cell which is likely to be operated in this concentration
range and would therefore already experience the effect. Heavy doping
effects are present in the emitter of all conventional solar cells as a result of -
the need to dope the emitter heavily to redice the emitter sheet resistance.
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The effects of surface recombination on the open-circuit-voltage have
been considered in detail by Fossum et al. [13]. If the emitter is transparent ’
to minority carriers, i.e. if carriers can move from the surface to the collect-
ing junction without significant recombination, and the base recombination
is small, the open-circuit voltage will be determined by the lowest attainable
surface recombination velocity. .

There are three distinct regions to be considered for surface recombina-
tion in a conventional solar cell: the region immediately under the metal
grid, the remainder of the illuminated surface and the rear or unilluminated
surface,

The region 1mmcd1ately under the grid is a region of very high surface
recombination. Because of the very high surface recombination associated

- with ohmic contacts, the contact area must be kept to a minimum if the

emitter is shallow. The rest of the illuminated surface is usually passivated

~with a thermal oxide to keep the surface recombination to a minimum.’

The effects of using a textured etch, which exposes a (111) surface

rather than the lower surface state density (100) surface, on the surface.
. recombination velocity have not been reported for concentrator cells,

although a good blue response has been demonstrated.

The surface recombination veloeity of the rear surface is ubually hlgh
because much of this surface is covered by an ohmic contact with its asso-
ciated high recombination velocity. The back-surface field, discussed below,.

f‘1s used to reduce the detrimental effects of this contact.

The temperature dependence of the efficiency of the cell is of crltlcal :

concern in a concentrator cell because high insolation levels can elevate the

cell temperature well above ambient temperatures. Also, since in some"
systems it is advantageous to obtain process heat together with the genera- .
tion of electrical energy, the dependence of the electrical conversion effi-
mency on the temperature of the cell is a critical design parameter and may

- form a severe limit on the use of silicon cells in such systems. The primary

temperature dependence of 7 is due to the dependence of V,. on tempera-
ture. .
The temperature dependence of V. is determined by the expllclt o
dependence of eqn. (2) on T and by the implicit dependence of J, on tem-
perature. There is a small temperature dependence of J on D through_the
mobility dependence on T, but the major dependence is through the depen-

~dence of n;, on T. n;, is strongly dependent on the band gap, which is in

turn temperature dependent. The eflects of degeneracy on n;, are also tem-
perature dependent. :

Typical values of the temperature dependence of Voc are in the range

“of 2mV °C™!. A reduction in the temperature dependence of V.. at hlgh

insolation levels has been reported 12].

2.2, Short-czrcuzt current I,
The magnitude of I, is dependent on the number of hole-electron ‘pairs

‘whxch are optically generated and subsequently collected by the p—n ]unc-
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tion. The generatlon rate is determined by the incident solar 1ntens1ty, the
illuminated surface reflectance and the absorption coefficient.
It is possible to reduce the reflectance of the cell to a value of 2% over

' the useful solar spectral range through the use of a coated textured surface

[14] No special problems with antireflecting surfaces have been encountered
as a result of their use on high concentration cells, although textured
surfaces have not yet received wide usage on these cells.

- Silicon is an indirect gap material and as a consequence has a relatively
low absorption coefficient near the band edge compared with a direct gap
material such as GaAs. The result of this is that the silicon cells need to be:
thicker than direct gap cells in order to utilize efficiently the portion of the
solar spectrum near the band edge. Highly reflecting rear surfaces can
increase the optical thickness by causing the photons to make multiple
passes through the cell.

- The collection efficiency of the cells depends on the solar spectral
distribution, the diffusion lengths, the surface properties and the contact
configuration and method. The spectral dependence of I, occurs because the
diffusion lengths of the emitter and base regions may be different and the - -
distribution of generated carriers is spectrally dependent. :

‘Diffusion lengths are reduced in heavily doped regions because of

‘reductions in lifetime and/or mobility [15] . The lifetime is dependent on
.doping level, processing procedures and free-carrier concentrations. The

reduction in lifetime which occurs with increased doping results in a signifi-
cant reduction in lifetime in the emitter and base of some concentrator cells.
In those regions which are very heavily doped or have very high free-carrier-
concentrations, the lifetime can be dominated by Auger recombination and
in the latter case the lifetime will be free-carrier dependent. Even in those

" cases where the recombination is dominated by Hall-Shockley—-Read pro-
. cesses, the lifetime may be a function of the illumination level since the

lifetime will increase as the cell passes from low to high injection conditions.

3. Extrinsic limitations on the conversion efficiency of silicon solar cells

Extrinsic effects act to reduce the performance of the cell. They are

" generally subject to reduction through proper design, although they may not

be eliminated altogether because of various design compromises which must
be made. In this section we discuss the various extrinsic losses and the tech-
mques used to minimize phem :

3.1. Series resistance
As the concentratlop ratio increases, the attendant increase in I,; causes

' thne detrimental e’fects of the series resistance of the ce)l to become progres-

sively more important. The presence of series res1stance effects will reduce
the conversion efficiency in two ways. Some of the electrical power which is
generated by the intrinsic device is dissipated as Joule heat in the resistive
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regions. Also, the presence of the lateral resistive voltage drop in the emitter
causes the junction potential to be a function of position. This, in-turn,
 means that only a portion of the dévice can be operating at the maximum
intrinsic power point. There are three major sources of series resistance -
-effects in a conventional well-designed solar cell: the contact grid; the thin
heavily doped surface region; the base of the device.

. 8.1.1. The contact grid T

At a concentration ratio of 100, I, may exceed 3.0 A c¢cm” 2 and will be
correspondingly higher for higher concentration ratios. Because of the
extremely high current densities encountered at high concentration, the
design of the contact grid on the illuminated surface of the cell becomes -
more and more critical as the concentration ratio increases. In ‘order to
minimize grid resistance, shadowing and sheet resistance simultaneously, the
aspect ratio (height to width) of the lndlvxdual grid lines must be maximized
and the grid spacing optimized.

" The result is that the grid design consists of a set of very thm high
aspect ratio lines with close spacing. These requirements usually rule out the
use of screened-on grid lines as is common in low intensity cells. Concen-
trator cell grids are usually fabricated using photohthographxc and electro- "
platmg techmques [16 - 18] '

- 3.1, 2 Emitter sheet resistance
" A reduction in the lateral series resistance of the emitter requxres that

the sheet resistance of the layer be minimized. This in turn calls for a thick
layer and heavy doping. Making the diffused layer thick, i.e. placing the
junction deep, will reduce the short wavelength response of the cell. Increas-
ing the doping to minimize sheet resistance will increase recombination in
the emitter, causing a decrease in the short-circuit current and a loss of blue
response. These requirements can be eased somewhat through the use of a
grid of very fine lines with close spacing. Increasing the doping to reduce the
sheet resistance will reduce the open-circuit voltage as a result of the hedvy
dopmg effects discussed in Section 2.1.

“Typical concentrator cell emitter regions are 0.35 ym deep with a
surface concentration in the v1cm1ty of (1-2) X 10% atoms cm™ 2.

3 1.3. Base resistance -
For large operating currents the resistance of the base reglon can signif-
icantly affect the performance of the solar cell near its maximum power
operating point. Even though the base of the cell may be in high injection
‘conditions when operated near open circuit (and hence the base resistance
.may be significantly reduced from its value under low injection condltlons)
a portion of the base may fall to low injection conditions and hence have a
high resistance when the cell is operated near its maximum power point. The
-result is that a large voltage drop may develop in the base, severely degrading
the fill factor. This loss of conductivity modulation in the base is more
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severe for cells with a p-type base than for those with an n-type base. This
degradation in fill factor at high intensities can be avoided through the use of
a low base resistivity. (The highest reported efficiency at high concentration
has been obtained in a 0.3 2 ¢m base cell.) When the base doping is raised to
avoid fill factor degradation, the diffusion length may be reduced to the
point where a back-surface field is no longer effective. The degradation of

the fill factor can also be reduced by reducing the thickness of the base
[19]. - :

3.2.. Non-uniform illumination

- As the concentration ratio of the system increases, the difficulty of
maintaining uniform illumination over the entire area of the cell increases.
This leads to an increase in the I2R losses in the high concentration region. It
also causes a portion of the cell to operate in a less than optimum region of
the current-voltage (I-V) characteristic [20]. One of the potential advan-
tages of some of the unconventional cell designs to be discussed below is that
they are much more tolerant of non-uniform illumination than a conven-
tional design. ' ’

4. anven‘ti'onal cell design

Figure 1 shows a schematic view of a conventional solar cell with one
contact made to the grid on the illuminated side of the cell and the other
contact made to the back of the cell over the entire area. Most conventional
high concentration silicon solar cells include the back-surface diffusion
shown in order to provide good ohmic contact and to provide a back-surface
field to reduce the loss of minority.carriers at the back surface.

INCIDENT LIGHT
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N CONTACT —/

“Fig. 1. A conventional high intehsity» solar cell.
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4 1. Emitter design

.The parameters which need to be considered in the des1gn of the
emitter region are the impurity type, the junction depth, the surface con-
“centration and the surface passivation. :

4 1.1. Doping type

In space applications the life of the cell is dominated by the radlatlon
damage which occurs in the base. Since this damage is a minimum for a
p-type base, space cells have p-type bases. For terrestrial applications, we are
not constrained by radiation damage considerations. The loss of conductivity
modulation in the base is less.severe in p*—n cells that in n*—p cells; this
favors a p* emitter. However, for a given doping level the sheet resistance
will be lower for an n* emitter because of the higher mobility of electrons.

In contrast, the minority carrier diffusion length for electrons is longer
than for holes. In high concentration cells the base of the cell is frequently
operated under high injection conditions, which means that the ambipolar
diffusion length, and not the minority carrier diffusion length, applies in the
" base. Because of the very heavy doping conditions found in the emitter, the
emitter is not in high injection and the minority carrier diffusion length
applies. This favors the use of a p* emitter.

Band gap narrowing effects appear to be comparable for n- and p-type
doping, although this is by no means a well-demonstrated fact [21].

- In spite of the above comments, for terrestrial applications a clear-cut
choice has not emerged for the emitter doping type. Both p*—n and n*-p
~ cells have been fabricated with conversion efficiencies of 20% at high: con- -
centrations.

The surface concentratlon of the emitter diffusion is usually kept as -
high as is compatible with low temperature processing in order to keep the.
sheet resistance as low as possible. Typical diffusion temperatures are in the
vicinity of 850 °C. Typical surface concentrations are (1 - 3) X 102° cm™ 3,

Cell processing parameters-are chosen to maintain a transparent emitter,
i.e. an emitter in which minority carriers can move through the entire
emitter without recombination. When this condition is attained, the loss of
carriers in the emitter is controlled by the surface

4. 2 The base :
The design of the base reqmres a determination of the base thlckness,
the resistivity and the doping type. The choice of the doping type has
already been discussed in the discussion of the emitter design. The choice of
the base resistivity is determined by the relationship between the doping
level and the lifetime and possible band gap narrowing effects. Fill factor and
V,c considerations argue for a low base resistivity, while lifetime considera-
. tions argue far a high base resistivity. To date, the highest efficiency cells
- have been obtained in relatively low resistivity base cells (0.3 Q cm).
In low base resistivity cells the diffusion length in the base is shorter
than in high resistivity,ce_lls. In fact, it may be less than 100 um, the thick-



. .25
ness of s111con which is required to generate 90% of the avallable hole-
electron pairs in an air mass one (AM1) spectrum. Under these circum-
stances, a back-surface field has little effect on cell performance and the -
thickness of the cell is determined by the ability to process the cell w1thout
breakage rather than by the optimum base thickness for electrical purposes.
The: optimum cell thickness will be in the vicinity of 100 um with an ~
optically absorbing rear surface and 50 um with a reflecting rear surface.’
’Typleal Lomentmtor cells are at present approximately 300 um thick.

4.3 Th‘e back-surface field o _
.~ The presence of a high-low junction at the back surface of the cell will ,
create an electrostatic field which will act to keep the minority carriers in
the base away from the rear surface. In a cell in which the diffusion length -
exceeds the base width the presence of this minority carrier mirror will
result in an increase in both V., and I,.. Under low injection conditions,
‘the voltage across the high-low Junctlon is small and the number of minority
carriers which reach the high recombination region of the back surface is*
small. The result is that the short-circuit current is increased because fewer ‘
carriers are lost-at that surface. This also results in an increase in the open-
circuit voltage due to an increase in the number of carriers in the base under
open-circuit conditions. Under high injection conditions the mmonty carrier

*-concentration in the base exceeds the doping level. This causes a voltage to

be developed across the high—low junction which adds to the voltage devel-
oped at the rectifying Jjunction, increasing V.. The presence of this voltage
*across the high—low junction causes minority carriers to be injected into the
' hcavnly doped rear region. Thus, at high concentration levels the high -low .
_junction is not as effective as a minority carrier mirror, as.at low concentra-
~ tion levels [22].
" Because of this loss of containment at high injection levels, the same
techniques which are used to reduce the surface recombination at the
emitter would be expected to be helpful at the rear surface, i.e. reduction of
the area covered by metal and passivation of the surface. Some of these
techmques however, are not compatible with the need to make very low
thermal and electncal resistance contact with the cell. Some relief from this
.. problem is available if the high—-low junction diffusion is made much deeper
than the emitter diffusion.

If the diffusion length in the base is small compared with the base
width, as is the case for low base resistivity, the back-surface diffusion has
little effect other than to afford a means of low resistance contact with the
cell, In fact, concentrator ¢ clls, which have the highest reported conversion
effici lency to dale, do not ulilize a back-surface field. :

5. Uhconventional cell designs

Many of the design parameters of a conventlonal cell are the result of a
senes of compromises between competing phenomena. The emltter de51gn is
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a compromise between the need for a heavily doped deep junction to reduce
the sheet resistance of the layer and the need to keep the doping light (to' . -
avoid heavy doping effects) and shallow (to increase the collection effxcnency

. of carriers generated near the surface). Similarly, the base design is a com- "
promise: a thick base is desired to absorb long wavelength radiation; a thin
base: is desired to increase the fill factor. A heavily doped base is needed to

_maintain a high fill factor at high intensities; a lightly doped base is desired
to maintain long diffusion lengths and high collection efficiency. The grid
-design is a compromise between the need to minimize series res1stance and

.~ the'competing need to minimize shading.

Many cell designs have been proposed which address one or more of
these compromises. While the number of designs is large, they may all be
-viewed as variations of the conventional back-surface field cell as is illustrated
in Fig. 2. The cells which are labeled vertical junction may be viewed as
resulting from a simple rotation of the cell, such that the illumination path
is parallel to the junctions. If additional cells are now placed electrically in-
-series as in Fig. 2(b), the resulting cell is the vertical multijunction (VMJ).
cell [23 - 27]. If the vertical junctions are made by means of a directional
etch followed by a diffusion, the etched multiple vertical junction cell (2]
(Fig. 2(c)) results. If we now return to Fig. 2(a) and visualize the back-
surface field cell as being stretched and opened as in Fig. 2(d), we obtain one
section of the V-groove cell [28]. If the stretchmg operatlon is contmued
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until the p* and n* junctions Iw in the same plane, the result is one section
of the interdigitated back-contact (1BC) cell | 29] (Fig. 2(e)). Addition of a
high-low diffusion to the illuminated surface results in the front-surface
field (FbF) cell [30] (Fig. 2(1)). If a rectifying junction is used instead of a-

‘high- low junction, the result is the tandem cell (Fig. 2(g)) [31, 382]). With

only the addition of a grid (Fig. 2(h)) this now becomes the double- sided cell
[33]. If a hole is etched through the tandem cell, followed by a diffusion
which connects the front and rear junctions, the result is the polka dot cell

N (Fig. 2(1)) Each of these cells has been proposed in order to circumvent one

‘or more. of the design compromises which must be made when usmg the
conventlonal cell design for high intensity applications. :

“Before we embark on a discussion of the advantages of cac h of these -
designs (rval or imagined) we should note that none of the designs has
received the extensive development effort that has been afforded the conven:
tional cell. Thus the state of the art in these cells is not as well developed as
that in the conventional cell. Even so, some of them have already exhibited
an excellent high intensity pcrformamc and are expected Lo show bng,mm ant,
improvement as further work is performed.

- Figure 2 is a useful way in which to view the physical relationship-
between the various designs, but it does not represent the chronological
order in which they. were proposed, nor is it particularly useful when we
compare the relative merits of the cells. In our discussion of these designs we .
shall begm w1th the IBC cell as a convenient starting point. :

5 1 Back-surface contact cells

5.1.1. Interdigitated back-contact cell

The IBC cell | 29] (Fig. 3) was the first of the back-surtace contact cells
to be.proposed and is still a leading candidate among these types of cell for
high intensity applications. It is also the back-surface contact cell for which
the most information is available. We shall discuss this cell first and then
shall use this cell as'a basis for Lomparlbon for the other back-surface contact

~cells. -

5 1.1.1. Advantages of the mterdlgltated back-contact cell The advan- -
tages of the IBC cell design at high mtensmes over that of a conventional cell
are as follows. »

(1) No shading of the 1llummated surface occurs since there is no grid

‘or contact structure on the illuminated surface. In a conventional high

mtensﬂ;y cell the grid structure will shade 5% - 10% of the surface. '
(2) The metal contacts, all of which are on the rear surface, may cover
nearly the entire surface and may be made as thick as is desired. This means

“that the series resistance of the contacts may be made as small as is desired

and for all practical purposes the metal resistance is eliminated as a problem;

even at extremely hlgh illumination levels. ’
(3) The current flows normal to the surfuce in the diffused regions, ,

rather than parallel to the surface as in a conventional cell (Fig. 4). This .
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_ means that the sheet resistance of the diffused regions is no longer a con-
straint and the voltage drop in these regions is negligible. The doping den31ty
and junction depth do not have to be a compromise in this device. :

© (4) Because of the reduction of series resistance effects described in (2) -
and (8), non-uniform illumination degradatlon effects are much less severe
than in a conventional cell.-

(5) The junction depth from the diffused surface may be chosen
independently of the constraints on short wavelength collectlon efficiency
whn hodictate a shallow junction in a conventional coll. :

(b) ‘T'he illuminated surface does not conlain a diffused layer and as a re-
sult the undamaged surface can be fabricated with a low surface state density
and correspondingly low surface recombination velocity. The result is that,.
even though short wavelength radiation creates carriers very near the surface
and far from the collecting junctions, the collection efficiency is high and
nearly wavelength independent. Figure 5 shows the measured quantum -
effluency ofan IBC cell [34].

i (7) The free carriers are generated, almost entirely, in a region of the
©cell whlch is free of diffusion damage and is relatively hghtly doped. This is



-31-

- 29

>
o

=8

w o

S

NTR "

ny

w

x

S,

=

z

<

>

0.0 [ . 1

0.k 0.6 0.8 . 1.0 1.2
- NAVELENGTH (M1 CRONS )

'Flg 5, Quantum efﬁcxency of an IBC cell.

in marked contrast with the situation in the emitter of a conventional cell.
This means that the carriers move through a potentially very long lifetime,
long diffusion length region without encountering a damaged region prior to
reaching the collecting junction. The very long diffusion lengths which are

-Obtained allow the use of a thick cell which results in maximum absorption .
of the long wavelength portions of the solar spectrum.

5.1.1.2. Problems in the mterdzgztated back-contact cell design. In
- order for this cell to operate efficiently, the base diffusion length must be
large (of the order of 1000 um). The result of this is that the cell is sensitive
to any damage which may occur at the edge of the cell during the cutting
operations which separate the individual cells from the wafer. This problem
has been alleviated through the use of laser scribing of the cells. '
- Also, since the carriers generated by the blue end of the solar spectrum
are generated near the surface and far from the collecting junction, the
. surface recombination must be very low if the cell is to collect these carriers.
In an IBC cell these carriers may have to travel 50 - 300 um before reaching
the collecting junctions compared with 0.2 - 0.5 um for a conventional cell.
The reason that this increase of two to three orders of magnitude in the
distance which these carriers must travel can be tolerated is that the carriers
travel through a region which is undamaged by diffusion or implantation
and, under proper processing conditions, will have a very long lifetime and
diffusion length compared with that found in the emitter of a conventional
device.
In order for silicon cells to operate efficiently at high concentration
illumination levels, the cells must be cooled. The IBC cell must be electrically”
‘isolated from the heat sink on which it is mounted, and this causes added
complications in the design of the mount over that necessary for a conven—
tional cell.

, 5 1 1.3. Performance of the mterdzgztatéd back-contact cell. IBC cells
have been operated, in the dark, up to current densities of 20 A em™2
w1thout observatlon of the presence of series resistance effects Conversnon
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efficiencies of 18.1% have been measured at a 30 sun concentration [35]}. At

“the present time the performance of the IBC cell is limited by problems-

encountered in cooling of the cell. An excellent blue response (Fig. 5) has
been observed together with a high quantum yield [34].

'5.1.2. The front-surface field and the tandem cells

The FSF cell [30], shown in Fig. 6, is identical with the IBC cell except
that the illuminated surface contains a hlgh low junction. The intent is to
provide a built-in field at the surface which will keep minority carriers away .
from the high recombination surface in the same manner that a back-surface :
field operates in a conventional cell.

In the tandem cell (Fig. 7) | 32] the front-surface hlgh low Junctlon of

| the FSF cell is replaced with a rectifying junction. In this case the generation

of carriers in this region causes this junction to become forward biased and -
to inject minority carriers into the base region of the cell. These carriers are

_then collected at the rear-surface junctions as in the IBC cell. The operation

of the tandem cell in this mode is similar to that of an open-base transistor,
and in fact the cell has been analyzed in the same manner as a transistor ‘
[36] . A contact grid structure can also be placed on the illuminated surface

- of the tandem cell such that both the front and the rear junctions collect

carriers. In this mode the cell operates as a conventional cell with an added
collecting junction at the rear for carriers generated deep within the
structure. The gain in short-circuit current obtained by this has not been
sufficient to overcome the losses due to shading, front-junction and surface
recombination, and series resistance to warrant its use at high concentrations.
Tandem célls without a grid structure on the illuminated surface have
been. operated at insolation levels up Lo 50 suns. Peak umvcrsion efficiency
oceurred at 10 suns (AM1) and was found to be 13.2% IJZI T'o dato
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neither the high-low junction nor the p—n junction on the front surface has
yielded a blue responsivity which is as good as that of the IBC cell. The
effective surface recombination of these types of surfaces has been mea-
sured [37}. The high—-low junction was found to have an effective surface

- recombination which was an order of magnitude lower than the p-n junction.

5 1. 3 The double-sided cell

" The double-sided cell |33] (Fig. 8) is nearly identical with the tandem
cell (with a grid on the illuminated surface) in concept and as a result the
comments already made about the tandem cell apply to this cell as well. This
cell has been proposed for use in a low concentration system in which both
sides of the cell are illuminated. The double-sided cell has little promise at
high insolation levels. :

5.1. 4 The polka dot cell
The polka dot cell [38] (Fig. 9) may be viewed as a version of the
tandem cell in which the junction on the illuminated surface is contacted by
a series of holes which are selectively etched through the cell and which have
a.diffusion layer which connects the front and rear junctions. This feature
allows the junction on the illuminated surface to act as a minority carrier
collector without the problems associated with a grid structure. Also, the
tapered nature of the contact holes will cause the light striking the edge of
- the holes to be deflected into the bulk of the cell and not to be lost. This
cell should have very little optical loss due to the front-contact structure.
' Initial reports on this cell have only dealt with the polka dot cell’s
performance at 1 sun. The 1 sun efficiency was only 10.5% because of a
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Fig. 9. The polka dot cell.
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Fig. 10. The V-groove cell. -

low minority carrier lifetime and a high series resistance. With proper design-
and sufficient metallization it should exhibit a performance which is slightly
better than that of the tandem cell as it incorporates all the desirable
features of that cell as woll as front-surface collection and internal-optic al
r(*ll('(,tum

5.1.5. The V-groove cell

The V-groove cell [ 28] (Fig. 10) is also obtained by usmg a selective
etch to make, in this case, triangular cross-sectional grooves in the unillu-
minated side of the cell which contain a p* region on one wall of the groove
and an n* region on the other wall. One advantage of the V-groove cell is
that the path length over which the carriers have to travel to be collected is,
on the average, shorter than for the IBC cell of comparable dimensions. Also,
if the walls of the groove are reflecting, light striking the groove walls will be
deflected into the bulk of the cell.

_The theoretical performance of the cell has been discussed by Chappell
[28]. He has predicted that the cell will be capable of a conversion efficiency
of over 20% at 300 suns (27 °C). The measured value under these condltlons
was 12.2%. . : :

Other potential advantages of this structure are the envn'onmental
protection offered by the 7070 glass front surface and the Smele one- mask
fabrlcatlon procedure which is possible.

5.2. Vertical junction cells

5.2.1. The vertical multuunctzon cell

The VMJ cell [23] (Fig. 11) may be thou;,ht of as a series-connected
set of back-surface field cells which are illuminated from the side. One

‘primary advantage of this cell is that the current generated per cell i is small

and, since the cells are connected in series, the cell is a low current, high
voltage device. As such, it does not suffer from series resistance problems at
high concentration levels as would a conventional cell. The metal intercon-
necting layers still represent an optical loss which is proportional to their”
thlukm»ss This thickness may be quile bllld“ however,
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One disadvantage of the series-connected version of the VMJ cell is that
it is quite sensitive to illumination non-uniformities across the cell in a direc-
tion perpendicular to the junctions. It is possible to use various series and
parallel interconnection schemes to help to alleviate this problem at the
expense of an increase in complexity. Surface passivation is also more diffi-
cult in this cell as this must be accomplished after metallization and there-
fore must be a low temperature process. :

The optical generation of free carriers will be a non-uniform function of
distance from the surface. The junctions will try to remain as equipotentials.
This will cause carriers to be extracted from the top of the cell and injected
into lower portions of the cell, resulting in a small circulating current within
the device. The effect is not lar;:,e and should only result in a loss of the
order of kT/q in the open-circuit voltage. '

These cells have been operated at high intensities (2 - 20 W cm™2) w1th
the result that the peak efficiency occurred at 10 W ecm™2. It was also
observed that the temperature dependence of V, decreased substantially at
hlgh concentration levels

5.2.2. The etched vertical junction cell

The etched vertical junction cell [2] (Fig. 12) utilizes a selective etch to
form nearly vertical walled narrow grooves which are then diffused to form
the vertical junctions. The high—low junction is formed on the back surface.

" Cells of this type which have been fabricated to date have had the
' .grooves connected in parallel, although it is possible to have a series-
connected configuration. Figure 13 shows a further modification of this. -
design in which a second set of grooves is etched from the other side to form
the doubleé-etched vertical junction cell. ‘This cell should have a higher fill
factor than the etched vertical junction cell.

These cells are similar to the VMJ cell in that the grooves may be
spaced very close together so that high collection efficiencies are possible
without extremely long diffusion lengths. Since the illuminated surface does
not contain a diffused layer, it can be passivated very well and, since passiva-
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‘Fig. 13. The double-etched vertical junction cell (AR, antireflection).’

tion can occur before metallization, the passivation difficulties encountered
" in the VMJ cell are avoided. '
The measured performance of this cell has been excellent at extremely
high intensities. Operating efficiencies of 18.5% at 600 suns have been
reported. Cells of this type have been operated up to concentration ratios of
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TABLE 1
Property " Cell design
Conven- IBC Tandem FSF Double- V- VMJ FEtched Polka
tional sided  groove VMJ - dot
‘No shading X X X x? Xx* ox? x?
Thick large-area X X X X Xt X X
metal '
Current flow normal - X X X X X X
. to diffused surface
Good tolerance for X X X X* : X¢ X .
non-uniform
*illumination
Junction depth X X X X X X

and doping not
compromised by
sheet resistance ‘
Low surface recombi- x x4 ‘ x4 X X x4
nation velocity on
illuminated surface ) .
Optical path longer X X X X X
. than diffusion path . :

#Some loss of active area occurs as a result of the structure. The effect should be smaller
than that for a conventional grid structure,

bIf the device is series connected, the metal thickness should be minimized. .

©This is true only for a parallel-connected configuration. A series-connected conflguratxon
will not be tolerant.

4The front surface will have a high surface recombination velocity but this will be some-
what alleviated by the presence of ‘built-in fields.

- 1000. The cells have hbeen shown to be very tolerant of non-uniform illumi-
nation. They have also exhibited a decrease in the value of (1/V, (A V,./d7T)
by a factor of 2 as the intensity varied from 1 to 1000 suns [2].

5.2.3. A comparison of the unconventional cell designs

Table 1 compares the features of the various concentrator cell designs.
As can be seen by examination of this table, each of these designs has
potential advantages over a conventional cell design at high concentrations.
All the high concentration cell designs have managed to circumvent, in one ‘
way or another, the problem of series resistance. All designs require long
diffusion lengths for high efflclency operation, although the demands in this
" respect are less for those cells with the optical path longer than the diffusion
path. Some of the designs have eliminated the shading problem altogether.
‘In some of the designs, illuminated surface recombination has been reduced
from that found in a conventional cell by avoiding the presence of dlffusmn
~on the lllummated surface.
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6. The future of silicon high concentration cells

The amount of development effort which has been expended on the

various cell designs discussed here has not been uniformly distributed, and

“therefore the conversion efficiency values quoted, some of which are quite
old, should not be taken as representing the ultimate performance of that
design. Even though the amount of work which has gone into these uncon-
ventional designs is much less than for the conventional cell, their perfor-
mance is comparable with the conventional cell for midrange concentration
and already exceeds it for the high concentration range.

One of the problems with the use of silicon in a high concentration
system is the fact that it has (at low insolation levels) a rapid fall in operat-
ing efficiency as the temperature increases. However, the observed decrease

~ in this effect at high insolation levels may alleviate this problem somewhat.

The demonstrated ability of silicon cells to operate at very high con-
centrations also makes them a prime candidate as one of the cells in split
spectrum multiple-band-gap systems. '
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. APPENDIX B

This appendix contains a paper presented at the Space Photovoltaics Research
and Technology Conference at NASA-Lewis in October 1983 [5).
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TWO-DINENSIONAL COMPUTER SIMULATION OF EMVJ AND GRATING SOLAR CELLS
R UNDER AMG ILLUMINATION I

J. L. Gray and R. J. Schwartz
School of Electrical Engineering
Purdue University
West Lafayette, Indiana
The design of photovoltaic cells for space applications can be a difficult

task since these devices must be designed for "end-of-1ife" operation.. - The
degradation of minority carrier diffusion length due to radiation damage can
make the end-of-life performance of a cell radically different from its as '
fabricated performance. In order to experimentally evaluate the end-of-life.
performance of a .cell, it must be irradiated in the laboratory to simulate
the effects of a space environment. However, this procedure of design, fabrication,
evaluation, and redesign can be very time consuming. In addition, it is often
-~ difficult to determine which design parameter is responsible for a change in
cell performance.. Even variations in wafer characteristics and processing
parameters can be difficult to trace and therefore introduce uncertainties - -
in cell evaluation.  Because so many uncertainties are involved, the determination
of an optimum cell design is no easy matter. o

Most of these difficulties can be eliminated by making use of detailed solar
cell simulation programs. A particular design change can be studied with
the absolute certainty that nothing else has changed. The effects of radiation
damage can be studied merely by altering the carrier diffusion length and
redoing the computer simulation. In addition, since the simulation will
solve for the electrostatic potential and hole and electron concehtrations
throughout the interior of the device, one can peer inside the cell itself -
and "see" where recombination occurs, how the current flows, whether the
back-surface-field is effective, etc. Since most cell structures are two-dimen-
sional in nature, a code which solves the semiconductor equations in two-dimen-
sions is necessary in order to best simulate the various devices. All this
can be accomplished much more quickly than a device can be fabricated. Therefore,
as an aid to designing cells, such a computercode can be invaluable. )

In this paper, a computer program, SCAP2D (Solar Cell Analysis Program
in 2-Dimensions), is used to evaluate the Etched Multiple Vertical Junction (EMVJ)
and grating solar cells. It should be noted that it is only our aim to demonstrate
how SCAP2D can be used to evaluate cell designs and that the cell designs studied
are by no means optimal designs.

THE SCAP2D PROGRAM

~ The SCAP2D program solves the three coupled, nonlinear partial differential
equations, Poisson's Equation and the hole and electron continuity equations,
simultaneously in two-dimensions using finite differences to discretize the equa~
tions and Newton's Method to linearize them. The variables solved for are the
electrostatic potential and the hole and electron concentrations. Each linear
- system of equations is solved directly by Gaussian Elimination. Convergence of
the Newton Iteration is assumed when the largest correction to the electro-
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static potentlalor hole or electron qua51—potent1al is less than some predetermined .
error, typically 10~  KT. A typical problem involves 2000 nodes w1th a Jacobi
~ matrix of order 6000 and a bandwidth of 243.

The metal semiconductor contacts are assumed to be ideally ohmlc, that is,
charge neutrality prevails and both carriers retain their equilibrium values. Other
interfaces are described by a Hall-Shockley-Read formulation of - surface recombina-
tion and by a fixed surface charge density. :

Bandgap narrowing is taken into account as described in Ref. 1 and a Caughey-
Thomas formulation of carrier mobility is used. Auger and a single trap HSR bulk
recombinat lon muchunlsmrure assumed. :

SCAP2D SIMULATION RESULTS

The: SCAP2D program has been used to examine the effects of radlation damage,

- simulated by reducing the carrier diffusion lengths, on the operation of the EMVJ
and grating solar cells. Simple schematics of these devices are shown in Figures

' and 2. It can be seen that the grating cell is just a special case of the EMVJ
cell in which the depth of the etched groove is zero. 1In order to keep the compar-
isons simple, the only design parameters which were varied were cell thickness,
etched groove depth, and grid spacing. In addition, so that the shadowing factor
is constant, it is assumed that the etched groove width is such that shadow1ng is
5% for each device.
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" Figure 1. - Schematic of the EMVJ cell used for the Figure 2. - Schematic of the grating cell used for ti

~ SCAP20 simulations. : , : 'SCAP2D simulations.
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TABLE 1. - DEVICE PARAMETERS

Device L A wo| d
S EMVJ 250um | 125um | 100um
2 EMVJ -'2soum 25um | 100pm
B EMVJ 75um 25uh. 25um
. 4 Grating “Tham Shum S0 .
5 | Grétlng 250um '25umv 0

The-remaining design parameters are held fixed as follows. All doping proflles
are complimentary error functions with junction depths of 3 microns. The emitter ,
profile has a.surface concentration of 1.5 x 10?° cm™® while the back- -surface=field
(BSF) has a surface concentration of 3 x 1020 cm"3. The base has a resistivity of
about 10 ohm-cm. A fixed charge density of 1012 charges per cm? is assumed at the
illuminated surface which has a flatband surface recombination velocity of . 1000
cm/sec. . Minority carrier diffusion lengths of from 35 to 800 microns were used
in the simulations. The 51mulat10ns were performed for an AMO solar spectrum

with an-incident power of 135 mW/cm . A perfect anti-reflective coating is
assumed. : : '

In Table 1 the simulated devices are described in terms of the three variable
parameters: t, the device thickness, w, the grid half spacing, and d, the etched
groove depth.’ Tabulated results of the simulations, giving the open-circuit:
voltage, short-circuit current, fill factor, efficiency, and collection -efficiency,
are llsted in Table 2 for dlfferent values of minority carrier diffusion length.

One fact that is immediately evident is that for long diffusion lengths, the
EMVJ cell shows no advantage over the grating cell. Indeed, for a minority carrier
diffusion length of 350 microns, cell design has almost no effect on cell efficiency.
This is to be expected since all the critical device dimensions are less than a
diffusion length. For example, comparing Devices 3 and 4, which have comparable
overall dimensions, for a minority carrier diffusion length of 350 microns, we see
that there is no advantage to having etched groove junctions. 1In fact, since the
emitter volume is so much larger in the EMVJ cell as compared to the grating cell,
there is more recombination and the open-circuit voltage is reduced. As the diffu-
sion length is reduced, however, the advantages of an etched Jjunction become.
apparent. The purpose of the etched groove is to provide a collecting junction
close to any generated excess carrier. For carriers to be efficiently collected,
they should be generated within about a diffusion length of the Jjunction or they
may recombine before they can be collected. The EMVJ cell allows carriers generated
deep within the device to be collected. In the grating cell these carriers have
a greater distance to diffuse in order to be collected, and therefore more of them
recombine and are lost. For a minority carrier diffusion length of 35 microns,
the EMVJ cell (Device 3) is superior to the grating cell (Device 4). This is due
* to the greater collection efficiency of the EMVJ cell. Thus, for high end-of-life
efficiency, a deep etched groove junction is desirable.
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TABLE 2. - SCAP2D SIMULATION RESULTS

[L is minority carrier diffusion length.] -

29.6

Voo (volts) Jgo (mA/en?) N | P )
g .628 46.3 17.4 .808 - 98.4
& 2] .s08 45.8 16.3 | .807 97.2
" 624 42.9 6.3 | .823 97.3
1| 608 44,7 15.7 | 778 | 949
12| .o . 45.6 15.6 |  .785 97.0
A 13| 619 42.8 5.8 806 | - 97.1
Slel e 444 16.1 | .789 98.3
5| .616 45.4 15.8 | 764 96.4
1 .530 33.7 10.4 783 | T1.6
g |2 .528 44,7 13.6 779 L 951
e 3| 511 42.2 13.8 | .773 95.6,
W el T 40.7 3.2 | | a2
25| 539 39.9 12,3 | .773 84.7
B N 14,7 4.0 | .72 33.2
!j: 2 469 40.6 10.8 767 86.3
A 1 oh 0.6 JIH B4 H
e a8 29.7 8.4 | 766 67.3
T s e 8.2 | .156 62.9
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Another crltlcal parameter for end-of-llfe performance is the grid spac1ng.

As long as the spacing is shorter than a diffusion length, cell performance is not
very dependent on this parameter. This can be seen by comparing Devices 1 and 2
for diffusion lengths of 350 and 800 microns. The improved performance of Device

1, though it has a larger grid spacing than Device 2, is again due to the different
relative emitter volumes. For short diffusion lengths, however, the difference .

in performance is dramatic. For Device 1, with a grid half spacing of 125 microns,
most of carriers generated between the grld lines are too far from the junction

to be collected efficiently. Therefore, it is important to keep,the grid half
spacing less than the expected end-of-life diffusion length.

Cell performance is least sensitive to the device thickness. When a device
has a back-surface-field, two competing effects determine the optimum thickness.
The device needs to be thick enough so that nearly all the incident photons with
sufficient energy generate electron-hole pairs, and the device needs to be thin

enough so that the BSF barrier will be effective. In order for the BSF to be
~ effective, the thickness of the device must be less than a diffusion length. If
the end-of-life diffusion length is expected to be much less than 100 mlcrons,
- devices thln enough to make the BSF work may not be practical.

In Flgure 3, the mlnorlty carrier concentration in the base of Dev1ce 3 is
shown for-a.diffusion length of 800 microns. The illuminated surface is along the
x-axis at y = 0.. The collecting contact is parallel to the y-axis. We can see
that -the BSF is very effective at containing the minority carriers in this case
as the carrier concentration is nearly constant throughout the base region. Look-
ing at the same device for a diffusion length of 35 microns in Figure 4, the back-
surface-field is not effective since the minority carriers tend to recombine before
they encounter the BSF. Both figures show the minority carrier concentration at
the maximum power point. ' '

CONCLUSIONS

Using a detailed simulation program, SCAP2D, the effects of radiation damage,
as simulated by changing the minority carrier diffusion length, on EMVJ cell design
were studied. - The design parameters examined were device thickness, grid half
spacing, and etched groove junction depth. For long diffusion lengths, cell per-
formance was relatively insensitive to these parameters. End-of-life (small ‘
minority carrier diffusion length), was found to be very sensitive to both the grid
half spacing and to the etched groove depth. These parameters must be chosen so.
that most carriers are generated within a diffusion length of the collecting junc-
tion. Because end-of-life diffusion lengths are small, BSF's do not greatly. improve
cell performance, and therefore end-of-life design is not very sensitive to cell
th1ckness.
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Figure 3. - Minority carrier concentration within the base of Device 3 operating at the maximum
power point with a minority carrier diffusion length of 800 ym. The x and y axes have -
the same meaning as in Fig. 1. The z-axis is the minority carrier concentration.
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APPENDIXC

This appendix contains a paper which appeared in Solar Cells [6].
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PERFORMANCE LIMITS OF SILICON CONCENTRATOR CELLS

R. J. SCHWARTZ and J. L. GRAY
School of Electrical Engineering, Purdue University, West Lafayette IN 47907 (US A)

Summafry'

- In this paper the phenomena which limit the performance of concen-
trator cells are examined. These include contact grid shadowing, reflective
losses, series resistance and recombination mechanisms. These phenomena
are examined individually to determine whether and how their effects on cell
performance can be reduced or eliminated. It is concluded that, contrary
to popular belief, a significant improvement in cell efficiency may yet be
realized. Efficiencies approaching 30% under air mass 1.5 illumination at

300 ‘suns appear to be feasible with properly designed cells. One such
p0531ble cell design is proposed.

1. Iﬁtr‘oductibn

“From a technical point of view, one of the attractive features of
working on concentrator solar cells, particularly for very high concentrations,
is the fact that cell cost has the potential of being a small fraction of the
total system cost and therefore allows the design and fabrication of these
cells in a way that would be prohibitively expensive if attempted in a flat-
plate cell. This is particularly true for procedures which can increase the

_efficiency of the cells, since the cost of power generation is inversely propor-
tional to cell efficiency, and relatively modest gains in cell efficiency result
in major systems’ cost savings. ,

In ‘the spirit of this special issue which features speculations and
forecasts in photovoltaics, we shall examine the problem of silicon high
concentration solar cells from two perspectives. The first of these involves
examining the present state of the art of silicon high concentration solar cells -
for insight into those features and phenomena which are at present limiting
the performance of these cells. The second approach will be to speculate on
which of these limiting factors might be expected to be overcome and which
of them are fundamental and are therefore unlikely to be overcome so that
we can project possible future performance limits for silicon concentrator
cells. We close by speculating on the future design of these cells.

0379-6787/84/$3.00 . ©Elsevier Sequoia/Printed in The Netherlands
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2. Today’s best cells

It is interesting to observe that the silicon cells with the highest conver-
sion efficiency at 1 sun are those which were désigned for high efficiency at
high concentrations and only coincidentally was it observed that these cells
- also yielded very high 1 sun conversion efficiencies (18% at air mass 1). As a
starting point for our speculation, it is instructive to examine the design and
performance of present high efficiency cells for guidance as to where further
improvements might be obtained and how design features might be changed
to achieve these improvements. _
Table 1 is a tabulation of the factors which are at present limiting the
performance of today’s conventional silicon concentrator cells. These are
cells which have exhibited conversion efficiencies in excess of 20% at

TABLE 1

Factors which limit the performance of today’s high efficiency high concentration

conventional solar cells

Limiling effect

_Effect on cell performance

Comments

Shadow‘i‘ng
Reflection

Series resistance
-Grid
Emitter
Base

Contact recombination

Surface recombination

Bulk._ recombination

Jg reduced by about 5%
Jg reduced by 8% - 10%

Fill factor reduced from
possible value of 0.84 -
087 to observed value of
0.83 or less, depending on
intensity

Voe reduced by 60-80 mV
from value expected if base
recombination dominates
and best attainable lifetime
versus doping values used
Vo reduced by 60 - 80 mV
from value expected if base
recombination dominates
and best attainable lifetime
versus doping values used

Vo reduced by 60 - 80 mV
‘from value expected if base
recombination dominates
and best attainable lifetime

~ versus doping values used

May be reduced to zero with
back-contact cells )

Coated textured sqrface ciould
reduce this to 2% - 5% -

Resistive effects can be'made
insignificant with non-conven-
tional cell designs.,

May be reduced by reducing
contact area and through the
use of high-low junctions or
heterojunctions

Non-conventional cell designs
require better surface passiva-
tion than conventional cells.
Possible use of hydrogen
implant warranted for very
high efficiency cells,

The lifetime in lightly doped
Si appears to be limited to -
500 - 1000 us. For heavily
doped’Si and at very high
carrier concentrations, Auger
recombination limits perfor-.
mance. Limits appear to be -
fundamental ‘
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concentrations in the range 50 - 100 suns. Both n on p and p on n cells have

~ been shown to yield conversion efficiencies in excess of 20%,

. One of the interesting results in Table 1 is that we find that many-
of the effects can be almost entirely eliminated by proper cell design.
Shadowing can be eliminated by using back-contact cells, V-groove reflective
front-surface contacts or reflective V-groove cover glasses, Front-surface
reflection effects can be reduced to nearly insignificant levels through the
use of textured surfaces with antireflection coatings. Series resistance effects

.can_be reduced to a negligible range even at extremely high concentrations

vthro_u'gh» the use of unconventional cell structures; for instance, grid series
resistance effects and emitter lateral voltage drops can be reduced to any
level which is desired through the use of back-contact cell construction. Base
series resistance effects can be reduced to negligible levels through a proper
choice of base doping and device dimensions. '
~ Contact recombination and surface recombination are somewhat more
speculative in terms of the probability of eventually reducing these ‘to
negligible levels, - - : '
One technique for reducing contact recombination, of course, is to
reduce: the metal-semiconductor contact area as much as possible and, in
fact, this has been done through the use of dot contacts and patterned back-
surface contact areas. The effects of contact recombination have further

“been reduced by surrounding the metal contact area with a high~low junc-

tion region ‘which has the effect of keeping minority carriers away from the
very large recombination velocity associated with a metal-semiconductor
contact. These high~low junctions become ineffective at very high illumina-
tion levels. However, it appears to be possible to reduce contact recombina-
tion to negligible levels by shrinking the contact areas to a small fraction of
the cell area while also including a heterostructure between the silicon and
the metal contact such that the majority carrier contact is maintained while
minority carriers are prevented from reaching the metal-semiconductor
contact. (Figure 1 shows a hypothetical heterostructure which would result
in this behavior.)

- The surface recombination velocity can be reduced in a number of

-ways, one of which involves the use of very clean processing procedures and

oxidization techniques which yield very low surface state densities. This

Wide gap

n-type

semiconductor Silicon
Metal

N

e

Fig. 1. Hetérojunction isolation for metal -semiconductor contacts.
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technique is always effective and should be used even when other additional
surface recombination reduction techniques are applied such as band-bending
techniques which reduce the effective surface recombination velocity while
keeping minority carriers away from the surface through the use of built-in fields.

‘It is very difficult to estimate the relative contributions of surface
recombination, contact recombination and bulk recombination on today’s

high efficiency devices as the deflmtlve expenments have not yet been' .

* performed.

Recent reports have indicated that 1on-1mplanted hydrogen is able to
reduce the surface state density at Si-SiO, interfaces to very low levels. If -
the capture cross section of these low density surface states is similar to that
of higher density states, the surface recombination velocity for silicon solar
cells would be sufficiently low that it would no longer be a dominant
limiting factor.

This leaves us with the fmal entry in Table 1, that of bulk recombina-
tion. Two recombination mechanisms appear to dommate the performance.
of silicon solar cells: recombination through trapping energy levels in the
band gap and Auger recombination. Auger recombination can be dominant
in heavily doped regions such as the emitter at low intensities and through-
out the device under high intensity operation near open circuit. Recombina-
tion through both of these mechanisms may be dramatically influenced by
the presence of band gap narrowing, which appears to become important at
carrier concentrations above 10'7. The effect of band gap narrowing is to -
increase the np product, and therefore the minority carrier concentration,
over what it would be in the absence of band gap narrowing. This in turn
.leads to an increase in recombination. The primary effect of bulk recombina-
tion in the present high efficiency cells is observed in the open-é.ircuit voltage
V.. and not in the short-circuit current. High efficiency cells already have
collection efficiencies in excess of 90% and currently availabie technology
indicates that collection efficiencies in excess of 96% are attainable with base
- dopings of current interest.

o The reason that V. is most strongly affected by the recombmatxon
- mechanisms available in the device is that under open-circuit conditions all
carriers generated must recombine within the cell. The carrier concentratlon
will build up to such-a point that this occurs. Since the open-circuit voltage
is logarithmically related to the excess carrier concentration, it is a measure
of the total recombination. It should be noted that band gap narrowing in
itself would have no detrimental effect on device performance if the various
rechbination mechanisms were reduced to negligible levels. It is only the
enhancement of the minority carrier concentration and the consequent
increase in bulk and surface recombination that causes the open-circuit volt-
age to be affected by band gap narrowing. The effects of band gap narrowihg '
can be reduced through a reduction in the volume of heavily doped materlal
in the cell. ' ’

It appears that the openmrcult voltage in today’s devices is limited by
recomblnatlon in the emitter which is increased by the presence of band gap
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narrowing effects. Whether the actual recombination is occurring in the bulk
of the emitter or at the SiQ,—Si interface is unknown. What is known is that
the open-circuit voltage is 60 - 80 mV lower than it would be if band gap
narrowing effects were not present. '

3. Future high concentration silicon cells

For purposes of speculation, we have taken the view that all the effects
listed in Table 1 except bulk recombination can be reduced to insignificant
levels through proper cell design or device processing. For bulk recombina-
tion, there is reason to believe that there are fundamental limits in silicon which
are not likely to be overcome. For lightly doped material it appears that the
lifetime is limited to the range 500 - 1000 us and is determined by recombi-
nation through trapping energy levels in the band gap. For heavily doped
material, and for lightly doped material operating with very large excess
carrier - concentrations, the bulk recombination is dominated by Auger
recombination. ' :

‘Figure 2 presents the operating efficiency of an idealized silicon cell
illuminated by an air mass 1.5 spectrum with concentration ratios ranging -

b

Cell Efficiency %

35
a0y " Bulk Recombination /S
Limited Cell /
26} : /
20f -~ & ‘ ~
Current High Concentration
Silicon Cells
1l
0f
5f
RS RS TR 1 FR Y !
T » 10 100 1000

Concentration Ratio

Fig. 2. Céll efficiency for an idealized silicon cell and present cells.
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from 1 to 1000. This curve was obtained by utilizing a detailed computer
code which takes into account Hall-Shockley—Read recombination, Auger
recombination and mobility dependence on doping. The ideal device curve
‘has been computed by optimizing the base doping and device thickness at
each concentration ratio. For the idealized curve presented in Fig. 2, we have
assumed that recombination at the surfaces and at the metal-semiconductor

~contacts have been eliminated and that band gap narrowing effects, grid
series resistance, the lateral voltage drop in the emitter and reflection effects
are negligible. While it is clearly very difficult to realize all these conditions
simultaneously, it does appear that there are cell designs which will allow
this situation to be approached. Also included in Fig. 2 is a curve showing
the highest reported conversion efficiency at each concentration. The first
feature that we note from Fig. 2 is that, contrary to popular belief, it
appears that further significant increases in silicon solar cell performance are -
possible, particularly at high concentrations. The fali-off at high concentra-
tions observed in the curve of present-day cells is due to a degradation in the
fill factor. The origin of this, in these cells, appears to be a lateral voltage
drop in the emitter.

Even at low concentrations, where the best present-day cell has an effi-
cnency of 18%, there appears to be significant room for improvement. It
appears that efficiencies of 23% should be obtainable. In order to achieve
this high efficiency, however, considerable effort will need to be expended
in the areas of surface passivation and contact isolation, as these two mecha-
nisms will be dominant in those structures where other problems have been -
eliminated. Also, it should be noted that the optimized cells of Fig. 2 were
obtained by using the assumption that the back surface of the cell was
reflecting so that the light made two passes through the cell. One result of

~ the optimization, however, was that all the cells have an optimum thickness
in the range 50 -60 um. This is not true of present-day cells, which are
fabricated with thicknesses of 250 um and greater. Part of the reason for this
is that present-day cells do not have surfaces which are as well passivated as
is needed. They also suffer from recombination in the heavily doped regions
and at the contacts. Until these high recombination regions are significantly
improved, thick cell designs and lower conversion efficiencies will prevail.

4, A possible high efficiency concentrator cell

~Figure 3 is a schematic diagram of one possible cell design which
incorporates many of the features discussed above and which would yield
efficiencies approaching those of the idealized curve of Fig. 2 if the very
good surface passivation and contact isolation can be obtained. The cell
features a reduced volume for the rectifying junction, reflecting grid struc-
tures which significantly reduce shadowing, textured surfaces with an anti-
reflection coating, and a heterostructure contact. Also, the metallic contact
areas are reduced to an absolute mmlmum The gnd hnes are ‘very narrow .
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Fig. 3. A hypothetical high efficiency concentrator cell,

and closely spaced to minimize internal potential drops.' The very thin base
keeps the fill factor high, even at very large concentrations.

5. Conclusions

Much progress has been made in improving the efficiency of silicon
concentrator cells, but significant room for improvement remains. Cells with
efficiencies approaching 30%, at concentration ratios above 300, appear to
be feasible but will require new. structures, very. careful processing and a
better understanding of the factors controlling surface recombination, band
gap narrowing and metal-semiconductor contacts than we now have.
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APPENDIX D

This appendix contains a paper which was presented at the Seventeenth IEEE
Photovoltaics Specialists Conference [7].
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. TWO-DIMENSIONAL COMPUTER SIMULATION OF SINGLE™
CRYSTAL SILICON CONCENTRATOR CELLS -

J. L. Gray and R. J. Schwartz
School of Electrical Engineering
Purdue University
West Lafayette, IN 47907

. ABSTRACT

The factors which limit cell performance are exam-
ined and ultimate performance calculations are made for
cells dominated -entirely by recombination in the base.
Maximum theoretical - efficiencies of 23.4%% at 1 AML.5
sun, 32.0% at 100 suns, and -36.0% at 1000 suns are
* predicted for very lhin-‘s <75 pm) cells with lightly doped
bases (N < 1x10"®em®). A two:dimensional simulation
program, SCAP2D, is used to examine various - cell
geometries designed for high efficiency. These include the
conventional, IBC, 'EMVJ, and grating cells. It is con-
cluded that recombination at ideally ohmic metal con-
tacts is the major factor limiting cell performance. Novel
contact designs could increase. the efliciencies of concen-

trator cells dramatically. - :

"INTRODUCTION

The determination of the upper limit of efliciency of
single crystal ‘silicon solar cells is an important topic
1,2,3]. Knowing ‘the ultimate efficiency and the factors
imiting the efficiency ‘of present and proposed cells will
indicate where research. efforts should be focused. In
order to properly. evaluate: cell ‘design, it is important to
understand what the fundamental limitations to cell per-
formance are. In a recent publication. [3], the: authors
examined the mechanisms which limit device performance
in an effort to determine which are fundamental limita-
tions and which might be overcome. It was determined
that the only fundamental limitation is recombination in
-the base; all other losses can probably be reduced to
negligible levels by proper cell design and fabrication. A

summary of these limiting factors is given in Table 1.

In this paper, several cell geometries will be com-
pared. These include the conventional, IBC {Interdigi-
tated Back Contact), EMVJ (Etched Multiple Vertical
Junction), and grating cells. These cells will be simulated
by a . two-dimensional ~device simulation program,
SCAP2D (Solar Cell Aralysis Program in 2 Dimensions).
SCAP2D solves Poisson’s Equation and the two con-
tinuity equations simultaneously using finite differences to
discretize the equations and Newton’s Method to solve
the resulting system of nonlinear equations. The program
runs on a Cyber 205. A typical run simulating a device
on a 55 by 36 finite difference mesh and computing 13
bias points requires less than five minutes of CPU time.
Results will be shown for devices simulated under AM1.5
illumination at 1, 100, and 1000 suns. Basic cell parame-.
ters, such as device thickness, base doping, and junction

Table1,
Factors Limiting Cell P‘erfqrmahce!

Limiting effect Comments

Reduces Jgg, Can be elim-.
-inated with back contact cells -
or reduced with V-groove
cover plates.

Shadowing

Series. Resistance Degrades fill factor. Resistive
effects can be made
insignificant with proper cell

| design. S B
Voc is degraded. May be -
reduced by reducing contact
area and through use of
high-low junctions or hetero-
junctions. i

Contact Recombination

Voc reduced. Nonconven-
tional cell designs require
better surface passivation.

Surface Recombination

Voc reduced. Recombina-
tion in the emitter and high-
low junction can be reduced
by keeping their volumes
small wrt to total cell
volume. Recombination in
the base will control cell per-
formance: S

Bulk recombination

depths, were determined beforehand and ‘subsequently
adapted to the various cell geometries which are to be
simulated using the détailed simulation program,
SCAP2D. The choice of these parameters is discussed in
the next section. » : ,

DETERMINATION OF DESIGN PARAMETERS

Base Thickness and Doping

If we assume that recombination in the heavily
doped regions, at the surfaces, and at the contacts can be
held to negligible levels, and that ohmic losses in the

emitter and contact grid can likewise be kept negligible;
it is possible to estimate- an optimum cell thickness and -

base doping density. For these assumptions; the current

CH2019-8/84/0000-1297 $1.00 © 1984 IEEE




can be approximated as the difference of two terms:

W w o
=qf0 G(x)d{—qfo R(x)dr » (1) -

The cell thickness is W, (/(x) is the generation rate, and ,

It («) is the recombination rate.

The generation term’ ¢can-be computed as a function.

of device thickness once the spectrum and absorption
coeflicients -are known. For our computations we have
used an AML.5 spectrum. In addition, we have assumied a

double pass of the incident photons.

.~ Let us now examine the recombination term. As
~'long as the base is much shorter than a diffusion length,
the excess carrier concentration in the base can be

approximated asindependent of position. Then, assuming

quasi-neutrality (i.e. Ap =An), the recombination term
- can be written as follows. ' '

of Rlz)dz = . B ¢
: | L
tp(n +ﬂ"() + T,.(P_+ n,l'e)

gWipn=n) [An +4,p +

An empirical expression for the effective intrinsic carrier

concentration, n;, as a function of doping, as suggested
by - Slotboom "and DeGraaff [4] has been used. Although
this expression is based on measuréments  of p-type
“material, we have -assumed the same expression holds for
n-type silicon. For purposes of these calculations, n;, has
" been: assumed to.be a function -of doping only and not

free carrier concentration., Measured values are used for -
the. Auger recombination parameters, A, and A, 5. A
level .trap.  Shockley-Hall-Read  mechanism  is

single
assumed with the ‘trap at the intrinsic level. Since the
base region is assumed to-dominate recombination, the
" choice of the carrier lifetimes, 7, and 7p, Will have the

greatest impact .on the results of these calculations. In

order: to .model - the -degradation of carrier lifetime with
doping, a modification of the empirical forinula suggested

-by Fossum [6] is used. -

, = 500 psec . (3, .

N

14+ -
7.1x10"

N is the base doping density. | The»aésumption here is
that the best lifetimes obtainable in fabricated devices

can be estimated ‘from the above expression. Measure- '
ments of base lifetimes of devices fabricated at Sandia .

~support this premise [7].

. -Since the excess carrier concentration is assumed to -
be uniform, the'set carrier concentrations are easily com-

puted- in- terms .of -the potential applied across the pn

-~ )unetion, .:l*’j."j-(}‘iv:cn the carrier concentrations, the con-"
tribution to the terminal voltage at the high-low (an*)

. junction, Vi, can also be calculated. Assuming the
~current path is across the entire base thickness, the ohmic

drop across the base is
B ' JW

Y, = _dw . (4) .

_ gy, + apn,

- An ‘c.mpiriczil»,ex.présSion.l'or the mobilities as a function of
doping as given. by Arora, et. al. 58] is used. Carrier-

carrier scattering is: also included {9). Since the carrier

_concentration is uniform, there are no Dember potentials.

C-50-

'BASE DOPING (CM?)

: At this point, we have expressions for the cell
current, J, and the terminal voltage, V,, in terms of only
three parameters: V. the pn junction voltage, W, the
cell thickness, and NJ, the base doping density. .

JSJVLWN) 5)
V=V VgV N) = Vy(V, W,N) (6)

For a given W and N, the current-voltage characteristic
‘can be numerically computed, yielding the short-circuit
current, open-circuit voltage, fill factor, and efficiency. In
Figure 1, a contour plot of cell efficiency as a function of
cell thickness and base doping is shown for 100 sun
AML.5 illemination. Note that the highest efficiencies are
predicted for thin, lightly doped cells. The cross-hatched
area is where the cell thickness exceeds half the ambipo-
lar diflusion length, thereby violating the short base
assumption. :

, 10"
10'%
108
1014

o

1012

- 10'Y0750 150 220 290 360 430 500
’ ' CELL THICKNESS (MICRONS)

: Figurel. =~ =
. Efficiency Contour Plot at 100 suns AML1.5

- The basic solar cell parameters extracted from the
maxima of the contour plots at 1, 100, and 1000 AM1.5
-suns are tabulated in Table 2. At I sun there are two
maxima. One is in the same region as for the higher solar
concentrations, i.e.. a thin, lightly doped cell; while the

" other, with a slightly higher efficiency, is for a somewhat
" thicker, moderately doped cell. The latter maximum

fades as the solar concentration is increased. Since the
regions of highest efficiency are broad,-all SCAP2D simu-
lations are performed for a cell thickness of 75 um and a
base doping of 5x10" em™3. - - - :
Note that these predictions must be thought of only
as ultimate limits, attainable only if the performance ‘is
entirely dominated by recombination losses in the base.
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: "~ Table 2.
Maximum JPerfurmance Limits

AML1.5 suns

parameter 1 ] 100 1000
Wigm). - 30 130 50 75
N (em™3) 1x10'"| 3x101 | 1x10" | 1x10M
Voo (V) 0.802 | 0687 | 0996 | 1.021
Joo (Afem®) | 0315 | 0342 | 3253 | 3396
FF 0772 | 0840 | 0.820 | 0.882
1 (%) S| 234 23.7 | 320 36.0

Junction Depths-and Doping

The doping and junction depth of the heavily doped
regions can be roughly estimated as follows. In order to
keep recombination in- the heavily doped regions small,
the junction depth, x; must be much less than a minority
carrier diffusion length, L, or = fL, with f<<I.
Assuming an ideal ohmic contact, the saturation current
can be expressed as follows.

qu "ig‘
Jo= (7)
| " NufLy, |
D,, is the minority carrier diffusion coefficient and Ny is
the doping density. Minimizing J, with respect to Ny, it
is found that Ny, =4x10" em™ and z; =0.3um are rea-
sonable choices.

Surface Recombination

Recombination at the Si--510, interfaces is con-
trolled by the the surface recombination velocities and by
the net surface charge density [10]. A large surface
charge density acts.to to reduce the surface recombina-
tion rate. For the simulations presented in this paper,
the ‘surface recombination velocities are taken as
1000 cm/sec  with- a  surface charge density of
gx102 em™2, )

Metal Contacts

All metal contacts are assumed to be ideally ohmie
for the simulation results presented here. In order to
keep recombination losses at the contacts at a minimum,
the contact areas have been selected to be consistent with
5 micron design rules. As will be shown, even this small
metal coverage keeps the cells from reaching the highest

© SIMULATION RESULTS _
All the devices were simulated using SCAP2D with

the same basic cell parameters. The cell thickness and
" grid repeat distance were both taken to ‘be 75pum. The

doping’ profiles in the diffused regions are taken as error
function compliments with a surface concentration of.
4x10'%em™ and a junction depth of 0.3pm. - The grid
width depends on cell geometry, but in most cases is
Spm. The emitter and high-low junction’ volumes also
depend on cell geometry, but are usually selected to be as
small as possible in order to keep the recombination in -
these regions negligible. The surface recombination velo-
city at the Si—SiO, interface is taken as 1000 cn /sec
with a fixed surface charge density of ¢x 102 em 2. The
metal contacts are assumed to beideally ohmic. A per-
fect anti-reflective layer has been assumed as well as a
perfect back surface reflector. . .

Seven variations of the four basic cell geometries
have been simulated under AML.5 ‘Mlumination at 100
suns. The illumination is incident from the bottom of the
device cross-sections as shown in Figures 2 to 8. Normal
incidence is also assumed. For the IBC, grating, and con-
ventional cells the dimensions of the small metal contacts
are 2.5um. The etched groove p* contacts of EMVJ-1
and EMVJ-2 are both 5um deep, while for EMVJ-3 it is
25 p#m deep. The n* contact on' EMVIJ-1 is 2.5 um wide.
The simulation results are tabulated in Table 3.

As might be expected, the performance of the four
most_comparable cells, the IBC, grating, conventional-1,
and EMVJ-1, are very close. All these cells have small
metal contacts, and except for the conventional-1 cell,
small heavily doped regions. Since these cells were
designed to flood the base with carriers, and since these
cells are thin with respect to a diffusion length, it makes
no difference, at least to first order, as to where the con-
tacts are placed. .

It is immediately apparent the the efficiency of these -
devices is nowhere near the predicted theoretical max-
imum of 32%. Although we are achieving almost perfect
100 % collection efficiency and the fill factors are close to
the predicted 0.82, the open-circuit voltages are far below
the predicted maximums. The source of this difticulty is
immediately apparent when the sources of recombination
are examined at Vje. Under open-circuit conditions, all
the carriers generated in the device must also recombine
there. In order to achieve the high open-circuit voltages
predicted, two conditions must be satisfied. The base
recombination parameters must be as good as possible,
meaning that carrier lifetimes must be long, and recombi-
nation in the base must be the dominate recombination

predicted efficiencies. - mechanism.  Although we have assumed the first
3  Table 3. , |
SCAP2D Simulation Results at 100 suns AM1.5
Cell | Yoo (V) | Joe (A[em®) TFF | (%) | nogrer (%) n. (%)
IBC 759 - 3.22 804 | 236 23.6 96.7
grating 758 3.16 803 | 23.2 24.0 98.4
| conventional-1 | 754 3.21 818 [ 23.8 24.6 99.9
conventional-2 711 3.21 784 1 215 22.2 999 |
EMVJ-1- _ 41 3.17 799 | 228 23.4 98.6
1EMV]}-2 704 2.50 740 | 157 16.2 7.7
‘EMVJ-3 - 084 2.97 779 19.1 19.7 92.2
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condition, the second is clearly not satisfied for these dev-
" ices. In Table 4, the relative contribution to the total
recombination from the various sources for the IBC cell
are tabulated. Nearly 90% of the recombination occurs
at the metal contacts. A simple ‘back of the envelope’
calculation shows that if recombination at the metal con-
tact could be eliminated and was redistributed propor-
tionately among the remaining sources of recombination
(column 3 of Table 4), Voo could possibly be increased
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Conventional-2 Cell

by 0.115 V. If the the fill factor remained unchanged, this
wotuld boost the efficiency to 27.2%. * Although eliminat-
ing the metal contacts as a source of recombination will
increase the relative importance of recombination in the
base, it will still not be the dominate mechanism for the
device modeled here. Surface recombination will dom-
inate. Improving the Si—SiO, interface passivation will
not, however, significantly help until recombination at
the metal contacts is controlled.
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. The difference in performance between the two con-
ventional cells is completely attributable to the difference

~in metal coverage. The open-circuit voltage is severely -

degraded by the total back metal coverage.

The clear superiority of EMVIJ-1 over the other
EMV] cells is again due almost entirely to the difference
in metal coverage. The lower the contact area, the
greater the open-circuit voltage. It is interesting to note
that the collection efficiency of EMVJ-2, with a shallow
etched groove, is much less than that of EMVJ-3, with
the deep etched groove. The high-low junction is not
eflicient at containing the excess carriers in the base and
many recombine at the back contact rather than be col-
lected since the high-low junction area is much larger
than the emitter junction area. Increasing the emitter

. surface passivation
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Table 4.
Relative Contribution to Recombination
at Vo for an IBC Cell at 100 suns

relative ‘relative
Source contribution | contribution
% (metal zero)
base 1.6 144
emitter 0.1 0.9
high-low 0.1 " 09
§i0, interfaces . 9.3 . 838
metal contacts 88.9 none

junction area (EMVJ-3) increases the collection efficiency
since the carriers have ‘a greater chance of ‘secing’ the
collecting junction before recombining.

Simulation results for the four ‘best’ devices at 1 and
1000 suns are shown in Tables 5 and 6, respectively. At
1 sun, the efficiencies are much closer to the predicted
maximum and are close to the values reported in the best
cells made at present. Although recombination at the

- metal contacts still dominates, its relative contribution is

not as great as that seen at higher intensities. At 1000
suns, the IBC cell, and, to a lesser extent, the grating and -
IXMVJ cells, are beginning to show the effects of loss of

iiOl; This is seen in the reduced col-
lection efliciencies. efore, recombination at the metal
contacts keeps the open-circuit voltage, and therefore the
efficiency of these cells is far below the predicted max-
imum. :
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Table 5.
SCAP2D Simulation Results at 1 sun AM1.5

Cell Voc (V) | Jsc (mA[em®) | FF | g ('Ol Nactive (70) | 1. (70)
1BC 637 328 821 | 206 20.6 985
grating 635 31.8 .820 19.9 20.6 08.8
| conventional-1 .631 32.1 822 20.0 20.7 90.9
EMVI-1 .619 31.7 .821 194 20.1 98.7
Table 6. :
SCAP2D Simulation Results at 1000 suns AM1.5
Cell VOC (V) ‘]SC (A/sz) FF n (%) Nactive (06) 1. ( )
IBC‘ 817 28.5 751 | 21.0 21.0 85.7
grating .820 30.6 753 22.7 23.5 95.2
conventional-1 .814 320 14 22.4 23.2 - 99.7
EMVJ]-1 .802 31.0 744 22.3 23.0 96.2
CONCLUSIONS REFERENCES

Very high efficiencies have been predlcted 32% at

100 suns, for devices which are dominated by recombina-

tion in the base, and where the base lifetimes are as long

- as possible. Desngn parameters were derived which were
expected to approach this condition. However, two-

dimensional computer simulations of cells geometries util-

izing these parameters show that even for very small

- metal contact coverage, recombination at the metal con-
tacts completely dominates under open-circuit conditions.

The result of this domination is to severely reduce the

open-circuit voltage and cell efficiency.

In order to realize significant improvement in cell
-efficiency, some type of novel contact, which is ohmic to
majority carriers, but is also a good mmorlty carrier mir-
ror, must be developed Some type of heterostructure,
with contact made to a wide gap material deposited on
the silicon, may offer a solution’ Once recombination
~at_the metal contacts is contro led surface passivation
will increase in importance. If these problems can be
solved, significant improvements in.cell performance will
be reallzed
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~ APPENDIX E

This appendix contains a paper presented at the High-Efficiency Crystalline Sili-
con Solar Cell Research Forum in Phoenix, Arizona in July 1984 [8].
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Current Status of One and Two-Dimensional Numerical Models:
S Successes and Limitations o

* by R. J. Schwartz, J. L. Gray, and M. S. Lundstrom
S Purdue University ‘
School of Electrical Engineering
: West Lafayette, IN 47907

Abstract

The capabilities of one and two-dimensional numerical solar cell modeling programs
(SCAPID and SCAP2D). are described. The occasions when a two-dimensional model is
required are discussed. The application of the models to design, analysis, and prediction
are presented along with a discussion of problem areas for solar cell modeling,.

Introduction

Accurate numerical models for single crystal silicon solar cells have proven to be very
reliable in the simulation of the performance of these cells. These models have proven to be
extremely useful in: the interpretation of experimental measurcments; the identification of

processes which limit cell performance; the prediction of benefits which will result from

design and materials changes; the comparison of various cell designs; and the prediction of
efficiencies which may eventually be obtained in silicon solar cells as various. technological
barriers are overcome. - '

The capabilities of a one-dimensional (SCAPID) and a two-dimensional mode]
(SCAP2D) are described and examples of their use for each of the above purposes are
given. 1”3 It will be shown that there are circumstances under which cells which appear to
be one-dimensional require a two-dimensional model to properly simulate their behavior. -

As cells become more efficient the requirements.on the accuracy of the physics used in-
the model become more stringent. Iffects which are of little significance in poor or
moderately good cells can take on major significance in high efficiency cells. A number of
problem areas which are of concern in the modcling of high efficiency cells are discussed.
These include heavy doping effects, metal-semiconductor boundary conditions, minority car-
rier mobilities, high injection lifetimes, and carrier-carrier scattering. Each of these may
have a major impact on the performance of the cell under certain operating conditions.

The Model
Physical Effects of Importance

One of the major advantages of a numerical model is that it affords one the opportun-
ity to include the very large number of physical effects which may be acting simultaneously
within a solar cell. The complexity of the phenomena and their interactions with each other .
preclude analytic solutions in anything except highly idealized situations, which are not
indicative of actual cells or operating conditions. An attempt has been made in the formu-
lation of SCAPID and SCAP2D to include as many of the physical effects which are known
to influence cell performance as possible and to do this in a manner which represents our
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~present knowledge of these effects. One of the goals in writing these codes was to have
them be sufficiently accurate in their representations so that they could be used in a predic-
tive mode. This is possible only if all of the pcrtment physlcal effects are mcluded -

In those cases where the physics is questionable, we have attempted to mclud'e options
which allow one to choose between various models. For example, in the case of heavy dop-
ing effects, one is able to choose between the models of Slotboom Lanyon-Tul’t and
Mahan or to supply a subroutine of one’s own choosing.

We haVe attempted to choose materials parameters which in our est‘imatio'n'_are the
most reliable. These materials parameters arc used as default values. The user can easily
~ change these parameters to values that he views as more reasonable. - :

The following physical effects are included in the codes: hole and electron mobilities,
including their doping and temperature dependencies; heavy doping effects, using the for-
mulation of Lundstrom, Schwartz, and Gray; absorption coefficients, including their tem-
perature dependence; recombination, including Auger, Hall-Shockley-Read, and surface
recombination. Surface recombination is handled through the specification of ‘the surface
recombination velocity. In the case of SCAP2D, the effects of surface potentlals are also
included. v ~ i

Semi(:onductor Equations

The programs perl‘orm a full s1multaneous numerical solution of the two contmulty
equations and Poisson's equation subject to the boundary conditions appropriate to one and
‘ two-dxmensnonal cells. The equations are formulated as shown in equatlons 1-3.

vy =—%(p—n+ND—NA). | B ||
v-J, = q(G-R), @
| V-, = qR-G). R )
The generatlon term in equatlons 2 and 3 are gwen by _ | ,
G(x) = f Pae **dX ' R At L (4)

and the recombmatxon term is given by equatlons 5 6 and 7.

= (po-nd)|A.n+A p + 1 |
Prmd bt hop + ) | ®
T = P2 (6
by MNotNY e ©
. Nc . N
. Tho : (7)
T, = ” .
on (ND+NA) . o ' ‘
o+ A
N

- The hole and electron current densitics which appear in equations 2 and 3 are given by
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I, = fqppvap—kTppr » - (8)

Jn = —qunVv, +kTp, Vn n R (9) :
v, = v—(l—’y)—q- ’ | v - {10)
Ad | oo -
\ v+7T . : ' _ (11)

where v, and v, are the effective potentials defined in equations 10 and 11 and Ag and 4
are parameters which account for variations in the band structure, such as density of states
and band gap, and account for Fermi-Dirac statistics. . PRIt

No low injection assumptions are made. The equations are solved from contact to con-
tact with appropriate boundary conditions so that the solutions are valid for all ranges of
operation and include minority and majority carrier flow. The latter places some restric-
tions on the CPU word size required for solution. . '

These codes have been extensively tested for accuracy by comparing the results of
their predictions with experimental results obtained on very carefully and extensively
characterized cells for a wide range of cell designs and operating conditions. The agreement
has been such that a high degree of confidence has been developed in results computed
using these codes. - ‘ o

Code Description

Figure 1 is a block diagram of the structure of SCAPID and SCAP2D. The ‘operator
must supply information about the materials parameters, a description of the device to be
analyzed, the type of analysis which he wishes to perform, and the spectrum, if appropriate.
He also can, if he wishes, control some of the details of the numerical solution; the amount
of information supplied while the program is converging to an answer and how the output
information will be stored or displayed. ' | ‘ SR

The results of the computation are presented in printed summary form and the
detailed results of the calculation are stored on magnetic tape. A separate plotting routine -
is used to access the information on tape and to display the appropriate parameters. The
plotting capability is one of the most valuable features of the code, in that it allows one to
effectively have a microscopic view of most of the parameters of interest in the interior of
the cell under operating conditions. We will show some of the available graphical output as
we discuss the capabilities of the code. Table I shows the input control offered to the
operator. In every case default parameters are specified if the operator chooses not to sup-
ply a parameter. A '

Table II contains a listing of plots which are available through the plotting program.
In this case the operator specifies the type of plot which is required and the region of the
cell for which he desires that plot. Most of the figures which follow were obtained directly
from this plotting routine. : '

In addition to the reliability of the output, the utility of codes of this typé will depend
on their ease of use and efficiency of computation. For example, in a design mode, it is



Cell
Description
| - Typeof ’
. Analysis ]
. . - -) .
Spectral Solve for Rl e;:lltts
. Choice n,p,V and :
— requested type
: of analysis
Materials , '
Parameters "
| Optical Filters
and Reflection , .
e o Store Results ;t’t::::s Plots
. on Tape for Future g o
. Numerical Solution Use
- Control Parameters
’ : '} Type of Plot :
Output Information | | and Range
.. .Control .

fv'_‘F»igtire 1 Block Diagram of the Structure of SCAP1D and SCAP2D

- Device Description
. Doping Profiles
~Step junction
- Erfe (Nyx;)

Table I- Input Parameters

vSpectral Choices

Experimental Profile

SUPREM 11
iDimen‘sions

- Materials Parameters
~“Lifetime (r and energy)
Surface Recombmatlon
Auger
Bandgap narrowmg ,
Slotboom
Mahan
Lanyon-Tuft
- User supplied

AMO

AM 1.0

AM 1.5 direct & global
Monochromatic ~

“Uniform generation

User supplied

- ~Optical Filters & Reflection
Filter (Ge, Si, SiO,, GaAs)

" Back surface reflector

Typés of Analyéis

Dark I-V
Illuminated I-V .
Solar Cell

Spectral Response




. Table I - Plotting Options

Carrier concentration Hole current density and components v
Hole and electron current densities Electron current density and components
Change in potential (from equilibrium) Mobility :
Doping density . . , Lifetime
Energy band diagram : Ratio of ny/n;,
Electric field - = . Potential
Hole and electron quasi-electric fields Recombination rate
~ Effective fields (electric plus quasi-clectric)  Charge density
for holes and electrons - Excess carrier concentration

Optical generation

advantageous to be able to make multiple runs in a reasonable length of time and at rea-
sonable cost. While SCAPID can be run effectively on nearly any mainframe computer (a
typical run on a CDC 6600 requires 100-300 CPU scconds), SCAP2D requires a very fast
machine with a large amount of actual or virtual memory. On a Cyber 205, 300 CPU
seconds are required for a typical run. SR

- Situations Requiring Two-Dimensional Analysis

In many situations a one-dimensional simulation is quite adequate and there is no need
- to use the more complex and expensive two-dimensional simulation. On the other hand,
there are a number of situations which only a two-dimensional simulation will suffice.

Some of the situations which require two-dimensional analysis are quite obvious, while
others appear to be one-dimensional in nature, but, in fact, require a two-dimensional solu-
tion for proper description of the cell performance. Most of the cell structures which have
been proposed as high efficiency silicon cells fall into the obviously two-dimensional analysis
category. Among these structures are the Interdigitated Back Contact cell, the Vertical
Multi-Junction cell, the Etched Multiple Vertical Junction cell, the Polka Dot cell, and the
Grating cell. As an example of the use of SCAP2D in the analysis of these two-dimensional
cells, we show figures 2 through 4 for an IBC cell. In Figure 2 we show the total short cir-
cuit current flow under one sun-conditions. In Figures 3 and 4 we show the majority and
minority carrier flows for this same cell operating under the same condition.

Less obvious applications of the two-dimensional code are shown in Figures 5 through
6 in which a conventional solar cell has been analyzed. In Figure 5 we show the potential
distribution along the emitter from a point half way between the grid lines up to the grid
lines under open circuit conditions. This figure illustrates that there is a lateral voltage
drop along the emitter, even under open circuit conditions, as a result of the current which
is injected in the vicinity of the grid line. Figure 6 shows the circulating currents which
exists in the vicinity of the grid line. ' v
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An even less obvious problem with one-dimensional simulation occurs when one tries to
properly model the front surface of a conventional cell. This surface is composed of a
SiO,-Si interface and a metal-semiconductor contact. In a one-dimensional simulation, one
is forced to aggregate the two effects with some equivalent front surface recombination velo-
city, Sp. Figure 7 illustrates the difliculty with this approach. Under short-circuit condi-
tions the proper value of Sy is equal to the surface recombination velocity of the SiO,-Si
interface. However, near open circuil conditions, the proper value of S may be 3 to 4 ord-
ers of magnitude larger. This is a result of the fact that the metal semiconductor contact
may be a very effective recombination site for minority carriers. It is particularly important
as the operating voltage of the cell increases. For proper operation of a one-dimensional
code, the front surface recombination velocity should be a function of operating condition.
The two-dnmensxonal code does not have this problem, since the surface recombination velo-
city at the SiO,-Si interface and the metal semiconductor interface are specified separately,
and the recombination along the entire surface is properly accounted for under all operating
conditions.

At high operating conditions, such as are found in concentrator solar cells, even the
conventional cell behaves in a two-dimensional fashion and must be modeled using the
two-dimensional code. Minority carrier current flow for a conventional cell operating at 800
suns is shown in Figure 8. If this cell is modeled using the one-dimensional ¢ode under
these operating conditions, serious errors are encountcred in the computation of the fill fac-
tor which can not be compensated for by mcludmg an external series resnstance in the
model, as the eﬂ'ect is nonlmear .
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Modes of Utilization

As we mentioned previously, a carefully prepared solar cell model is useful in a number
of modes.- In this section we will discuss the use of SCAPLD and SCAP2D as a design tool,
a sensitivity analysis tool, an aid in the analysis of experimental data, an aid in the provi-
sion of insight into the operation of the cell, and, finally, as a predictive tool for the com-
- parison of proposed cell designs and as a means of projecting performance as various tech- .
nological barriers are removed. For the sake of continuity, we have chosen to use the San-
dia high concentration cell operating at 1 sun as a base line design. This is a cell which has
" exhibited 18% conversion efficiency at one sun, and 20%% conversion efficiency in the 50-100

“sun range for an AM 1.0 spectrum.

Design

As a simple example we show, in Table III, the effects of variations in the base doping
about the present design doping of 2.29 x 10'S, on the performance of this cell. We see that
the present base doping is nearly optimum for the design parameters used in the other
parts of the cell. g - <
" Solar Cell Perfo:mdnce Dependence on Base Doping

: AM 1.0 (one sun) o

N Base DO})in"g Voc Jsc - F.F. | Efﬁciéncy ) w
cm : oo

volts mafem? %
5 x 101 634 351 828 1835
1x 108 640 348 833  18.46
2.29 x 1018 .649 34.4 .836 18.55
1x 1017 656 333 .838 18.21
5

5 x 10'7 .650 302  .836 16.37
Senéi_tlﬁty fAna’lysis

By utilizing a computer code such as SUPREM to simulate fabrication conditions one
can model the sensitivity of device performance to fabrication parameters. Here, as an
extreme case, we examine the effects of changes in the emitter doping profile on cell perfor-
mance. The Sandia cell was simulated using the two emitter profiles shown in Figure 9. In
Table IV, a comparison of these simulations is shown. Note that the erfc emitter profile
- simulation predicts a higher V .. This is due to the lower net recombination in the emitter
as compared. to. the SUPREM Il emitter profile simulation, as shown in Figure 10. Recom-
~ bination is higher in the SUPREM II emitter because the doping is higher over most of the
emitter volume, and therefore Auger recombination is correspondingly higher also. '.
I the results of a process simulation program such as SUPREM are coupled with
SCAP1ID or SCAP2D as shown above the sensitivity of the cell to process variations can be

readily established. ' , .
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Table IV

~ Dependence of cell performance on emitier doping profile
AM 1.0 (one sun) ‘

- Type of Profile  V,

I, FF  Efficiency
volts  ma/cm? | ’

%
Erfe 648 343 8% 186
SUPREM II 632 339 833 17175

-Analysfs

It is possible, by adjusting the paramecters cntered into the code, to obtain a fit
between the model generated results and experimental dark I-V, solar cell, and spectral
response curves. If this fit can be obtained for a single set of parameters, then one has a

reasonable expectation that these are the correct parameters describing this device.

Insight

With the ability to observe most of the parameters of interest as a function of position
and operating conditions anywhere within the cell, it is possible to achieve a great deal of
insight into the limiting factors on any cell design. Examination of the model for the 20%
Sandia cell very quickly establishes that the ccll appears to be emitter limited, and, in fact,
that further eflorts in improving the performance of the cell should be devoted to reduction
of the metal-semiconductor contact recombination and in reducing the volume of the
heavily doped emitter. ' : ' '

Prediction

Potentially one of the most valuable, and also one of the most risky, uses of the
numerical models is as a predictive tool. The models have already been shown to be quite .
reliable in comparing the relative merits of different cell designs. One particularly attrac-
tive way to utilize the code is to use it to identify limiting phenomenon in a particular cell
design and then to remove that limitation and observe the effect on cell performance.: In
this fashion, one can predict benefits which will acerue through various advances in technol-
ogy, and, in fact, can make some reasonable estimates of the ultimate performance of sili-
con single crystal solar cells. This latter use of the code is particularly risky since as the
performance of the cell improves, physical effects which may have been insignificant in their
effect on cell performance before, may suddenly become the dominant limitation.

Problém Areas

There are a number of areas in which there is concern about existing solar cell models -
either because the physics is not well understood, available data is thought to be unreliable,
or because the effect has not been include in the model. These areas of concern are dis-
cussed below. - S ' - '



Heavy 'Doping Effects

There is a controversy over the origins and magnitude of heavy doping eflects. There
_is a great deal of scatter in the measured cffective hand gap narrowing, particularly in the
very heavily doped samples where we have our major councern. In order to alleviate this
situation somewhat, we have provided the operator with the option to choose between most
of the popular band gap narrowing models. This remains an area of major concern and is
probably the least reliable area in the modecling of silicon solar cells. SR o

Auger Récomb“i_natio'n

Some u‘ncertﬁaihity _exists about the reliability of published Auger ‘coeﬂit:ieii-t:s.'-__}:\'t least
two groups (Sandia and General Electric) have indicated that published Auger coefficients
may be too largie’.r-;:‘: L

Minority C»grrviévr Mobility

Reliable measurements of minority carrier mobility do not exist. Various authors have
proposed that the minority carrier mobility is larger, smaller, and the same as the majority -
carrier mobilities of the same type carrier. As a consequence, SCAP1D and SCAP2D
assume that the minority carrier mobilitics for clectrons are the same as they would be if
electrons were majority carriers. A similar assumption is made for holes. o

Metal-Semiconductor Contacts

In well designed high efficiency solar cclls, the metal semiconductor contact limits the
open-circuit voltage. The removal of this high dark current source, through the use of tun-
neling contacts or through the reduction of the metal-semiconductor contact area, has
already demonstrated a significant improvement in opeh-circuit voltage. Further advances
in this area may well employ heterojunction structures in addition to the present tunneling
structures. -.SCAP1D and SCAP2D allow for specification of a finite minority carrier surface
recombination velocity to model this eflect. : s

Doping Profiles

We have already scen that device performance can be a strong function of the shape of
the emitter doping profile. SCAPID and SCAP2D allow for the use of a complimentary
error function, a computed profile based on the Fair diffusion model for phosphorus, doping
profiles obtained from a process simulation program such as SUPREM, or experimental
data. The use of data from SIMS measurements has the problem that it includes the total
impurity concentration not just the clectrically active dopants. If any precipitation is
present in the highly doped region, SIMS will overestimate the amount of active dopant,
Spreading resistance measurements are a measure of the free carrier concentration. Near
the depletion region this can lead to significant crrors in the doping profile if the spreading
resistance profile is interpretated as being the same as the doping profile. o
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Spectral Response

Spectral response measurements arc particularly useful for obtaining information about
the base lifetime and the surface recombination velocity. llowever, some difficulty is
- experienced in matching long wavelength response with computed response. This difliculty
has been traced to the fact that small changes in device temperature can lead to large
changes in the long wavelength response as a result of changes in the absorption coefficients
due to a shift in the band edge. : ' '

In order the determine the surface recombination velocity of the SiOy—Si interface, it is
also highly desirable to have spectral response measurecments in the very high absorption
regime of .35 - .4 um. Accurate measurements of the internal quantum efficiencies are
difficult to obtain at these wavelengths. - o o

Effects of Band Gap Narrowing on Long Wave Length Absorption Coeflicients

At the present time no corrections for the effect of band gap narrowing are made to
the absorption coefficients. ' .. :

Ca.li-rier-Carr_ier‘vvScattering

Carrier-carrier scattering can be a significant cffect in high concentration solar cells,
and will become a significant effect in one sun solar cells as the efficiency. is increased.

High Injection Lifetime

At the present time very little data is available on majority carrier lifetime. A typical
modeling approach is to assume that the majority carrier lifetime is the same as minority
carrier lifetime. This seems to give reasonably good agreement with cell performance under
high injection conditions, but direct measurement of the high injection lifetime would be
highly desirable. ' o v T

Conclusions

. One and two-dimensional device models have been quite successfully e
aid to design, interpretation, sensitivity analysis, and prgdiction. Howev);r,nzﬁloiigd?:tiiz
capability of any device code is only as good as the physics which is modeled and the data
which is supplied. If further improvements are to be made in the performance of single cry-
stal ‘silicon solar cells, careful attention will have to be paid to both of these areas and a
great deal of effort will have to be devoted to measurement techniques which will allow the
independent determination of the parameters which must be supplied to the device code.
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