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PREFACE

The objectives of this program are generally described by the
title of its contract support, Study of Relationships of Material
Properties and High Efficiency Solar Cell Performance on Material
Composition. There are two interrelated tasks: (1) theoretical and
experimental studies of impurity related energy levels, densities of
these levels and electron and hole thermal capture and emission rates
at these levels; and (2) generation of mathematical models to describe
the experimental results and to specify the material properties and
device structures required for very-high-efficiency solar cells.

The main effort on task 1 has dealt with accurate measurements of
the thermal capture and emission rates of electrons and holes at the
recombination centers from residual impurities in high-efficiency solar-
cell grade silicon., Experiments are performed on silicoy single crysta)s
intentionally doped with selected transition metal impurities, such as T1i.
In order to measure very large capture rates of both majority and minority
carriers at these impurity recombination centers, refinements and careful
implementétion of the various capacitance and current transient methods,
proposed ¢ind demonstrated by this author and his graduate students
during 19(6~1970, have been undertaken using automated data acquisition
system under the complete control of minicomputer systems. At present,
the four thermal capture rjtes and the two majority carrier thermal emission
rates at the two energy levels of the double-donor Ti impurity have been
accurately devermined over a wide range of temperatures above 77K. Analyses
for optimum cell design will be undertaken and reported shortly.

material characteristics to achieve very high efficiency and to delineate
the causes which iimit the performance. This report contains the

results of detailed and extensive theoretical and numerical analyses

of the znticipated performance enhancement from deep penetrating back-
surfare-field layer. It was demonstrated in previous and published work
that short-circuiting defects across the back-surface-field layer can
seriously reduce the open-circuit voltage and conversion efficiency.
Their pernicious effects should be reduced if the back-surface-~field layer
is thickered from the traditional one to five microns to tens of microns,
since a thick layer is less likely to be penetrated and hence short-
circuited by a surface defect on the back surface than a thin layer,

The main conclusion from the numerical analyses of about 100 cells is
that for the optimum thickness cell at 50 micron total thickness, the
back-surface-field layer should be more than 20 micron thick in order to
obtain the high-open~circuit voltage, For a thicker BSF layer, the
open-circuit voltage would level off to about 710 mV, the short-circuit
current to about 30 mA/cm2, and the AM1 efficiency to 20%, These values
are now limited by Auger recombination in the diffused emitter while

base recombination has rather little effect even the carrier lifetimes

in the base are only 20 us. Thus, with an extended back surface field

or back drift field, additional performance improvement can be realized
only through emitter design to reduce emitter recombination from the
various sources, such as Auger recombination and energy gap narrowing

due to high dopant impurity concentrations. Analyses for optimum emitter
design are planned which will take into account of the cell structures
under investigation by the JPL and SERI basic understanding projects.
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ABSTRACT

This paper analyzes the performance improvements obtaingodle fjrom extending

the traditionally thin back-surface-field (BSF) layer deep into thn base

of silicon solar cells under terrestrial solar illumination (AM1), This
extended BSF cell is also known as the back-urift-field cell., About 100
silicon cells have been analyzed, each with a different emitter or base

dopant impurity distribution whose selecbion was based on physically
anticipated improvements. The four principal performance parameters (the
open-circuit voltage, the snort-circuit current, the fill factor, and the
maximum efficlency) are computed using a FORTRAN program, called {ircuit
 Techn1que for Semiconductor-device Analysis, CTSA, which numerically solves
the six Shockley Equations under AM1 solar illumination at 88.92 mW/cmz.

at an optimum cell thickness of 50 um. The results show that very
significant performance improvements can be realized by extending the BSF
layer thickness from 2 um (18% efficiency) to 40 um (20% efficiency). The
immunity of cell performance to recombination defect or impurity center is
also improved by a factor of two to three in the recompination center density.
For 20% p+/n/n+ cells with about 20 us base 1ifet1me;'a 20 um BSF penetration
is sufficient. At this or deeper penetrations, inter¥and Auger recombination
in the emitter layer bééomes the limiting factor and affects mainly the
short=circuit current but net the open-circuit voltage which has saturated

to about 710 mV.
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PERFORMANCE IMPROVEMENTS FROM PENETRATING BACK SURFACE FIELD IN VERY
HIGH EFFICIENCY TERRESTRIAL THIN FILM CRYSTALLINE SILICON SOLAR CELL

I, INTRODUCTION

Back-surface-field (BSF) solar cell is a semiconductor junction device
that contains a high-low junction or a high-majority-carrier-density layer
on the back surface (p base/p+ layer or n base/n+ layer), The potential
barrier at the RSF high-low junction prevents the minority carriers
from reaching the back surface of the semiconductor which usually has a
very high surface recombination velocity since it is usually covered with
a metal layer to provide a low resistance ohmic contact, This barrier
greatly reduces the total base recombination current, resulting in a
substantial increase of the open-circuit volitage over a comparable cell
that has no back-surface-field layer [1].

The traditional back-surface~field layer is quite thin, about one to
five microns., Its thickness is limited by its formation technology, such
as aluminum diffusion during alloying to form the p/p+ low-high junction
as well as the ohmic contact [1], or by dopant impurity diffusios from a
vapor source to form either the p/p+ or the n/n+ BSF junction ih recent
high-efficiency cell designs [2]. 1In both cases, the thinness is a result
of the low diffusivity of dopant impurity at the relatively low processing
temperatures, about 800C for aluminum alloying and 1000C for boron or
phosphorus diffusion. The low diffusion temperature was necesasry to
maintain a high minority carrier lifetime and hence low recombination

rate in the base layer.,
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It has been demonstrated by us [3,4] that random defects across the
thin back-surface-field layer can greatly reduce the open-cirsuii voltage
of a high-efficiency BSF solar cell, if the defect is an electrical short
circuit or has a low electrical resistance. The deleterious effects of a
short-circuit defect across the BSF layer on the circumference or edge
of a cell can be reduced by increasing the cell area [3]), Howevur, the
presence of even a fiw (even one) short-circuiting defect across the BSF
layer in the interior or away from the perimeter of the cell can give
a large reduction of the open circuit voltage [4].

The current state-of-the-art for reaching very high efficiency has
been centered on exploring ways to increase the open-circuit voltage [5-8]
since the short-circuit current has reachssd values to within about 10%
of the highest achievable value while there is still room for 20% or more
improvement in open=circuit vocltage, A significant improvement of th
open=circuit voltage can be realized by reducing the total cell thickness
of a BSF cell since this reduces the active recombination volume confined
by the back-surface-field low=high junction. Computer-aided-analysis (CAA)
was used to demonstrate that for a thin-BSF-layer cell, its AM1 efficiency
peaks at a ¢#ll thickness of about 50 win [9].

In the above thin-BSF-layer cell structures, open-circuit voltaga
degradation from defects across the BSF layer can be quite serious in a
practical manufacturing technology since the cell area is very large and
the presence of even just one defect can be very degrading. Simple
gécmetrical cuonsiderations imgediately suggest that if the BSF layer is
made very thick or deeply penetrating or extended into the base layer of
a cell, then thnere is less likelihood of short-circuiting by defects if

the defects are shallow surface defects on the back surface of the cell,

-3=

e

bR e g




In addition to higher immunity from shurt-circuiting bulk defects, a
thick back-surface-field layer, penetruting deeply into and extended over a
major portion of the base iegion, can further increase the open-circuit

voltage since the hase recombination volume is decreased, Furthermore,

the built-in electric field extended over the entire base layer, from
the thick penetrating back-surface-field layer, should also improve the E
collection efficiency or help the separation of the photo-generated

electron-hole pairs before they recombine, thereby improving the short-

circuit current. This latter improvement would diminish at high solar

concentration or high injection level since the built-in electric field
frrom the dopant impurity density gradient would be wiped out by the high
densities of electrons and holes. As a consequence of the builtin
electric field, the extended BSF cell is also known as the back-drift.. ]

The purpose of this paper is to employ exact numerical analyses to
determine the effects of extended back-surface fields from which some g
optimum dcvice designs are suggested and the residual basic mechanisms,
which limit further performance improvement, are delineated.

The effect of the penetration depth on the cell performance is
demonstrated in section II. 1In section III, improvements in immunity to
the presence of recombination centers in the base are illustrated and
quantitatively evaluated., In section IV, the origin of the differences
between the n+/p/p+ and p+/n/n+ cells is delineated which is further

illustrated by the 'local' steady-state lifetime variation in the emitter

A2

described in section V. These lead to a demonstration of the importance
of emitter recombination as the limiting factor for further imprcvement
of the cell performance. Conclusion and summary are given in section VI,
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II., EFFECTS OF BACK-SURFACE-FIELD PENETRATION

Previous analyses of thin-BSF-layer cells indicated that the optimum
cell thickness for maximum efficiency is around 50 um [9]. Below 50 um, the
open~circuit voltage continues to increase but the short-circuit current
decreases more rapidly, giving rise to an efficiency maximum. However,
the efficiency peak is fairly broad, covering nearly a two-to-one range
of thickness., Thus, in this analysis, a total cell thickness of 50 um
1s selected to illustrate the further performance improvements realizable
from the extension of the BSF layer.,

The numerical analysis technique has been described previously [10].
The Shockley (or Semiconductor) Equations, in this case seven coupled
nonlinear one-dimensional differential equations for a two-level-
recombination-center model, are numerically solved by a sythesized
circuit techniaue (SCT) coded in a FORTRAN program called Circuit Technique
for Sesianwinsuor-device (or Solar-cell) Analysis (CTSA). The small-
signal-error and the d.c. equivalent-circuit models, in the form of two
three-~wire, one-dimensional, and lumped-section transmission lines, are first
synthesized from the seven Shockley Equations. The thickness of the cell
is divided into 198 sections, giving 198 lumped sentions for each of the two
transmission lines. Both e¢nds of the transmission lines are short-circuited
to simulate the infinite surface or interface recombination conditions.
Finite interface recombination velocities were also tested giving no
difference in results as expected since Auger recombination rates at the
two degenerately doped surfaces are exceedingly high wkich overshadow
any interface recombination velocity variation from non-Auger recombination
prdéesses, such as the Shockley-Read-Hall thermal reéombination processes,

The variation of the thickness of the 198 lump sections, known as a
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'computer model', 1is selectrd to provide physically estimated best~accuracy
and fast convergent numerical solutions., The computer model divides the
cell into four layers, the quasi-neutral emitter, the space-charge, the
quasi-neutral base, and the BSF layers. For the base doping of 1.0E17 cm~3,"
the number of lumped sections in the four layers are: 22, 680, 91 and 25
respectively, which will be known as the 22/60/91/25 computer model. Special
nonuniform variations of the thickness of each lump sectlion are also
employed so that the adjacent lump sections do not differ by more than
three in thicknesses, For the 5,0E15 em™3 substrate impurity doping,

a computer model of 25/50/123 is used for thicker than 20 um BSF layep:z

and a 25/50/73/50 model is used for shallower BSF layers, Judicious
choices of the computer model, based on physical reasoning, must be made to
give accurate and inst convergent numerical solutions. Accurate and real
AM1 30lar spectrum [10] is emploved with a total power of 88.92 mW/om?
instead of the 100 mW/cm? AM1,5 used in laboratory iests. Thus, the
shert=circuit current in laboratory tests is 100/88.92=1.1246 times

higher or 12.46% higher han that obtainable on earth surface at high

noon. In addition, we¢ assumed no reflection loss at the front surface

and complete transmission at the back surface, l.e., one optical pass.

In realistic situation, the back surface will reflect the unabsorbed

light to approach a two optical-path situation but the increase of the
short-circuit current is not large as we have demonstrated [9]. The
analysis is carried out ¢% an intrinsic caryier density of 1.0210 em™3
which corresponds to a device temperature of 297.15K. At a realistic

and somewhat higher device operating temperature of 34C, or 10C higher than
g%sumed, the open-circuit voltage will droﬁ as -3T#1log(T) due to the
increase of the effective density-of-states with temperature and our

b
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results can'be appropriately scaled. The other material constants such
as mobilities, effective masses, interband Auger recombination rates,
thermal capture and emission rates (double-acceptor zinc recombination
model), and energy gap narrowing due to Debye screening are similar to
those used in previous analyses [9,10]. 7The BSF dopant impurity profile
is agsumed to be exponential to simulate a constant drift or built-in
electric field. Although a more realixstic profile can be readily used
but it gives the same conclusions, Variation of the emitter diffusion
profile is made to explore the effect of Auger recombination. This is
presented in Section IV.

The p+/n/n+ extended BSF cells are analyzed to determine the
optimum penetration of the BSF layer. The impurity density profile

used is given by
Npp = Npp = Col1 = (x/L)2/31 = ¢ = C expl=(L=x)/L,] (1)

where CO=2.5E20, CB=1.OE17 or 5.0E15, CL=5.0E18. L=50 um, Ll is
determined by the front junction depth of X;=0.25 um, while L, is
determined by the BSF penetration depth whose values are 1, 2, 5, 10,

15, 20, 25, 30, 40, 45, 48 um and other in-between values, The emitter
diffusion profile given above comes from an empirical fit of the experi-
mentally measured boron diffusion profile which was used previously [10].
It wiil be shown in Sections IV and V that when base recombination is
reducéd by the extension of the BSF layer and emitter recombination is the
limiting factor, the emitter dopaqp impurity profile will determine the
limiting efficiency through the shd?&-circuiﬁ current due to interband
Auger recombination in the degeneraté emitter, ‘
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The numerical results of the open-circuit voltage, VOC, the short-

circuit current density, JSC, the fill factor, FF, and the maximum
efficiency, EFF, at AM1 solar illumination are given in Fig. 1 for the

low-base-resistivity cell with ¢B=z1,0E17 em™3,

The general trend is clearly evident, The VOC increases with

BSF penetration depth, but the majovy rise occurs in the penetration

range from 0 to about 20 um. For deeper penetration, the gain in VOC

becomes sma’ler, eventually saturating to about 710 mV.

The major increase of JSC also occurs in the penetration range of 0

frr S

to 20 um, reaching a maximum of about 30 mA/em? at about 20 um, Deeper
penetration actually reduces JSC because of the increased Auger recombina-
tion volume in the highly doped base. The display of this fine-grain

variation is a feature of the accurate and exact numerical analyses which

i e

o

cannot be obtained from sSimple and approximate analytical solutions.

In

The f£ill factor (FF) variation with BSF penetration shown in Fig. 1

o imin | e

is rather uneyentful since it is a relatively weak function of the open-
circuit voltage, VOC. However, the high value of nearly 0.85 indicates
that the cell approaches the ideal Shockley diode law,

The combined VOC and JSC variations give an efficiency variation with
BSF penetration depth that has a very rapid initial rise in the range of

0 to 20 um penetration since both VOC and JSC increase rapidly in this range.

The efficiency saturates to about 20% when the BSF penetration is deeper than

about 20 um. The saturation is the result of increasing VOC and decreasing JSC,

P wwy

caus¢d by Auger recombination in the BSF layer, with deeper BSF penetration.,

Thus, for such a low-resistivity (CB=1.0E17cm”3), optimum-thickness
(50 um), and 20-us-base-1ifetime cell, significant performance gains are

realized when the BSF penetration is deeper than about 20 um. In

-8~
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practice, a (ieeper penetration may be desirable for both low cost,

such as an thin epitaxial layer grown on a very-low~resistivity
substrate at a high temperature for a short time so as to rely on the
outdiffusion of the substrate impurity into tGhe epitaxial film, and

for high immunity to short-circuiting bulk defects, It is evident from
Fig., 1 that even for a 2 um epitaxial film or 48 micron BSF penetration,
the efficiency is still mainttained at about the maximum, 20%.

At the maximum or 20% efficiency, the limiting factor is no longer
base recombination; but instead, emitter recombination plays the dominant
role, Thus, the 20% plateau can be raised by proper emitter design.

In Section 1V, the importance of emitter recombination will be
demonstrated.

The effects on cell performance from BSF penetration depth are also
analyzed for a high-base«resistivity=cell family with a base dopant
density of CB=5.0E15 em™3. The results are given in Fig. 2.

It is evident that the BSF penetration has a large effect on the
VOC since the base doping is lower so that VOC is more dependent on the
total majority carrier density in the BSF layer than that in a lower
base resistivity or higher base-carrier-density cell, At 48 um, VOC
has not saturated, but it weuld saturate to the 710 mV level of the
1.0E17 cm~3 cell of Fig. 1 when the BSF impurity density penetrates
further to raise the overall n~type impurity or electron density in the
remaining 2 um layer to 1.0E17 cm 3 1level.

The JSC saturates to about 30.5 mA/cm? and is nearly flat over a
wide range of BSF penetration. Its value is somewhat higher than the
low-resistivity cell mainly from a slightly higher base lifetime of
about 25 us versus the 20 us obtained for the low-resistivity cell.
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This lifetime difference arises from the high-injection level effect in the
base of the high-resistivity cell and is also peculiar to the two-level Zn
recombinatlon model assumed.

The drop and minimum of the fill factor shown in Fig. 2 for the low-
base-doping cell further illustrates the high-injection-level effect
which pushes the diode characteristics from the ideal exp(qV/kT) law
to the high-level exp(qV/2kT) law. The rise of FF at deeper BSF
% penetration comes from the increasing base doping and increasing base

recombination due to Auger recombination in the BSF layer which reduces

3 the photogenerated carrier density. Thus, both of these push the diode

law towards the ideal law, thereby increasing the FF towards it ideal

value determined by V. and exp(quc/kT).

Due to the high injection level effect in the high-resistivity base

layer, the efficiency increases cuntinually with deeper penetrating BSF

B ats: | e s s

layer. Further penetration beyond 48 um will cause a rise of the total

S N

base doping and when that reaches 1.0E17, the efficiency would reach the
20% value of a 1.0E17 base-doping cell, such as that shown in Fig. 1.

From the above discussions, it is evident that both of these examples
! give one criterion which points to not only an extended BSF layer but
also a high majority carrier or dopant impurity concentration, about
1.0E17, on the base side of the p/n junction, in order to reach the

high open-circuit voltage or 20% AM1 efficiency.
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{II. IMMUNITY IMPROVEMENT TO THE PRESENCE OF RECOMBINATION CENTERS

One of the advantages offered by a deeply penetrating BSF layer is
its increased immunity to higher densities of recombination centers,
since the built-in drift field should aid the separation of
electrons and holes, hence, lessen the probability that they recombine.
Th's would improve not only the short~circuit current but also the
minority carrier diffusion length in the base and hence the open-circuit
voltage, in addition to that obtained frcm reduced recombination volume.
Two series of cells are analyzed to provide quantitative estimates of
the immunity improvement, expressed in terms of the recombination center
density that can be tolerated at a given degradation rate, This rate
is expressed as dZ/dNTT where Z is VOC, JSC, FF or EFF while NTT is the
density of the recombination centers. The two families of curves
obtained correspond to cells with a deeply penetrating BSF layer (40 um)
and cells with a shallow or thin BSF layer (5 um). The latter is selected
based on the results of Figs. 1 and 2 and also the recent production and

research cell designs which have such a thin or even thinner BSE layers.

The base dopant concentration of the p+/n/n+ cells is 1.0E17 and the
total cell thickness is 50 um, all selected to give high VOC and high
efficiency.

The results are shown in Fig. 3 for the thick BSF cells and in Fig.4
for the thin BSF cells.

It is evident that for the thick BSF cells shown in Fig. 3, the
penetrating BSF has made the éﬁll immune to recombination imburity
densities up to about 1.0E12 cm~3, the value we used in Figs. 1 and
2. A 2% efficiency drop from 20% to 18% occurs when the reuumbination

impurity density 1s increased from 1 0E12 (20 us base lifetimef to

-13-
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1,0E13 em~3 (2 us base lifetime). This comes about from reduction of
both VOC and JSC,

On the other hand, the efficiency drop off of the non-penetrating
BSF cells, shown in Fig. 4, begins at about 5.0E11. This is due mainly
to the reduction of VOS since JSC is not affected until 1,0 to 2,0E11
recombination impurity densities is reached,

The above analyses show that a factor of two improvement in the
immunity to recombination impurity density is obtained when the BSF
layer is made to penetrate 40 um into a 50 um thick cell from a shallow
penetration of 5 um.

The improvement factor for each of the four parameters ¢an be
individually estimaVvied by sliding the corresponding curves from Fig. 3
and Fig. Y4 along ths horizontal axis (NTT) until the two corresponding
curves nearly coincide at their maxima and their rapidly decreasing
range. This graphical matching is equivalent to finding the NIT
values at a constant dX/dNTT slope where X is one of the four parameters,
From this graphical analysis, we obtain the following immunity
improvement factors: V0C=3.5, JSC=2.5, FF=1.5 and EFF=2,5.

This procedure, if carried out for a whole range of penetration
depth, will provide an universal scaling law for the prediction of the

immunity tolerance of solar cells.

-16=

B TS T 30 ST e et aneer oo o B L& wa ™oy



IV, COMPARISON OF p+/n/n+ AND n+/p/p+ CELLS

There are technological, performance as well as application reasons
for using both the p+/n/n+ cells illustrated in the previous two sections
and n+/p/p+ cells, For example, since electron mobility is nearly three
times higher than hole mobility, one would expect higher performance from
n+/p/p+ cells over similar structured p+/n/n+ cells, if base recombination
1s the limiting factor, On the other hand, if emitter recombination is
limiting, such as the high efficiency cells in the efficiency saturation
range (deep penetrating BSF layers in Figs. 1 and 2 and low recombination
density range in Figs. 3 and 4), then one would expect higher performance
from p+/n/n+ cells over n+/p/p+ cells instead, Additional and new
exprimental evidence indicates that hole mobility in heavily doped
n-type silicon, such as the diffused emitter in the n+/p/p+ cell, is
extremely low [11] and limited by trapping at the shallow bandtail states
near the valence band edge [12] which is sometimes known as hopping
conduction. A similar but possibly lesser electron mobility reduction
in heavily doped p-type silicon, such as the emitter of the p+/n/n+
cells, would also be expected., This would further emphasize the importance
of emitter recombination as the limiting factor in high-efficiency cell
designs. As an example of technological consideration, the p+/n/n+
extended BSF cell may be further favored by the well-known recombination-
impurity-gettering property of the phosphorus diffused n+ layer during its
formation at the diffusion temperature. This should further reduce the
recombination center density in the p+ emitter and n-type base layers,
thereby increasing the thermal recombination lifetimes in these layers.
In contrast, the gettering action during the high-temperature formation of
the diffused n+ emitter would increase the recombination impurity density

-




in the n+ emitter, reduce the emitter thermal recombination lifetime and
hence decrease the short-circuit current and the limiting efficiency. A
third and more fundamental consideration is that the interband Auger
recombination rate in degenerate n-type silicon (2.8E-31 omﬁla) is
about three times larger than that in degenerate p-type silicon
(0.99E-31 cmb/8), This would also favor the p+/n/n+ over the n+/p/p+
high efficiency cells when emitter iecombination is the limiting factor,
From the above three sample reasonings, one would expect the p+/n/n+
cells to have higher performance than the n+/p/p+ cells. To explore this
difference in more quantitative detail and to demonstrate that interband
Auger recombination in the emitter is the limiting mechanism of high-
efficiency cell performance, the four performance parameters of four |
families of n+/p/p+ cells are computed using the CTSA program and the
materials parameters described in section II., The four families consist
of the two base dopings, 1.0E17 and 5.0E15, and two variations of the
density profile of the phosphorus emitter, The net impurity density é

profiles are given by

Npp=Nag = Coexpl-(x/L1)%] = Cj = Ciexpl-(L-X)/L,] (NORMAL} (2)

2/3 .
NDD'NAA 00[1-(X/L1) ] - CB - CLehP[-(L-x)/Lzl {B~LIKE} (3)
where C0=500E20, CB=1.0E17 or 500E15. CL=500E18- Ll is obtained from
the assumed junction depth of 0.25 um, and L, is determined by the BSF

penetration depth which assumes values of 1, 2, 5, 10, 20, 30, 40, 45,

48 and other intermediate values. The total cell thickness, L, is 50 um,




The two emitter profiles, employed to demonstrate the importance of
interband Auger recombination in the emitter as the limiting mechanism,
are labeled NORMAL, Eq.(2), and B-LIKE, Eq. (3). They are in the sense
that the 'Normal' n+ profile in Eq. (2) is that normally observed after a
high temperature phosphorus diffusion with a constant-surface~density
phosphorus source, while the 'B-like' profile in Eq. (3) is the normally
observed boron diffusion profile, although such a 'hypothetical! boron-like

phosphorus diffusion profile can be readily obtained by epitaxial growth

or ion implantation. The reason for using the B-like profile of Eq. (3)
to represent the phosphorus diffusion in the n+ emitter of the n+/p/p+
cells is to pin-point the interband Auger recombination in the emitter as
the source of different limiting performance between the p+/n/n+ and §
p+/n/n+ families, whose respective and identical net impurity
concentration profiles are given by Eq. (1) and Eq. (3). !
The performance parameters versus BSF penetration depth for the two :
1,0E17 em~3 base doping families of n+/p/p+ cells are shown in Fig. 5
(Normal) and Fig. 6 (B-like)., The importance of interband Auger
recombination in the emitter, which gives the p+/n/n+ family the higher
performance, can how be demonstrated by overlaying the three families {
of curves of Figs. 1, 5 and 6. The following inequalities of the four
parameters are observed. Here, GT means greater than, EQ means equal to,
LT means less than, GE means greater than at deep BSF penetration and
nearly equal to at shallow BSF penetration, and EG means equal to at

shallow BSF penetration but greater than at deep BSF penetration,
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voc p+/n/n+ EG n+/p/p+(B-like) EQ n+/p/p+(Normal) )

JSC p+/n/n+ GT n4+/p/p+(B=like) GT n+/p/p+(Normal) (5)
FF p+/n/n+ EG n+/p/p+(B=like) GE n+/p/p+(Normal) (6)
EFF p+/n/n+ GT n+/p/p+(B=like) GT n+/p/p+(Normal) (7N

The higher performance of the n+/p/p+ cells with B-like phosphorus
n+ emitter profile than that with the Normal phosphorus n+ emitter
profile, as indicated by Eqs. (4) to (7), is a demonstration of the
importance of interband Auger recombination in the emitter, since the
normal phosphorus profile, exp(-x6), gives a nearly constant electron
conientration and hence constant and high Auger recombination rate over
thé entire emitter, while the B-like phosphorus profile, 1-x2/3, gives a
rather graded impurity and electron concentration profile that decreases
to fairly low values as one approaches the emitter side of the junction-
space~charge~layer boundary. This lower electron density results in lower
hole recombination rate via the interband Auger mechanism which is given
by CSNZ. |

A similar consideration can be made to show that the lower interband
Auger recombination rate in the emitter of the p+/n/n+ cell gives its
higher performance than the n+7p/p+ cells, as indicated by Eqs.(4) to (7).
In particular, the built-in electric field in the emitter is not the
deciding factor since the B-like-emitter n+/p/p+ cells, Eq. (3),
have exactly the same built-in electric field variation in its
emitter layer as the p+/n/n+ cells, Eq. (1). The difference is due to

-22-
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the higher lifetime in the p+ emitter than in the n+ emitter or the
lower interband Auger recombination rate of the electrons in the p+

emitter than the holes in the n+ emitter, as discussed earlier,

V. LOCAL STEADY-STATE LIFETIMES

The interband Auger recombination mechanism that gilves performance
advantage to the p+/n/n+ cells over the n+/p/p+ cells is further
demonstrated’by an illustration of the position wvariations of the
'local! steady-state lifetimes in the three families of cells at the
1.,0E17 base doping, shown in Figs. 1, 5 and 6. The local steady=-state
lifetime is defined in the usual Shockley-Read-Hall sense who intended
to provide a linearized appearance to the minority carrier diffusion
equations so that they can be solved analytically. Their mathematical
definitions are used in our numerical analysis which are

TN = [N(x) -« NE(x)]1/RN(x) electrons (8)

and

TP = [P(x) - PE(x)]/RP(x) holes (9)

TN and TP are the local steady-state lifetimes, N(x) and P(x) the steady-
state densities, NE(x) and PE(x) the equilibrium densities, and RN(x) and
RP(x) the total steady-state recombination rates of electrons and holes
respectively at location x. RN and RP are the sums of the interband Auger
and band-bound localized thermal recombination rates.

The depth variations of the local steady-state lifetimes in the low-
base-resistivity cell of 1.0E17 base doping, with a BSF‘penetration of
20 um given in Fig. 1, are shown in Fig. 7. The + labels arevfor holes
and the -~ labels are for electrons. There are three figures in Fig. 7.

The upper, middle and lower figures correspond respectively to the three
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load conditions, the short-circuit (SC), the maximum-power (MP), and the

open-circuit (0OC) conditions.

The position range covers the quasi-neutral emitter layer from 0

: to 0.22 um, the space-charge layer from 0.22 to 0.45 um, and a thin

fi top layer of thie quasi-neutral base from 0.45 to 0.50 um.

! The mailn features in these three figures in Fig. 7 is that the
local steady-state lifetimes in the space charge layer are rather useless
quantities due to their wild variations with positions, an observation
also made previously by us [13]., However, the curves show that the
lifetimes in the quasi-neutral emitter and base regions are well-behaved
and predictable from simple analytical approximations.

To demonstrate the importance of interband Auger recombination in the

quasi-neutral emitter layer on limiting the cell performance at
high efficiency, the local lifetimes of the three low-base-resistivity
cells with 1.0E17 em~3 base doping and 20 um BSF penetration, given in
Fig. 1 (p+/n/n+), Fig. 5 (n+/p/p+ Normal), and Fig. 6 (n+/p/p+ B=like),
are presented together in Fig. 8.

: The emitter is at low injection level under all SC, MP, and OC

conditions so that all the six lifetimes (minority and majority carriers

at the three load conditions) are nearly equal. Hence, they are shown

as a single curve for each cell in Fig. 8.

! The curves in Fig, 8 are lifetimes of the combined interband Auger and

localized thermal recombination mechanisms as defined by Eqs.(8) and (9).

o

RN and RP are the sums of tﬂe rates of these two mechanisms. However, in tbé
diffused emitter, the Auger fétg (1 to 100 ps lifetime) 1is much faster than the
thermal rate at recombination ce;%ers (1 to 100 us), Thus, the combined
lifetime in the quasi-neutral emitteryis essentially that of Auger lifetime.
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The results presented in Fig. 8 indicate that the emitter lifetimes
of the three 1,0E17 base-doping cells follow the inequality observed for
the short-circuit current and efficiency which were given in Eqs. (%)
and (7). This correlation is a direct indication that the emitter
recombination is limiting the performance of high efficiency silicon
solar cells whose localized thermal recombination rates in the base and
emitter regions have been reduced to insignificant levels,

The comparisons just presented using Figs. 1, 5, 6, 7 and 8 are for
the low-base-resistivity cells with 1.0E17 em™3 base dopant impurity
concentration., A similar comparison has also been made for the high-
base-resistivity cells with 5,0E15 em=3 base dopant impurity concentration.
The conclusions drawn above are also applicable for the high<base-
resistivity cells., The set of figures, corresponding to Figs. 5-8, are
given in Figs. 9-12, without further elaboration. These figures are
included here not just for completeness but for the fact that most of
the current high-efficiency silicon solar cells at the 15 to 17% AM1
efficiency range, under development or engineering tests, are high-base-
resistivity cells. Thus, Figs. 9-12 would be particularly valuable te
illustrate the basic physical mechanisms in currently available cells and
to point to the performance improvement and limitation one could expect

when the resistivity is lowerzd or the base dopant impurity concentration

is increased to 1.0E17 em~3.
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VI. CONCLUSION AND SUMMARY
The analyses presented in this paper provide the following indicators
of the physical mechanisms which limit the performance of the solar cell,

(1) The extended back-surface-field layer will improve the open-cirocuit

voltage significantly. It is a result of reducing the volume of localized

recombination of electrons and holes at the recombination impurity and
defect centers in the bulk of the silicon substrate. For the optimum
thickness cell of 50 um thick, a BSF penetration of 20 um with a density
of 5.0E18 em™3 on the back surface is sufficient to give nearly the
1imiting open-circuit voltage (710 mV) and limiting efficiency (20%).
(2) There is no significant difference between the p-base and n-base
extended BSF cells due to the different electron and hole mobilities, as
suggested in the past. This lack of difference in the high efficiency
cells comes from the fact that the limiting factor is no longer due to
recombination in the base, but in the emitter, (3) In high-efficiency
cells with the extended BSF layers, emitter recombination becomes the
1imiting factor on the highest achievable efficiency. The ultimate
1imit comes from the 'unavoidable' interband Auger recombination of
electrons and holes in the high-concentration emitter. Tﬁﬁ’?; amitter
in the p+/n/n+ cell structures has a higher lifetime and hence gives

a higher short-circuit current than the n+ emitter in the n+/p/p+

cell structures. This comes about because the interband Auger
recombination rate of electrons in heavily doped p+ emitter is smaller
than that of holes in heavily doped n+ emitter. If the current accepted
numerical values of these Auger recombination rates are revised by new

ﬁ measurements, then a similar revision of this conclusion must be made.

”tgu> Proper design or variation, by ion implantvation or epitaxial growth,

{i
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of the emitter impurity or majority concentration profile #4pn reduce

the interband Auger recombination rate substantially. However,
multi-parameter optimization is required to take into account of

the emitter surface recombination and seriec resistance effects which
become important when the emitter dopant concentration is reduced and
both effects reduce efficiency. (5) When emitter recombination is the
limiting factor, the limitation i3 on the short-circuit current and not
on the open-circuit voltage as suggested in the past, As much as 10% or
more in short-circuit improvement may be obtained by reducing the emitter
dopant impurity concentration near the edge of the junction space-charge

layer,
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