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.ABSTRACT

This program is conducted to study the effects of impurities and
defects on the performance and permanence of silicon solar cells both
theoretically using computer models and experimentally.

Numerical sclutions are obtained from the exact one dimensional
transmission line circuit model to study the following effects on the
terrestrial performance of silicon solar cells: (i) interband Auger
recombination, (ii) surface recombination at the contact interfaces,
{(iii) enhanced metallic impurity solubility, (iv) diffusion profiles,
and (v) defect-impurity recombination centers. Thermal recombination
parameters of titanium impurity in silicon are estimated from recent
experimental data. 3Based on these parameters, computer model calcula-
tions show that titanium concentration must be kept below 6x10%% Ti/em®
in oxder to achieve 16% AM1 efficiency in a p+/n/nt+ silicon solar cell
of 250 um thick and 1.5 ohm-cm resistivity or 5%10'°% donors/em?.

Computer studies of 10 ohm—cm high efficiency pt+/n/nt silicon solar
cells give the following indications. (i) Interband Auger recombination
is unimportant in both the diffused emitter and back surface field layers
even if experimental interband Auger recombination rates used in the
computer model are in error and too small by a factor of 100. (ii)
Interface recombination at the front and back surfaces cannot be impor-
tant unless the interface recombination velocities lie between the
diffusion veleccity, 10° cm/s, and the effective recombination velocity,
10°® em/s, in the diffused emitter or back surface field layer. (iii)
The difference in cell performance between the Gaussian and the measured
boron and phosphorus diffusion profiles is megligible. (iv) Enhanced
solubility of recombination centers in the diffused emitter will decrease
the short circuit current, while in the back surface field layer, it
will decrease the open circuit voltage. 15% reduction can be expected
if the solubility of the recombination center is 10% of the diffusion
impurities in these layers. (v) A similar reduction can occur if the
boron related impurity-vacancy recombination center is present in the
boron diffused emitter or if the phosphorus-vacancy (E-center) recom-
bination center is present in the phosphorus diffused back surface fieid
layer. (vi) Analysis of the experimental data of Sandia high efficiency
back surface field cells shows that either a 17 gold or 0.1% phosphorus-—
vacanecy recombination center in the back surface field layer can account
for the observed 16.8% AM1 efficiency, 620 mV open circuit voltage and
30 mA/cm2 short circuit current. The maximum attainable AM1 efficiency
of this cell design is 19.26% if both the emitter amd back surface field
layer recombinations are negligible and base lifetime is 700 us.

Analyses of diffusion length, lifetime amd transient capacitance
data of Ti-doped silicon crystals and silicon solar cells indicate that
there are three recombination levels. The two lower levels, E,+336 and
E.—470 mV, are donor like and Ti related while the upper level, E.-182,
is a complex center containing possible oxygen, vacancy and carbom.
Thermal capture and emission rates at these Ti levels are estimated from
these experimental data.



1, INTRODUCTION

The objective of this program is to determine the effects of impurities
and defects on the performance and permanence of silicon splar cells. It
includes theoretical (computer model) and experimental studies of the effects of
impurities on the properties of silicon intentionally doped with specific
impurity elements, as well as the effects of these impurities on the impurity
related energy levels, concentration of these energy levels and recombination-—
generation properties of electrons and holes at these energy levels.

This second technical report contains extension of the theoretical and
computer analyses of silicon solar cell performance reported in the first
technical report.l New factors considered are: diffusion profiles of the
emitter and back surface field layers, interband Auger recombination, and band-
bound thermal recombination localized at the impurity and defect—impurity centers
whose golubilities are enhanced in the diffused emitter and back surface field
layers. A detailed analysis of the recombination properties of the Ti impurity
is also made by combining Northrop's diffusion length data, Westinghouse's
concentration and OCD lifetime data and our preliminary transient capacitance
data. These recombination parameters are then used to compute'the theoretical
solar cell performance which is then compared with the experimental AMI
performance of Ti-doped n+/p and p+/n silicon cells without anti-reflection
coating reported by Westinghouse. Projection of the maximum allowable Ti
concentration for a given AML efficiency is computed for the highest efficiency
cell structure, the anti-reflection coated p+/n/n+ diode, To achieve 167 AM1
efficiency, Ti concentration must be kept below about 6x1012 Ti/Cms.

Due to the large number of variables and parameters considered in the
theoretical models and two types of recombination models used in the high

efficiency cells and Ti-doped cells, the following format will be used



in the presentation of the results. The format within each chapter is similar
to that used in the first technical report.1 The technical discussion are given
here in two chapters, 2 and 3. Chapter 2 covers the high efficiency cell which
is used to analyze the effects of diffusion profiles and Auger recombination
mechanism. Chapter 3 covers the Ti-doped cells and a projection of maximum

allowed Ti concentration. S&ection titles. and starting page numbers are given below.
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2. TECHNICAL DISCUSSION - HIGH EFFICIENCY CELLS
2.0 Obiectives

The purpose of these numerical calculations is to determine
the effects of emitter and back-surface-field (BSF) recombination on
the.efficiency (EFF), open circuit voltage (VOC), short circuit current
(JSC), and fill factor (FF), as well as the position dependent internal
characteristics of silicon solar cells. The internal characteristics
studied include the steady-state carrier concentration, recombination‘
rates, lifetimes, impurity charge states, electric field, electrostatic
potential and diffusion, drift and recombination currents. The
position variations of these internal characteristics are particularly
valuable for a fundamental understanding of the effects of impurity
on cell performance.l

The study covered in this chapter includes the effects of
interband Auger recombination in the high-concentration diffused
emitter and BSE layers, the._enhanced solubility-of -recombination—
impurities in these layers, the presence of defect-impurity pairs
or higher order complexes as electron~hole recombination sites,
as well as the shape of the majority impurity (boron, phosphorus and

arsenic) diffusion profile on the recombination currents.



2.1 Approach

The transmission lime circuit model will be used in the numerical
solution to give the cell performance characteristics. A one dimensional model
is used so that the solutions are the maximum achievahle since lateral losses
and two and three dimensional inhomogeneities are not included. The
transmission line method is particularly advantageous for device physics
analysis since the physical mechanisms, such as diffusion, recombination,
optical generation and boundary conditions at the contacts, are directly
represented by circuit elements (resistance, capacitance, dependent and
independent current sources) in the model. Thus, variations of these
physical mechanisms can be readily made by modification of the circuit
elements. In addition, the transmission line circuit model can be solved
numerically by the well-known and highly developed and efficient matrix
techniques which are available in many scientific computer languages.

The details of the logical and computational sequence of solutions were
described in the first technical report, (TR-1, section 2.1.3)l and will
not be repeated here. Modifications and improvements will be éescribed in

detail here in the following subsections.



2.1.1 TRecombination Models

The coupled gold donor—-acceptor recombination center is used as the
recombination model to study the effects of BSF, interband Auger recombination
and enhanced solubility in subsections 2.2, 2.3 and 2.4. In section 2.5, a
single level acceptor from the phosphorus—vacancy pair (PV) is used as the
recombination model in the phosphorus diffused BSF and a single level donor
complex, involving vacancies and unidentified impurities, is used as the
recombination model in the boron diffused emitter. The recombination parameters
of these centers are given in the tables below.

Table 2.1 Recombination Parameters at the
Gold Center in Silicon at 297K.}!

Acceptor Level Lifetime at lOlé Au/cm3
co = .30000E-08  cm>/sec o = 3.333 us
eyt = .88500E+03 1 /sec
cpy = .13743E-06 cm>/sec Tpy = 72.76 ns
-epp = +50000E+02 - I /sec~

Eq-E; = .85710E-01 eV
Ep = Eg- 547.23 meV
Donor Level
cpp = +55948E-07  cm’/sec tp0 =178.7 ns
. ep-1 = .17500E+08 1 /sec
cp1 = .612008-07 cm3/sec Tp-1 =163.4 s
eng = -21000E-01 1 /sec
Ep~Er = =.26400E-00 eV
Ep = Ey + 355.66 meV



Donor Level

Table 2.2 Recombination Parameters at the

Donor Level in Boron Diffused

Layer in Silicon at 297K.

Lifetime at 1014 Levels/cm3

c . = .18194E-07 cm>/sec T = 549.45 ns
p0 p0
e = ,23205E+06 1 /sec
-1
e 17 .11700E-05 cma/sec Tl = 8.547 ns
e = .98460E+01 1 /sec
ET-EI = —,18211E+00 ev
ET = EV + 354 meV

Table 2.3 Recombination Parameters at the

Phosphorus—-Vacaney (PV) Acceptor
Level in Phosphorus Diffused Layer
in Silicon at 297K.

Acceptor Level Lifetime at 1014 PV/cm3

c = ,27660E-06 cm3/sec T = 36.153 ns
n0 n
e = ,78330E+05 1 /sec
nl
¢ = ,20000E-05 cm3/sec T = 5.000 ns
pl pl
e = ,75320E+03 1 /sec
p0

ET--EI = ,B8B4827E-01 ev
ET = EC - 471.6 meV

The data given in the above two tables are obtained from voltage stimulated
transient capacitance measurements (VSCAP) on one-MeV electron irradiated Si diodes.
Detailed descriptions on how these parameters were obtained are given in section

2.5 (page 46) where they are used in the computer calculations,



The coupled gold donor-acceptor recombination center was also used in
TR-1. TFor high efficiency silicon solar cells and silicon devices with long
recombination lifetimes, the residue recombination center is likely to be gold
due to gold contamination during the device processing steps. The.two-level
gold recombination center is also a good model for other possible residue metallie
impurities in terrestrial silicon solar cells made from low-cost silicon.

Experimental evidence from phosphorus diffusion profile studies has
indicated that the phosphorus-vacancy center is necessary to explain the
non-complementary error function or non-Gaussian phosphorus diffusion p:;ofiles.2
A similar defect or defect—-impurity cluster with a donor charge state may be
present in the study of the boron diffusion profile in silicon.> Although
these diffusion profile studies and models by no means indicate the presence
of these two centers, they will be employed to determine if recombination at
these centers will limit the ultimate efficiency of silicon solar cells when
all other impurity vrecombination centers are eliminated.

In order to simulate the experimental high efficiency silicon_solar cells .

produced by Sanddia Corporation,4 the concentration of the recombination centers

in the quasi-neutral base region is selected so that the open circuit midbase

lifetime is equal to the reported value, 700 us, in the high-efficiency Sandia

P+/N/N+ cells. For the gold model, this lifetime corresponds to a gold concen-
s 10 3

tration of 4.465x107 Au/cm™, an extremely low value.

The interband Auger recombination mechanism is also included in the
computer calculations since it was thought that Auger recouwbination may be
important. The interband Auger recombination rates are from experimental data.>

. . , . n_nnz
The impact ionization rates are computed from mass action law e"=c'ni and
10

ep=cpn§ where ni(297)=1.036x10 . The interband Auger capture rates and their

inverse or impact generation rates are given in the following table.
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1

Table 2.4 Interband Auger Recombination
and Tmpact  Generation Rate of
Electron-Hole Pairs by Electrons
and Holes in Silicom at 297K.

Lifetime at lO18 carrier/cm3

2.8 x lO_31 cm6/séc TP = 2.6 us
3.0 x 10+ 1 /sec
9.9 x 10'_32 cmﬁ/sec T, = 10.1 qus

1.06 x 101 1 /sec

1.036 x 1000 1 Jem®



Other complicating factors are not included in the computer model,
following the reasons given in TR—-l.l There are two considerations, one concerns
the fundamental material physics and the other the availability of reliable data.

Energy gap narrowing and Fermi-Dirac statistics are both excluded in the
model for a number of fundamental reasons given below. (i) Emergy gap narrowing
has been attributed to high impurity density which gives rise to random impurity
potentials. These random potentials perturb the band states into the band gap
to form the so~called band tail and gap states. However, these band tail and gap
states are highly localized at the impurity sites. They are recombination or
trapping states with nearly zeroc or very low mobilities and hence cannot be
treated in the same way as the high mobility band states. Thus, they do not
contribute to energy gap narrowing in the way that is taken into account in the
literature where an effective intrinsic carrier density, n, s is used which
depends on an effective energy gap that includes narrowing. Such a treatment

tacitly assumes that band tail states are high mobility states but they are not.

(ii) Localized statisties for bound state egergy_levg}s,7_instgad of Fermi-Dirac
statistics for band states, must be used to determine the electron or hole
occupation at these localized band tail states. (iii) Deionization of the shallow
energy level impurities (phosphorus, arsenic and boron) must be taken into
account at high carrier concentrations. (iv) Impurity banding must also be taken
into account at high impurity concentrations when inter-impurity distance becomes
comparable to the bound state orbital diameter.

Although energy gap narrowing, Fermi-Dirac statistics, impurity deioniza-
tion and impurity band formation are excluded in the computer model, their effects
on solar cell performance tend to compensate each other, resulting in a much

smaller net contribution. This compensation effect also makes the experimental

separation of their influences wvery difficult.

-10~



To illustrate the compensation effect, we note that energy gap narrowing
will increase the minority carrier density and hence increase the recombination
current., However, Fermi-Dirac statistics will decrease the minority carrier
density and hence decrease the minority carrier recombination current.

As amother illustration, impurity deionization and banding will decrease
the majority carrier comcentration and hence increase the minority carrier
concentration, recombination rate and current. However, reduction of the majority
carrie; concentration will reduce the Debye screening of the electron—hole
Coulombic interaction. Debye screening of the electron-hole attraction is the
cause of real energy gap narrowing since it involves mno bound states and only
band electrons and holes. Thus, smaller Debye screening due to lower majority
carrier density from impurity deionization would lessen energy gap narrowing and
hence decrease the recombination rate and current.

Aside from the fundamental considerations given above which indicate that
the net effect of the four factors we neglected (energy gap narrowing, Fermi-
Dirac statistics, impurity deionization and impurity banding) is small, there
are also several experimental indications which are not inconsistent with the
contention that their net effect is small. TFirst, there is no reliable and
consensus experimental data on energy gap narrowing. Some recently reported
data were subsequently proved to be inaccurate. Second, silicon solar cell
performance data (efficienmcy, VOC, JSC) of the best high-efficiency cells are
already nearly equal to the theoretically computed maximum values without the
inclusion of energy gap narrowing, Fermi-Dirac statistics, impurity deiomization
and impurity banding. The lack of reliable experimental data suggests that the
factors are compensating so that it is difficult to isolate them out individually
from experimental data. The good agreement between theory and experiments on
the best high efficiency silicon solar cells again suggests that these factors
are compensating or individually unimportant.

-11-



2.1.2 Computer Model

Numerical computations are made using the tramsmission line equivalent
circuit model method described in section 2.1 of Technical Report No. 1. The
circuit model was synthesized from the exact Shockley Equations.' Hence, the
results are exact with only numerical inaccdracy which is much less than 1Z.

The only changes made are in the computer model and the numerical integration
scheme for the photocurrent generators.

The computer model and the numerical integration scheme for the phofo—
current employed in this chapter give slightly better accuracy than those
employed in T.R. No. 1. The computer model is again a four region model
consisting of the emitter region, the junction space charge region, the quasi-~
neutral base and the back surface field region. A two hundred (198) section
model is used in which the section numbers of the four regioms are 25, 50, 73
and 25 in contrast to 20/60/91/25 used in TR-1. The emitter region thickness
is taken to equal the emitter junction depth, 0.25x10_4 cm. The emitter space
charge region is chosen Egmbeﬂ9;75§l9"4_gp which insures that it_will cover
the entire transition region of rapidly changing electrostatic potential at
equilibrium (zero applied voltage in the dark). The 'true' space charge region
will always be thinner than this second region of the 4-region model. The fourth
region is made large enough to cover the entire back surface field layer. The
thickness of the fourth region is set to eight times the emitter junction depth,
2.01{10_!I em. The physical BSF layer has a thickness of IL.OxlO_4 cm. The quasi-
neutral base or the third region has a thickness of 300--0.25—0.75—2.0=297‘x10_4 cm.
The cell thickness is chosen to be 300x10_4 em to make it equal to that of the
experimental high efficiency cell. The section sizes are constant except in the

third or quasi-neutral base region where the size increases linearly to a peak

and then decreases linearly so that the sizes of the boundary sections are

-12-



identical to those of the adjacent regions, the space charge region and the

back surface field region. Such a section size variation without disconti-

nuities across the region boundaries is crucial to obtain accurate numerical
solutions.

The numerical integration method for the photocurrent generators in
each section has been improved over that used in TR-1. In TR~1, the Trapezoid
rule was used for the double integral of integration over the position in the
cell and over the wave length of the solar spectra. For the 200 pm thick cell,
this gave 34.405 mA/cm? maximum photocurrent for the 22/60/91/25 computerx
model in TR-1. The exact integration over position (equivalent to «fw/w/w
computer model) and Simpson rule integration over solar spectrum used in
this report gave 33.880 mA/cmz. Thus, the TR-1 computer model corresponded
o a slightly higher solar intensity than that used in the input spectra due
to the numerical error in the Trapezoid integration rule used in TR-1. We
shall call 33.880 mA/cm? the exact value (i.e., o/of/wfw model) with the
understanding that it is obtained by a Simpson Rule integration over wavelength
which makes it still approximate but is dictated by the discrete solar
spectral irradiance data.

In the new scheme, the distributed photocurrent generatcr in each
section is evaluated by the Simpson rule over the wavelength integration and
exactly over the position integration. The photocurrent generator located

at position x. is then given by

1

A

agy () [x,-x,1 = q| = 6 (0,0 [ - o210y (2.1)

0172 7L A 1
0

The sum of ‘the distributed photocurrent generators over all 198 sectioms

ig equal to the exact wvalue of 33.880 mA/sz indicated above. This removes

an absolute numerical error associated with the use of the Trapezoid rule for

the dx integration used in TR-1.

-13-



The test of the two methods of integration on solar cell parameters

is illustrated in Tahle 2.5,

The cell is a silicon P+/N/N+ BSF cell with

Auger recombination and spatially constant gold recombination density of

4. 465x10T

0

3 . . . .
Au/em” to give an open circuit midbase steady~state lifetime of

Toc(x=150um)=700us. Measured phogphorus and boron impurity profiles were

also used (see next subsection 2.1,3) which give

N,,(2) - N, (2) = 1.25x10

- 2.5x1020exp[—(L—Z)6/Lg]

20

5.0x1014

Here, U(X) is the unit step function:

U( Ll".'Z) =] for Z<L

a emitter junction depth of 0.25um.

1

and U(Ll~Z)=0 for Z>L

junction of 1.0 um from the back surface.

2/3
(1~ @/1)* v -0

1"

Atoms/cm3

(2.2)

L2 is evaluated to give a BSF layer

Table 2.5 ZEffect of Photogenerator on Silicon P+/N/N+ cell

Performance at one AMI Sun

Ll is evaluated to give

N R T Integration | Integratio
Computer | JPHOTO EFF VOoC JSC FF thod
Run No. |mA/cm? % mV mA/em? Method Metho
dX dx
RUN571L 35.030 19.527 669.40 33.877 0.76566 | Trapezoid Trapezoid
RUN575 34.448 19.197 668.68 33.345 0.76557 | Simpson Exact

It is evident that the errors are insignificant compared with achievable

experimental accuracy.

However, when comparing various fundamental mechanisms

using the computer results, the more accurate model given by RUN575 using the

Simpson integration rule for dA and exact integration rule for dx is preferred.

CPU time was increased by much less than 17Z.
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2.1.3 Device and Material Parameters

The following parameters are used so that the results of this study
on the various recombination effects can also be compared with published
experimental data. The experimental parameters of the Sandia P+/N/N+ cells

are used here, They are listed below.

Table 2.6

Item Reference
1 T = 297 X
2 n, = 0.10360 E+L1 1/em>
3 L = 300.00 Mint 4
4 XJ = (0,25 pm 4
5 XﬁSF = 1.0 Hm 4
6 Pg = 10 (n—-type FZ) Q~cm 4
7 Cp = 0.125  E42l B/cm> 3,4
8 Gy = 0.500  BHLS 2fem’ &
9 G, = 0.250 B2l Plem> or 2,4

0.700 E+21 P/cm3
10 N (x) = C[1-(x/L )2 30, —x,) B/en® 3,9
B 0 1 17%1
1L NG = CLexp[—(L—x)G/Lg] P/om 2,8

The concentration profiles of boron diffused emitter and the phosphorus

diffused BSF given in items 10 and 11 of this table come from sheet resistivity

2,3,8,9

measurements with anodic etching of thin layers. The formulae given

in dtems 10 and 11 are gimple empirical fits to the experimental data

given by the BTL (Bell Telephone Lab) Work?’3

/

The Westinghouse boron profile9
alsofits(l—Y2 3) reasonablﬁ well. However, the two step phosphorus profile
reported by Westinghouse (and IBM)8 and attributed to PXOyNy nitride layer

formation is not used in this chapter but is used in chapter 3 where studies

2/

of Ti-doped Westinghouse cells are made. Both the (1-Y 3) boron profile

=15-



and the exp(uYG) phosphorus profile are considerably flatter than the ideal
diffusion profiles, exp(—YZ) and erfc(Y).

2 .
Two values  for the phosphorus surface concentration, C., are used as

L
listed in item 9. The lower value (2.5x1020) corresponds to the electrically
active phosphorus or electron concentration while the higher value (7.0x1020)
corresponds te the electrically active phosphorus donors, but (4.5X1020) of
these may be neutralized by the PV acceptors to give a net of (2.5x1020)
electrons/cm3 if the PV pairs are electrically active.

The phosphorus surface concentrations given in item 9 and the boron
surface concentration given in item 7, both from BTL w;rk?’3 can also be computed

8,9

. L h . .
from the sheet resistance measurements of Sandia and Westinghouse using a

resistivity versus concentration curvelo similar but not identical to that of
. 1 11 . 4 19 —'3

Irwing's. Differences occur for concentrations greater than 107" cm

where our mobilities drop to constant values of un=90 and up=45 as given by

Equations (2.60) and (2.61) of TR-1.

_The empirical fits to_the experimental diffusion profiles of phosphorus,

2/

exp(—Ys), and boron, (l—Y2 3), will be known as the measuwred profiles in this
- - ——- -

report.
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2.1.4 Solar and Optical Parameters

The AMI solar radiation spectrum used in this report is identical to
that given on p.38 and 39 of TR-1 which come from a Table given by Thekaekara.lz
As in TR-1, the data for a particular ambient condition is used since a
detailed tabulation of the AMl solar spectrum is given. The ambient corresponds
to 20mm HZO and 3.4mm 03 and the total incident power is 88.92 mW/cmz. This
is somewhat smaller than those used by other workers in AM1l efficiency calcula-
tions which ranged upwards to 92.46 mW/cm2 such as the work by Fossum13 and
the Westinghouse experimental quartz lodine simulator14 calibration by a
NASA Lewis standard.

Accurate absorption curves in silicon were obtained from original
publications at 291K.1 These are fitted and interpolated at closely spaced
wavelengths. The silicon surface reflection coefficient, R(L), is calculated

from

“n (2.3)

R(A) =
(I+n)2 + k2

Here, the wave length dependence of the index of refractiom, n(A), and extinction
coefficient, k(A), are read off the graphs on page B-2 and B-3 of the JPL
Solar Cell Radiation Handbook of Tada and Carter:l'5 Reflection is neglected
in the study of high efficiency cells which have antireflection coating but
included in Westinghouse bare surface cells.

These are tabulated in Table 2.7. The four significant figures
listed do not imply absolute accuracy but serve as a reference in the

computer model so that the numerieal results will retain their relative acéﬁiécﬁa,
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Table 2.7 AMI solar spectral irradiance, silicon absorption
coefficient and silicon surface reflection coefficient
as a function of photon wave length. 88,92 mW/cm?
(Part 1, 2900-60004)

A{n) E(eV) aCem™ 1y P(W/m%u)  1-R(A)
. 2900400 . 42750401 (2314190407 . 0000400 3ITZPD-Q0
. 29500400 | 42030401 | 18481407 |, 0000D+0Q . 3881000
30000400 . 41330401 | 146820407 | 43000401 | 38810-00
L 30500400 . 40450401 L 15470407 | 11400402 | 40465000
. 31000+00 . 40000401 | 14240407 | 30500402 . 4198000
31500400 . 39346D+01 | 13440407 |, 79400402 | 42850-00
L 32000400 | 38750401 L 127004077 . 20260403 | 43681-00
L 32500400 . 38150401 | 1204D+07 | 246950403 . 4430D~00
L 33000400 L 3757001 11510407 L 33146D4+03 . 44450-00
. 3350D+00 . 3701040 11210407 38340403 . 4470000
34000400 . 346470401 | 11030407 | 43130403 . 4465000
_3450D+00 . 3S5940+01 . 10890407 | 44920403 . 441 20~00
L 3500400 . 35430401 . 104640407 . 48050403 . 4330D-00
L 30500400 | 34930401 | 10500407 | APB0D403 | 4250000
. 36000400 | 34440401 | 100314307 . 51370403 . 41800-00
. 3650D+00 (. 3I3F7TH0L L 8838I+04 | S4H13L403 . 41365000
. 37000400 | 33510401 . 461940406 | 403SDH0T | 4137D-00
L 37500400 3IJ070401 . 44190406 | 60940403 | AZE0T-00
. 38000400 . 32430+01L | 297954046 | 40BOD+03 | 438921-00
. 38500400 | 32210+01 | 204404046 | 40980403 | AS75D--00
L 39000400 . 31790+01 153204046 .| &6239D+03 . 47420~00
L 39500400 . 3139D401 | 124204046 . 412403 | 4900000
. 40000400 . 31000+01 | PSPSDH0S | 84991403 | 3040000
40500400 . 30420401 | 74530405 | 99280403 . 51500-00
41000400 | 30240401 | 83BP0405 L 10740404 | 52546D-00
. 41500400 | 29881+01 | 57030405 | 11050404 | $IGIN-00
L 42000400 |, 29920401 |, 56193+05 11040404 | 54591-00
. 42500400 . 2918D+01 53410405 | 10871404 | 55400-00
. 43000400 | 28840401 . 48400405 |, 10480404 | 5414D-00
43500400 28510401 . 41310405 | 11000404 | SA85D~00
44000400 |, 281804+01 | 33P9D+05 | 12140404 . S7500-00
44500400 (278460401 | 29010405 | 13100404 . T8040-00
CAT00D+00 L 27S5SD401 L 26750405 | 13880404 | 58E9D~-00
L~ 4ES00+00 27250401 L 24540405, 14350404 . G212D3-00_
. 46000400 | 246960401 | 22380405 | 14520+04 . 5958D0-00
L A4G0DR4+00 264671401 L 202461405 | 14510404 L 59970-00
LA4700D400 | 286380401 1B19DL40T | 14510404 | 60350L-00
L4750D400 (246100401 . 1561460405 |, 14700404 | 8046460-00
. 4B800L4+00 |, 25830401 . 14930405 | 15030404 . 60971-00
L A4850D400 | 25570401 | 14120405 . 14430404 . 61250-00
. 4900D+00 L 2531D+01 | 13420405 | 14350404 . £1520-00
49500400 |, 25050401 | 12450405 | 14540404 . 8617460-00
. T000D4+00 | 24800401 | 12020405 . 14510404 | 4200D-00
L S050D400 L 24550401 11430405 | 14400404 | 4220000
. FL00D400 | 24310401 . 10810+05 | 14170+04 . 62400-00
CG1S00400 | 24080401 . 10200405 |, 13850404 |, 624621-00
LS2000400 | 23850401 . 946910404 | 13900+04 | 42810-00
L 52500400 L 23462D+01 | 22370404 . 14100404 |, 43000~00
53000400 | 23400401 . 88330404 | 14070404 L 43210-00
. S350D400 . 2318D+01 | 84830404 .1394D+04 . &6338D-00

g 15 . 54000+00 . 2294I4+01 . B125D+04 . 13720404 . 6352D-00

AL PAG . 54500400 , 2275D+01 . 77040404 . 1354D404 . 43720-00
QR\G\N Q\_‘N_\TY .S500D+00 . 22540401 . 72900404 . 133701404 . 6388L~00
e pODR .S550D400 22340401 .7010D4+04 . 133460404 .44001-00
.G6000400 , 22140401 . 47710404 , 13190404 .4411D-00

. 94500400 | 21950401 . 45250404 . 1330004 . 6426D-00
.D7000400 | 21750401 | 4255D+04 | 13381404 | 6437D-00
LS750D400 L 21580401 L 59210404 | 13470404 | £448D-00
. BBOODH00 L 213804+01 . 57770404 | 1347004 | £458D-00
. 58500400 . 2120D+01 |, T5960404 | 13470404 | 6469000
LG9000+00 L 2102D+01 . 54146D+04 | 13410404 | 6477000

.S9500+00 . 20840401 | 52080404 . 1329L4+04 |, £4840-00
. 6000000 . 20670+01 . 4999L+04 | 13200404 | 54970-00
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Table 2.7. AMl solar spec¢tral irradiance, silicon absorption’
coefficient and silicon surface reflection coefficient
as a function of photon wave length. 88.92 mW/cm?
(Part 2, 6000-126404)

A ECeV) . a(em™l) P(w/miu) 1-R(\)
. 60001+00 . 2067D+01 . 49991404 , 13200404 . 64978H-00
| 4050D+00 . 20S0D+01 . 47950404 . 13110404 . 65030-00
61000400 .2033D+01 . 4627D+04 . 13080404 . 4512L-00
. 62000400 . 2000D+01 . 4300404 . 12941404 . 6529H—00
. 6300I1+00 . 1968D+01 39BIDH+04 . 12810404 . A5430-00
- 64000400 . 19370401 .34750+04 . 12720404 . ASS9T-00
| &500D+00 . 1908D+01 . 33770404 . 12570404 . 46571000
D 4600D+00 . 18790401 . 31300404 . 10440404 | 45870-00
L A7000+00 . 18510401 . 29040404 . 1227D+04 _456000~00
. 6BOODH00 . 1823401 . 271401404 . 12100404 . 6607100
 &900D400 . 1797T401 . 25290404 . 11961404 | 4620D-00
L 4980IH00 . 17760+01 .23850+04 . 10100404 . 56320-00
70001400 . 1771D+01 .2350D+04 . 1175D404 . 4638D-00
.7100I400 .1748L+01 . 21790404 .1157D404 . 446480-00
_72000+00 . 17220+01 20330404 | 11350404 | 4840000
72800400 .17030401 .19200+04 | 10030404 . 6&700-00
. 73000400 . 16990401 . 1892D+04 . 11181404 .46720~00
- 74000400 . 16761401 .175404+04 . 10950404 . 6679T=00
C 75000400 . 16530+01 . 16200+04 . 10770404 | 460L-00
S 7620D+00 . 16270401 .1464D404 . 7940D403 . 47011~00
. 77000400 .16100+01 . 13620404 . 103911404 . 47051-00
| 7800IH00 . 15700401 . 12501404 . 1019THO4 | 6710000
| 79000400 . 15700401 . 11780404 . 10000404 . 67060-00
. 8000D+00 .15S0D401 . 1100404 .9B12I403 . 67350~00
.8040D+00 .1538D+01 . 10440+04 .874401403 . 6738D-00
82500400 . 15030401 87440403 . 93160403 | 6746100
.B300D+00 .1494D+01 .8358D+03 . 90180403 . 4750000
. 83500400 . 14850401 .B8000T+03 . 91240403 . 67520-00
. BA44OD+00 . 1466D+01 . 7228+03 . 47420403 . 67580-00
.B600DH00 . 144ZTH01 . 4306D+03 .S06AI403 . 6764L-00
. 87000400 . 14250401 .57090403 . 45380403 . 6771L-00
.B7S0D+00 .1417D4+01 .54160403 . 44920+03 . 6774000
.8870D+00 1398D+01 .4738D+03 . 44840403 . 6780000
. 9000D+00 .137BLH+O1 .4132D+03 . 44890403 . 47840-00
. PO70L00 .13670+01 3B13ID+03 | 45500403 4788L—00
. 91500400 . 13550401 . 34550403 . 46150403, . 6791000
92500400 . 13411401 . 20530+03 -, 2790L403 . 6795000 -
.9300D+00 . 1333401 .0844D+03 .I018D403 . 6797D-00
. 9400D+00 .1319D+01 .2497D+03 . 31340403 . 6800D-00
. 95000400 .1305DH01 .2138L+03 . 296504+03 . 48050-00
. PSSODH00 . 1D9BIHOL . 19480+03 . 32110403 . 4807D-00
. 9650D+00 . 1285TH01 . 169901403 . 3444D+03 . 4810L-00
97500400 . 17720401 . 143SD+03 | 57690403 | 6813100
. 98500400 . 12590401 . 11770403 . 54460403 | 68130~00
10180401 .1218D+01 . 52000402 . 61750+03 . 68270-00
.10B2D401 . 11460401 . 65680401 .S129D403 . 4842000
10940401 . 1133401 . AVSOD+0Y . 44410403 . 48A5H-00
1098401 . 11291401 .4210D+01 . 50370403 | 68470-00
11010401 . 112461401 . 38500401 50480403  6B48D-00
11280401 . 10990401 .1500D401 . 13510403 , 68500-00
11310401 .1096D+01 .1440D+01 .1522D+03 . 68520-00
11370401 .1090D+01 .1150D+01 . 14310403 . 6853000
.1144D401 .1084D+01 .BBO0D+00 .1712D403 .48540~00
-1147D+01 .1081D4+01 .7600D400 . 17450403 . 6855000
. 117BD4+01 . 10S3T+01 . 42000-01 . 39930403 . 4860L-00
11890401 . 10430401 .2500D-01 . 40220403 . 686101-00
11930401 . 10390401 . 19000-01 . 42400403 . 8420100
12220401 . 10151401 . 4000D-02 39180403 . 68646D-00
.1236D+01 . 1003D+01 .2000D-02 . 3908403 . 4849100
.1264D+01 .9B10D+01 .00000=00 .32920403  &B73D-00
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The dependence of the maximum photocurrent or areal photon density
absorbed per second on the sample thickness is a. very useful parameter in
measuring the performance of an experimental solar cell and in projecting
probable further improvement of a particular technology. TFor these reasons,
the results of the Simpson rule integration-of dA and exact integration of
dx is given in the following table for silicon at one AM1l sun. Reflection

at the silicon surface is neglected.

Table 2.8 Maximum Photocurrent as a Function of Silicon
Solar Cell Thickness

L (um) JPHOTO (mA/cmz)

0.1 3.1318

0.2 4.7755

0.5 8.1773

1.0 11.812

2.0 16.219

5.0 22.296
10.0 26.208
20.0 29.088
50.0 31.491
100.0 32.772
..-150.0_- 33.438
T200.0 33.880
300.0 34.453
400.0 34.826
500.0 35.101
1000.0 35,943
2000.0 36,839
5000 37.702
10000 37.971

% 40.853

The difference of 0.005 mA/cm2 between the L=300um result (34.433 mA/cmz) and
that given in Table 2.5 of RUNS575 (34.448 mA/cmz) comes from neglecting the
photon flux in the last dA at the absorption threshold. It should be mentioned
that results of JPHOTO given in the above table represent the maximum short
circuit current obtainable if the back surface is perfect reflecting. If the
back surface is perfect transmitting, i.e. one~pass, then JSC{(max) < JPHOTO.
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2.2 Results on Back Surface Field

The effect of back surface field (BSF) on the solar cell performance is
analyzed in this section. Different diffusion profiles would give different
amount of back surface fields. Its effect on solar cell performance is
also analyzed.

The cell structures used here are the P+/N and the P+/N/N+ types
whose impurity concentration profiles are given by

(1) P+/N Cell

— - 2 ——

NAA - NDD = Coexp[ (Z/Ll) ] CB (2.4)
(2) P+/N/N+ Cell-2

N . - N_ = Cexpl-(2/L.)°] - C. — C.exp[-(1-2)2/1%] (2.5)

AA DD 0 1 B L 2 )
(3) P+/N/N+ Cell-6

N, - N__ = Cexp[-(Z/1.)%] - C. - C.exp[~1-2)%/10] (2.6)

AA bD 0 1 B L 6 )

Here, Co=l.25x1020, CB=5.Ox1014 and CL=2.5x1020. ‘The gold recombination model

0

is used with a spatially constant gold concentration of NTT=4.465xlOl Au/cm3

to give a midbase open circuit steady-state lifetime of 700 us in the P+/N/N+

cell. This gold density is determined from the steady-state lifetimes versus
position of a trial computer run in which the gold concentration was assumed
to be 1.0x10lO Au/cm3. The midbase steady-state lifetimes at the open circuit
condition for the P+/N/N+ Cell-2 are Tn=718.996 and TP=718.987 us at the gold
concentration of 4.4654x1010 Au/cm3. These values are sufficiently close to
the reported experimental values, 700 us, so that a second iteration was not
made.

A very important condition used in this calculation is that both the
front and the back surfaces are short—ecircuited. The short-circuit boundary
condition corresponds to infinite surface recombination rate or welceity. In
addition, the surfaces are assumed to be neutral, that is, the interface
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recombination centers at the two surfaces are assumed to be at the neutral
charge condition. This neutrality condition corresponds to a band of high
density of interface states whose neutral Fermi level coincides with the
gilicon Fermi level at the silicon surface. Subsequent calculations, using
a more concrete interface recombination center model, have confirmed the
correciness of the present short circuit boundary condition. These calculations
also showed that interface recombination had very small effect on the solar
cell performance. This is an important result in view of the considerable
current research efforts on the improvement of sclar cell performance by
reduction of interface or surface recombination velocity. Our calculations
show that interface recombination cannot play a significant role because
of the large retarding electric fielé from the diffusion profile of the
diffused emitter and BSF layers.

2.2.1 Effect of Back Surface Field

The substantial improvement of the open circuit veltage from the
E;E§§pggu?§A%ngggk_gqgﬁgcg_ﬁigld in_a_solar .cell-was-first—recognized  and”
analyzed in detail by Godlewski, Baraona and Brandhorst (GBB).l6 Their
understanding and analyses were so complete that there is little need to further
verify the presence of this effect. However, their analytical solutions
assumed constant impurity concentrations at the two sides of the high-low
junction barrier. Such an abrupt change of impurity concentration gives the
upper limit of improvement one can expect from a back surface field layer. Im
practiﬁe, the concentration change in the diffused BSF layer is more spread out
than the abrupt H/L transition assumed by GBB. If the concentration change is
very gradual, spreading out over many diffusion lengths, then the improvement
would not be as large. The calculations of this and the next section will

show that the improvement is indeed very large and there is little difference

between the two impurity diffusion profiles assumed.
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The numerical calculations were made using the Trapezoid integration
rule for the double integral of the distributed photocurrent generator
before the improvement was made using the Simpson rule and the exact
integration. They were not repeated using the improvement since the differences
are small and the results are adequate for the study of the effects from BSF.
The solar cell characteristics with and without BSF uging the
Gaussian impurity profiles given by Equations (2.4) and (2.5) are compared in
the following table.

Table 2.9 Effect of Back Surface Field en Silicon Solar Cell
Performance at One AMI Sun and 297K,

Computer Cell Impurity Profiles EFF voc JsC FF
Run No. Type Emitter BSF 4 mv mA/ cm?

RUN555 P+/N exp (—x?‘) none 16.236 | 554.11 | 32.456 | .8028
RUN335 P+/N/N+ | exp (~X2) exp (-Xz) 19.587 | 672.32 | 33.954 | .7629

The P+/N/N+ BSF cell, given by RUN335, shows much higher EFF and VOC but
only slightly higher JSC than the P+/N cell, given by RUN555. The improvement
of VOC is large, amounting to 118 mV or almost 4.6(kT/q). This is 21% over the
P+/N cell which has ﬁo BSF. JSC ig increased only by about 1.5 mA/cm2 or about
4.6% with the BSF. The f£ill factor, FF, actually decreased from 0.8028 to
0.7629 which reflects the presence of high inje&tion level condition in the base
of the BSF cell given by RUN335. The high injection level condition in the base
also increases the steady-state base lifetime from 562 us for the P+/N cell to
719 us for the P+/N/N+ cell which accounts for the slight increase of JSC just
noted. The high injection level condition may be further analyzed by noting
that VOC and FF are directly related if the JSC vs VOC dependence is known.

For the low injection condition, JSC=JLexP(qVOC/kT), while for the high injection

condition, J =JHexp(qVOC/2kT).17 Thus, for these ideal diode laws, the fill

SC
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factor, FF, can be computed for a given V These are tabulated below for

oc’

the two cells of Table 2.9 and compared with the exact values given there.

Table 2.10 Comparison of Exact and Ideal Theoretical Fill Factors.

Computer Cell VOC FILL, FACTORS

Run No. Type mV Exact L.L, H.L.
RUNS555 P+/N 554.11 .8028 .818 .707
RUN335 P+/N/N+ | 672.32 .7629 .842 742

The results of the P+/N cell given by RUN555 show that the exact FF (0.8028)
is closer to the ideal low level FF (0.818) than the ideal high level FF (0.707).
However, a detailed examinatrion of the position variation of the electron and
hole concentration inside the P+/N cell at the SC, MP (maximum power) and OC
conditions indicates that the midbase values of the minority carrier or hole
density in the n~base are 1x1013, 2x1013 and 21{1014 while the equilibrium
electron density is SX_"LOl4 cm_3. Thus, high level condition begins to set in
under the open circuit condition in the P+/N cell at one AMI sun but not at
the‘éhort ciréuit Sr_maximum ﬁower’cohdfliéns:

For the P+/N/N+ cell of Run 335, the exact FF (0.7629) is closer to
the ideal high level FF (0.742) than the ideal low level FF (0.842). The BSf
high-low junction has nearly completely shielded the infinite surface recombina-
tion rate at the back surface. This can also be verified by using the
analytical solutions obtained by Godlewski, Baraona and Brandhorst16 in the
1imit of infinite back surface recombination velocity and much larger areal
donor density in the N+ BSF layer than the N- base layer. In this case, the
diode current-voltage characteristics can be approximated by

JSC = (qniWB/TB)exp(qVOC/ZRT) (2.7)

0

Using W§=300 um, ni=101 cm_3, TB=700 us and JSC=34 mA/cmz, then the computed
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open circuit voltage is

v c = <2kT/q)loge[J /qniWB] = (2kT/q)loge(5xldS) = 678 mV. (2.8)

0 sc'B
This compares favorably with the exact numerical value of 672.32 mV. The

good agreement shows that indeed the low'—high (L/H) potential barrier of the
N/N+ BSF junction is essentially a perfect reflecting barrier which -shields the

bhack surface recombination loss completely.
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2.2.2

Effect of Diffusion Profile

It was just demonstrated that back surface recombination is almost-

completely shielded by the presence of the BSF of a Gaussian diffusion profile.

Thus, a more abrupt diffusion profile with higher BSF would not be expected to

further improve the shielding effect of the L/H or N/N+ potential barrier. A

comparison of the analytical solution of (2.8) with the exact solution of -

Table 2.10 shows that only about 678-672.32=5.7 mV additional improvement can

be expected from a larger potential barrier or steeper impurity gradient in the

BSF layer.

This anticipation is demonstrated by comparing the results of the

Gaussian profile in Tables 2.9 and 2.10 with that of the measured phosphorus

profile, exp(~X6), which is steeper than the Gaussian profile, exp(—Xz). The

net impurity concentration for the steeper BSF cell is given by Equation (2.6).

The computed characteristics of the solar cells with these two BSF profiles are

compared in the table given below.

Table 2,11 Effect of Diffusion Profile of the Back Surface Field
Layer on Silicon Solar Cell Performance at One AM1 Sun.

Computer Cell Impurity Profiles EFF voc JSC ¥F
Run No. Type Emitter BSF % mv mA/cm?

RUN335 P+/N/N+ | exp (-x%) exp -x%) 19.587 | 672.32 | 33.954 | .7629
RUN568 P+/N/N | exp (-xz) exp (—Xﬁ) 19.592 | 673.64 | 33.954 | .7616

The results are as expected. JSC is not changed and V

by 1.32 mV in the more abrupt measured BSF diffusion profile.

is increased

oC

The small increase

of VOC indicates that the ideal Gaussian profile gives about the same solar cell

performance as the measured phosphorus diffusion profile.

The same conclusion

may also be made for the measured boron diffusion profile which is in between

the ideal Gaussian profile and the measured phosphorus profile.
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2.3 Results on Interband Auger Recombination

Interband Auger recombination of electrons and holes can be an important
recombination mechanism in regions of high carrier concentration because its
steady-state recombination rate is proportional to the square of the majority
carrier concentration and the steady-state lifetime is inversely proportional

to the square of the majority carrier concentration. They are given by

- 02 P2

RAuger c NP + PN £2.9)
~ n’p (n-81) (2.9n)
= cpPzN (p-51) (2.9p)
_ n,. 2 n, p Py2

TAuger = 1/[e N + 2(c 4+c)PN + c*'P7] (2.10)
= l/an2 (n—-8i) (2.10n)
= 1/cPp? (p-$i) (2.10p)

o . . . . . .
Here, ¢ 1s the interband Auger recombination rate of electron-hole pairs in

P is the rate in which

which the energy is carried away by an electron and c
the energy is carried away by a hole. The steady-state recombination rate and
lifetime given above reduce to the simplified forms shown in Equations (2.9n),
(2.9p), (2.10n) and (2.10p) in extrinsic material when the majority carrier
concentration is much higher than the minority carrier concentration. For
example, in p-Si, the electron lifétime [Equation (2.10p)] could be dominated
by the interband Auger recombination mechanism if the hole concentration, P,
is very high or the resistivity is very low. Values in Table 2.4 show that

at 1018 carriers/cm3, tp(n~Si)=2.6 us and Tn(p~Si):10 us. Thus, interband
Auger recombination in the base can be the mechanism limiting the ultimate
performance of silicon solar cell in low resistivity cells if all other
recombination losses are eliminated.

It has also been thought that interband Auger recombination is important

inside the diffused emitter and BSF layers as well as on their surfaces because
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of the very high majority carrier concentrations in these layers. This is not

the case unless the majority carrier concentration is greater than about 1020

carriers/cm3 over the entire layer because the diffusion lengths at 1019
carriers/cm3 (LP22um and Ln=6um) are much larger than the physical thickness
of these layers (about 0.25 to 1 pm). However, interband Auger recombination
could be important at the surface of the emitter and the ﬁSF layers where the
carrier concentration is greater than 1020 carriers/cmB, provided the surface
layer is sufficiently thick to give high enough Auger recombination current.
Whether Auger recombination at the surface is important also depends on the
magnitude of recombination at the interface or surface states., In our computer
model, we have assumed an infinite interface recombination rate or velocity.
Thus, the additional Auger recombination at the surface could not affect the
results.

Because the interband Auger recombination rate is strongly dependent on

the majority carrier concentration, we would expect it to be more important

in the diffused emitter and BSE layers.if the impurity diffusion profiles ate

very flat with high concentrations and drop abruptly at the junctioms. The
measured diffusion profiles of phosphorus and boron are indeed more abrupt than
the ideal or standard Gaussian profile. Thus, it is useful to determine if
such an abrupt and high concentration profile can significantly increase the
interband Auger recombination current in the emitter and the BSF layers. For
this study, we have varied the diffusion profiles to include the more abrupt
measured diffusion profiles. The results are described below which confirm the
initial expectation that the interband Auger recombination mechanism in the
emitter and the BSF layers are not important, even if the interband Auger

capture rates, given in Table 2.4, are in error and too low by as much as 100.
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2.3.1 Emitter lLayer

In order to separate the effect of Auger recombination in the emitter
from that in the BSF layer, we shall first describe the results on cells with
no BSF layer. P+/N cells are used in this study but the conclusion is equally
applicable to the ¥+/P cells since the measSured phosphorus and boron diffusion
‘profiles have similar abruptness and the Auger recombination rates of electrons
and holes (Table 2.4) are similar in magnitude. The two p-type emitter

diffusion profiles used are the Gaussian and the measured profiles given by

N, - N = Coexp[—(Z/Ll)z] - ¢, (2.11)
_ 2/3
Ny, - N = Gl - /1P - o (2.12)

where CO=1.25x1010, CB=5.0x1014

determined by the junction depth of 0.25 um. The gold recombination model is
0

, U(z) is the unit step function and Ll is
again used with a spatially constant concentration of NTT=4.465x101 Au/cm3 to
give approximately 700us base lifetime. The Auger recombination rates used are
the latest and supposedly most reliable data which are given in Table 2.4.

Again the Trapezoid integration rule was used in these calculations and
the results would not be significantly different if the more accurate Simpson
rule for dX and exact for dx are used in the double integral of the distributed
photogeneratofs. Four computer runs are made.for the two diffusion profiles
with and without interband Auger recombination. The results are given below.

Table 2.12 Effect of Interband Auger Recombination in the Emitter on
Silicon Solar Cell Performance at One AMLl Sun

Computer | Cell | Emitter | Auger EFF voC JsC FF
Run No. Type | Profile | Recomb. yA mV mA/cm?
RUNS55 | P4/N | exp(-x2)| Mo 16.236 | 554.11 | 32.456 | -80275
RUN556 P+/N exp(—Xz) YES 16.226 | 554.09 | 32.438 | .80275
RUNS66 | BH/N | 1-x273 NO 16.238 | 554.11 | 32.458 | .80280
RUNS67 | Pa/N | 1-x273 YES | 16.198 | 554.03 | 32.382 | ,80279
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As expected, interband Auger recombination in the diffused emitter has
a larger effect in the measured emitter profile than the Gaussian profile.
(i) It reduces the open circuit voltage by 0.02 mV in the Gaussian profile
(RUN555 and RUN556) and 0.08 mV in the measured boron profile (RUN 566 and
RUN567) out of 554.1 mV. (ii) It reduces the short circuit current more than
the open circuit voltage, but still only by a small amount: 0.018 mA/cm2 in
the Gaussian profile and 0.076 mA/cm2 in the measured boron profile out of
32.4 mA/cmz. Thus, interband Auger recombination in the diffused emitter has

negligible effect.

2.3.2 Back Surface Field Layer

Interband Auger recombination in the BSF layer will reduce the open
circuit voltage. The L/H junction barrier is less effective in shielding out
Auger recombination, which is closer to the L/H junction position, than the
interface recombination at the back surface which is further away from the
However, numerical results tabulated below again shows that the

Jjunction.

reduction of VOC due to iptg;ban@ Auger recombination in the BSF. layer is very

small even for the measured phosphorus diffusion which is more abrupt than

the ideal Gaussian profile. Six computer runs are given below. The results
Table 2,13 Auger Recombination in the Back Surface Field Layer

on Silicon Solar Cell Performance at One AM1 Sun

Computer | Impurity Profiles |Auger EFF voC JsC FF
Run No. Emitter BSF Recomb % mV mA/cm?
RUNS68 | exp(-x°) [exp(-x®) | wo 19.592 | 673.64 | 33.954 | .76164
RUN570 | exp(-X°)|exp(-x®) | YES | 19.565 | 669.72 | 33.935 | .76548
RUN569 | 1-%2(° |exp(-x®) | MO | 19.592 | 673.64 | 33.954 | .76164
RUNS7L | 1-%273 |exp(-x®) | ¥Es | 19.527 | 669.40 | 33.877 | .76566
RUN335 | exp(-X%){exp(-X2) | No | 19.587 | 672.32 | 33.954 | .76294
RUNSO0 | exp(-X") |exp(-X) | YES | 19.565 | 669.62 | 33.936 | .76557
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show that interband Auger recombination in the BSF layer decreases the open

circuit voltage by about 4 mV for the measureéd phosphorus impurity profile and

2.7 mV for the Gaussian profile. It also shows that there is very small difference
in VOC between the Gaussian and the measured phosphorus diffusion proefiles.

The AM1 efficiency is changed by less than 0.06%.

2.4 Results on Surface Recombination

The exact numerical solution just described in section 2.3 showed that
interband Auger recombination in the emitter and BSF layers has negligble
effect on the AM1 performance of silicon solar cells. Since the results are
based on exact numerical solution of a model with infinite surface or interface
recombination velocity at the interface states, the influencé of surface ’
recombination was not explored. Although exact numerical solutions have been
obtained which included finite interface recombination rate, the multitude of
parameters make the exact solutions complicated to analyze. To make the results
more transparant physically, a simple model will be used for which simple
analytical solutions can be obtained. This simple model Introduces an important
physical parameter, the effective recombination velocity of a layer. It is the
recombination velocity which will produce the same current as that at the
recombination center in the bulk of the layer. This model will be used to
assess the importance of surface recombination at the interface states on the
silicon surfaces of a solar cell.

2.4.1 Emitter Surface Recombination

The simple model to be used has a constant majority carrier concentration
in the emitter and hence constant Auger recombination lifetime. Interface
recombination is characterized by a constant surface recombination velocity, SI'
The boundary condition for a P+ emitter is then given by

JN(x=0) = qSI[N(O) - N_] =~ qu[dN(x)/dx]x=0 (2.13)

g
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This surface boundary condition at the emitter surface can be used to get
a solution of the minoirty carrier (electron) diffusion equation in the p-type

emitter:

2N = N/t (2.145

_ P
cP Auger

- 2 2 _
dJN/dx = gD d N/dx" = RAuger
where the low level condition is assumed since the emitter has such a high

majority carrier or hole concentration, P. The solution is given by the

ideal Shockley diode equation with a modified saturation current:

J = Jo[exp(qV/kT) - 1] (2.15)
where the saturation current, JO’ is given by
= . 2.
Jg = aNSo (2.16)

and SE is the effective recombination veloeity defined by

(L /DE)SI + tanh(WE/LE)

B
1+ (LE/DE)SItanh(WE/LE)

s, = (Dp/L) (2.17)

DE ig the minority carrier (electron) diffusivity, Dn’ in the emitter. L_ is

E

the minority carrier (electron) diffusion length, VDnTn, where T is the Auger

lifetime given by Edquation (2._}.02} 'MWE- is_the thickness of the emitter layer. . .-

The saturation current, expressed in terms of the effective recombination

velocity given above, is particularly useful to determine the effect of interface
recombination. A sketch of the solutions of this effective recombination

velocity is given below where 5. is normalized to the diffusion wvelocity,

E

VDF=DE/WE: SE = SE/VDF = sE/(DE/wE). (2.18)

There are four characteristic velocities in this general problem:

(i) Vem = DE/LE Recombination Velocity, thick emitter (WE>>LE)
145 = = i i i { t W <<1; 2-19
(ii) Vro DEWE/LE WE/TE Recombination Velocity, thin emitter  ( B E) ( )
(iii) Vo = DE/WE ) Diffusion Velocity, thin emitter (WE<<LE)
(iv) SI : Interface Recombination Velocity

—32-



©
L]

log SE

log | = Llog (Ly/Wy)

Figure 2.1 The effective recombination velocity of emitter
recombination current as a function of minority carrier
diffusion length with surface recombination welocity
as the constant parameter,

The three asymptotic limes in the above figure, labled by (i), (ii) and (iii),
correspond to the three characteristic velocities. When the emitter is thin
compared with the minority carrier diffusion length, the effective recombination
velocity will depend on the surface recombination velocity at the interface.
This is in the shaded region in the above figure and it is given by

S = (S; + L7)/(1 + S or

_ 2
= [8; + (Lg/D W) I/[1 + (SW./D)]. (2.20)

SE I'EE

= = i i = -~
Here, SI SI/VDF SI/(DE/WE). When the emitter becomes very thin, |- LE/WE o,

the effective recombination velocity approaches

Sp = S/ (1 +S)) or

SE = SI/[l + (SIWE/DE)]. (2.21)
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Numerical valuesg are computed for the three characteristic valocities
as well as the corresponding saturation currents for both n-type and p-type
emitter of a thickness of WE=O.25um. Three constant majority carrier
concentrations in the emitter are assumed. The numerical results are given
in Table 2.14.

Consider the results for thin emitters which are items labeled (dii)
and (iii) in the table, corresponding to the two asymptotic lines with the
same labels in the figure on the preceding page. It is evident that the
effective recombination velocity and the saturation current for the case of

zero interface recombination, 5.=0, labeled (ii) are very small, giving

I

unrealistically high open circuit voltages.

As the surface recombination velocity at the interface increases, the
saturation current also increases and the open circuit voltage decreases. For
the limiting case of infinite interface recombination wvelocity, the open

circuit voltages are given by the line labeled (iii) in Table 2.14. The value

19 hq}gs{fm%l

for the p-type emitter (585 mV at 1018 holes/cm3 and 666 mV at 10

can be compared with the experimental value of the high efficiency Sandia

P+/N/N+ cella. Since the actual cell does not have a constant hole concentration
as we have assumed in the simple model, a comparison is made based on the total
hole concentration in the emitter, QP+.which is abouf 20x1013 q/cm2 given in the
table. This is midway between our two cases of 1018 holes/cm3 and 1019 holes)cm3.
A : theoretical VOC can be computed for the Sandia cell by using an average hole
concentration, computed from the experimental QP+’ which is PAVE=QP+/qWE=8X1018
h01es/cm3. The electron diffusivity at this acceptor concentration is 3.5cm2/s
which gives a diffusion velocity of VDF=Dn/WE=140Kcm/s. The.saturation current

2 and the computed open circuit wvoltage is then V0C=(kT/q)X

is 2.8x10_13A/cm
1og(0.03/2.8x10_13)=656mv. Experimental value is 620mV and the difference is

attributed to recombination in the base layer and in the BSF layver since
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Table 2.14

Effects of Surface Recombination on the Interband

Auger Recombination Current in Thin Emitter

PP or Nﬁ (Carriers/cm3) 1018 1019 1020
Wy (ym) 0.25 0.25 0.25
Qg 10-3q/cm®) 2.5 25 250
2
Dn {cm™/sec) 7.1 3.0 2.2
Tn (sec) 10 100ns Ins
L (um) 90 5.8 0.5
(1) vpg {(cm/sec) 800 5K 4EK
(ii) V2o (cm/sec) 2.5 250 25K
{(iii) VDF (cm/sec) 284K 120K 88K
(1) I, (10" *A/cm®) (Thick) 1.3 0.8 0.7
(11) Jp, (570 (10" %A/em®) (Thin)  ]o.0035 0.035 0.35
(111) Jpp (S,==) (10 %a/em?) (Thin) 450 19 1.4
(1) Vo (mV) (Thick) 736 748 752
(11) Vo 8770 (v (Thin) 889 829 770
(iii) V. (SI=w) (wV) (Thin) 585 666 734
Qp, (Bxp) (103 q/cm?) 20
VOC(Exp) (mV) (P+/N/9+) 620
2
Dp (em™/sec) 2.4 1.4 1.1
Tp (sec) 2.6us 26ns 0.26ns
Lp (i) 25 1.9 0.17
(i) Voo (cm/sec) 960 7.4K 65K
(ii) VR0 (cm/sec) 9.6 960 - 96K
(iid) Vo {cm/sec) 96K 56K 44K
(1) TReo (107 1%A/cm?) (Thick) 1.5 1.2 1.0
(ii) Iro (sI=0) (107 1%A/em?) (Thin) 0.015 0.15 1.5
(11d) o (Sp=x) (10"1%A/cm ) (Thin) 150 9.0 0.7
(1) Voo (mV) (Thick) 732 738 742
(i1) Vg, (5;=0) (mV) (Thin) 851 792 732
(1id) Yy, (5;=%) (mV) (Thin) 613 686 752
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maximum emitter recombination has been assumed in this sample calculation.
Another useful result from Table 2.14 is that it provides an estimate
of the range of interface recombination velocity within which significant
effect can be expected. For example, consider the 1019 p-type emitter whose
data are given in the upper half of Table 2.14. The diffusion velocity,
line (iii), is 120,000 cm/sec. Thus, the interface recombination velocity,
SI’ must be significantly smaller than this wvalue to reduce the recombination
current. On the other hand, there is no use to reduce the interface recombinaticn
velecoity to a value below 250 em/sec, which is the effective recombination
velocity due to interband Auger recombination in the emitter, V2o
The simple model allows us to make a simple and rapid estimate of the
importance of interband Auger recombination in the emitter and at what
interface recombination velocity does interface recombination become important.

The parameters that determine the relative importance are the minority carrier

diffusion wvelocity, v

DF = DE/WE’ and the effective interband Auger

. . . . . : - 2 _ . L
recombination velecity in the entire emitter, Ve ,—,DEWE[LE.q;WE/TE. -This -

effective recombination velocity ir the entire emitter not only applies to

the Auger recombination mechanisms but also the Shockley-Read-Hall thermal

recombination mechanism as well as other localized recombination mechanisms

as long as a constant recombination lifetime can be defined. As another
illustration, if the emitter recombination lifetime from all mechanisms 1s
1 ns (similar to the third column of Table 2.14), then the effective emitter

9=25K cm/sec., Thus, it would

recombination velocity is VRO=WE/TE=0.ZSXIO“4/10‘
be futile to decrease the surface recombination velocity at the interface to
less than 25K cm/sec.

These numerical results also show that the conclusion will not be altered

unless the interband Auger capture rates are in error and too small by 100.
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2.4.2 Back Surface Field Recombination

The relative importance of recombination in the bulk of the back surface
field layer and at the interface states on the back surface capn be estimated
using the simple model of constant majority carrier concentration employed
in the emitter in the preceding section. The analyticai solutions of Godlewskil6
can be used for the interband Auger recombination mechanism in the BSF layer
since it has a constant recombination lifetime when we assume-a constant
majority carrier concentration in this layer.

The conclusion obtained from the analytical solution is very similar to
that just obtained for the emitter region:- for a total electron concentration
of less than about 1015 q/cm2 and an

—_— . . 19
average electron or majority carrier concentration of less than about 10

in the back surface field layer, QBSF’
carriers/cm3, Auger recombination cannot be very important. The relative
importance of Auger ox other recombination mechanisms in the BSF layer te the
surface recombination at the interface states on the back surface is
determined in the same way as that in the emitter which was just described in
section 2.4.3. Thus,_zig interface recombination vélocity on the back surface
must fall below the diffusion velocity but above the effective recombination

velocity of the entire BSF layer in order to have any influence on the open

circuit voltage.
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2.5 Results on Enhanced Tmpurity Solubility

The, diffused emitter and back surface field layers are frequently used
to getter.the recombination impurity centers in the bulk of silicon devices
because of the emhanced solid solubility in these high concentration layers
from dimpurity-shallow donor or impurity—shallow acceptor interactions at the
diffusion temperatures. TIn solar cell and other shallow emitter structures,
the back surface field layer is a particularly effective getter since it is
formed by high temperature diffusion for a sufficiently long time to allow
the recombination impurities in the bulk to outdiffuse-into this layer.
One.common practice is to form the M+ BSF layer at a high temperature to getter
out all the metalliic recombination impurities in the bulk of silicop.

Gettering by the BSF or diffused emitter layer will imp?ove.the base
lifetime but at the game time will reduce the emitter and the BSF lifetimes.
If the emitter orxr the BSF layer has a high concentration of the recombination
impurities from gettering action, the short circuit current and the open

circuit voltage will suffer. The magnitude of this degradation can be

predicted by the computer model and is the subject of this section.

In the following two subsections, we shall describe the results of
enhanced solubility of the recombination impurity in the emitter of a P+/N
cell and in the back surface field layer of a P+/N/¥ cell. The two-level
gold recombination model will be used. The solubility of gold is assumed to
be proportional to the concentration of the boron or phosphorus impurity in

8 a constant background gold concentration of 4.465x1010

the diffused layer}
Au/cms is also assumed to be present in the entire sample in order to
simulate the experimental OC base lifetime of 700 ps at one AM1 sun reported

for the Sandia high-~efficiency cells.4
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The difference between this study and that reported in TR-1 is as
follows. In TR-1l, the gold concentration in the base was raised in the same
proportion as that in the diffused emitter or BSF layer. In this report,
the gold concentration in the base is kept constant while it is increased
in the emitter and the BSF layers. The constant gold concentration in the
base is a better model for the effects of gettering and enhanced solubility
of recombination impurity cengers in the emitter and the BSF layers. The
gold concentration in both this and previous reports is assumed to be
proportional to the diffusion impurity concentration. Other possible
dependences are N, = N2 or N3 » ete. and N, « NZ or N3 » etc. depénding

Au DD Db Au AA AA
on the detailed impurity pairing and complexing mechanisms involved. These
stronger dependences will decrease the lifetime in the emitter or BSF layer
near the junction further and hence increase the recombination current even
more than the iinear dependences, NAu o« NDD and NAu = NAA' The computer

results of this section show already very substantial reduction of solar cell

performance from the linear dependences.
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2.5.1 Emitter Layer

The principal effect to be expected from an enhanced solubility of
gold in the diffused emitter is a reduction of the short circuit current
because of the high absorption of the photons in the emitter layer. Reduction
of the open circuit voltage should be smaller than that of the short circuit
current since VOC is mainly determined by base recombination and BSF in this
high resistivity cell., The first series of study was made to determine the
effect of emitter impurity diffusion profile since a steeper or more abrupt
profile would give a higher gold solubility and hence shorter lifetime closer
to the emitter junction. This would increase the emitter recombination
current. The second series of study was made to determine the amount of
performance degradation as a function of increasing gold solubility in the
emitter. These are summarized in the following tables,

The effect of the emitter impurity profile is studied using the
standard Gaussian profile, exp(—Xz), and the measured borom profile, 1-X2/3.

The cell characteristics are tabulated below.

Table 2.15 Effect of Emitter Diffusion Profile on Enhanced
Solubility of Recombination Center and Silicon
P+/N Solar Cell Performance at One AM1 Sun

Computer | Emitter |7Au In EFF voC JS8C FF
Run No. Profile Emitter % ) nV mA/ em?

RUN5S56 | exp(-X2) | 0 16.226 | 554.09 | 32.438 | .80275
RUNS67 | 1-%3 | o 16.198 | 554.03 | 32.382 | .80279
RUN564 | exp(—X%) 1 15.788 | 552.75 | 31.643 | .80268
RON563 | 1 - x2/3 | 1 14.951 | 551.34 | 30.053 | .80237
RUN565 | exp(-X2) | 10 15.027 | 548.17 | 30.362 | .80282
RONS60 | 1 - x2/3 | 10 14.176 | 548.50 | 28.658 | .80194
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From the results of the table, we note two important trends. First,
the enhanced solubility of gold in the emitter cam significantly reduce the
short cirecuit current but hag little effect on the open circuit voltage.'
Second, the diffusion profile also has a significant reduction effect on the
short circuit current and little effect on the open circuit vbltage. The
more abrupt drop-off of the measured boron profile, 1 - X2/3, gives a higher
gold concentration and lower electron lifetime near the emitter junction than
the Gaussian profile, exp(~X2). For example, the short circuit current
decreases from 3é.438 mA/cm2 (RUN556) for the Gaussian emitter impurity
profile without solubility enhancement to 28.658 mA/cm2 (RUNS560) for the
measured boron profile with a gold solubility equal to 10Z of the boron concen—
tration. This is a drop of 3.780 mA/cm2 or nearly 127 in JSC due to enhanced
solubility of recombination center in the emitter. The drop of JSC accounts
for the decrease of efficiency from 16.226% to 14.176% since the open circuit
voltage and the fill-factor both decrease omnly slightly: AVOC=-5.59mV=-1.0%

and AFF=-0,00081=-0.10%.

The results of these examples show that a 2% decrease of AML efficiency
may occur, from 16 to 14%, if the recombination center solubility in the
emitter is enhanced to a value of 10%Z of the emitter impurity concentration.
Such a high value is not unreasonable since impurity interaction can make the
recombination center equal to dopant concentration under favor;ble conditions.
Although the sample calculation is made for a boron diffused emitter of a P+/N
. silicon solar cell, the same kind of performance degradation would be expected
in a N+/P cell due to a similar behavior of enhanced solubility of the
recombination centers in the ﬁ+ diffused emitter.

A more detailed calculation has been made on the performance

degradation as a function of the gold solubility in the diffused emitter
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http:AFF=-0.00081=-0.10

in a2 P+/N silicon solar cell using the measured boron diffusion profile, 1—X2/3.

A residue gold concentration of 4.564x1010 Au/cms is again assumed. ' Auger -
recombination is included but its effect is megligible. fThe results are
tabulated below.

Table 2.16 Effect of Enhanced Solubility of Recombination Center

in the Diffused Emitter on the Performance of Silicon
P+/W Solar Cells at One AM1 Sun

Computer| %Z Au In EFF voc JSC FF
Run No. | Emitter % mV mA/em? :
RUN567 0 16.198 | 554,03 | 32.382 | .80279

RUN559 .00893 16.169 | 553.98 | 32.328 .80278

RUN563 1.0 14.951 | 551.34 | 30.053 | .80237
RUN562 5.0 14,347 | 549.47 | 28.946 | .80209
RUN560 10.0 | 14.176 | 548.50 | 28.658 | .80194
RUN561 20.0 14.030 | 547.08 { 28.440 | .80181

An additional result over the previous table is illustrated in this
_table. It shows that performance degradation .tends to slow down as _the gold _
solubility increases above the 5 to 10% range. This may be used to simulate
the operating life of a cell as affected by the diffusion of metallic
impurities into the emitter from the contact electrodes. The above table
suggests that there could be a significant initial rapid drop of the JSC due to
diffusion of the contact metal into the diffused emitter but subsequent changes
of JSC would be both small and slow as suggested by the saturation trend in
Table 2.16 whern gold concentration in the emitter is increased.
In practice, it has been generally cbserved that a ¥+ layer with a high
concentration of phosphorus is an excellent getter for metallic recombination

impurities at high temperatures while a similarly strong gettering action has not
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been observed unambiguously in high concentration boron layers. Thus, the
results just obtained for the enhanced solubility of gold in the emitter is
probably more applicable to phosphorus diffused emitter of a N+/P or a
N+/P/P+ silicon solar cell.t' To avoid performance degradation due to
enhanced solubility of metallic recombination impurities in the diffused
emitter, one would prefer an arsenic emitter which is probably not as good
a getter as phosphorus for a M+/P cell or a boron emitter which is likely to
be a poor getter compared with phosphorus for a P+/N cell.

The above quantitative result of enhanced solubility of metallic
impurity in the emitter with enhanced emitter recombination is consistent
with some experimental observatiéns on the Westinghouse silicon cells and
on the high efficiency Sandia silicon cells. In the Westinghouse experiments,
it has been observed that the Ti-doped P+/N cells have higher efficiency
than the Ti-doped N+/P cells. Similarly, higher efficiency seems to have
been obtained in the P+/N/N+ cells than in the N+/P/P+ cells in the Sandia

high efficiency cell experiments. Base recombination may also be different

in these cases which may account for the difference between the N+/P and
the P+/N cells but the results of the emitter recombination enhancement due
to enhanced solubility in the N+ layer are ﬁot contradictory to these
experimental results. Tn the Westinghouse cells doped with the highest Ti
concentration, there is an indication that enhancement of Ti solubility in
the phosphorus emitter may account for a large part of the efficiency and

short circuit current degradation. This is described in sections 3.2 and 3.3.
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2.5.2 Back Surface Field Laver

Enhanced solubility of recowmbination impurity in the high-concentration
diffused back surface field layer would reducp the open circuit voltage because
of the increased recombination rate and current in the back surface field
layer. It would have little effect on the short circuit current which is
mainly affected by recombination near the front surface of the cell. The
results of computer calculation using the Simpson dA and exact dx integration
rules for the distributed photocurrent generators are tabulated in the
following table. Again, a constant background gold concentration of

10 Au/cm3 is assumed in the entire cell. The gold concentration

4.465%10
is enhanced in the BSF layer and the enhancement is assumed to be a constant
percentage of the phosphorus impurity concentration. Auger recombination is
not included in this computation but its effect was demonstrated to be

negligibly small in section 2.3. The measured boron and phosphorus diffusion

profiles are used in the calculation. .The met ionized impurity concentration

using Table 2,5 is given by L

N, ,{Z) - N (Z) = 1.25x10%°1 - (Z/Ll)z/ 3]U(Ll—Z)
- 5.0x10%%-
- 2.5x1020exp{—(LwZ)6/Lg] Ions/cm3 (2.22)

The results of seven computation runs for increasing gold solubility in the
BSF layer are tabulated below. They show a significant reduction of the open
circuit voltage when the gold concentration in the diffused BSF layer is only
1% of the phosphorus concentration. 1In fact, the values obtained in RUN576

are very close to the values of the experimental high efficiency cells.
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Table 2.17 Effect of Enhanced Solubility of Recombination Center
in the Back Surface Field Layer on the Silicon P+/N/N+
Solar Cell Performance at One AM1 Sun )

Computer % Au in the EFF VoG JsC FF
Run No. BSF Layer . % mV mA/cm?

RUNS77 0.0 19.261 | 672.86 | 33.421 . 76162
RUN576 1.0 18.784 | 627.82 33.373 .79718
RUN578 3.0 18.125 602,17 33.242 .80511
RUN579 10.0 17.730 | 591.01 | 33.114 .80557
RUNS580 20.0 17.279 580.16 32,913 .804627
RUN581 50.0 16.620. 556.26 32.502 .80296
RUNS582 P+/N/e 15.991 | 553.68 | 31.989 | .80282

The enhanced solubility of recombination impurities in the BSF layer
can also be used to model the degradation of operating life due to diffusion
of metallic impurities from the back contact metal inte the BSF layer. From
the results of RUN577, which has no gold in the BSF layer, and RUN576, which
has 1% gold in the BSF layer, it is evident that a large degradation of the
open circuit voltage can be expected in a short time during the initial
operation of the cell. Subsequént reduction is considerably smaller for the
same amount of increase of gold concentration. In the limit when the BSF
layer is completely saturated with a very high concentration of recombination

impurities, the performance of the P+/N/N+ cell is degraded to that of a P+/W

cell (RUN582 on the last line of Table 2.17) if the recombination impurities
do not penetrate significantly into the base region of the cell. For thick cells,
such as the 300 pym assumed, deep penetration into the quasineutral base layer is

probably rather slow compared with the penetration through the 1 ym thick BSF layer.
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2.6 Defect-Impurity Recombination Centers.-:- ;, N

P R

If all of the metallié'impurify_;gg&mbi#éﬁibn cgﬁters can be gliminated,
then the ultimate efficiency of a silicon solar cell would be determined by
the remaining deep level recombination cgn£efg"£ormed by physical lattice
defects such as silicon vacancies and interstitials; defect compiexes such as
the divacancies and higher Vacéﬁcy«cluséers; defect—impurity complexes such as
the oxygen-vacancy pair or Arce#ter, the phosphorus~vacancy pair or the E-centgr,
and a boron-vacancy complex yet to be poéitively jdentified; shallow-level doping
or junction forming impurities, such as‘a phosphorus or boron pair or clusters;
and diffusion-induced strain and dislocations. These imperfections can be generated
in the diffused emitter and BSF layers by the high concentrations of diffusion
impurities (boron and phosphorus). which form the emitter and BSF layers.

The computer studies made in this section are aimed to determine the
silicon solar cell performance limitations imposed by reéombination’at these
regidual imperfection centers in the diffused emitter and BSF layers. These

studies are undertaken using two recombination models to simulate recombination

in the emitter and BSF layers separately. The recombination parameters of these
recombination models were tabulated in Table 2.2 and 2.3. The basis for selecting

these parameters are described in the following subsections.

{A) Emitter Recombination Model
For the diffused emitter layer, the divacancy or boron-vacancy center is
used as the recombination model. A single level donor-like recombination center

is assumed whose concentration is given by

2/3

Npp(Z) = (FRAG)x1.25x10°0[1 - (2/1) " ’10(L,-2)

3
+ Npgp Centers/cm (2.23)

The factor, FRAC, is the fraction of the boron in the diffused emitter which

has formed the recombination complex. N&TB is the residual recombination density
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in the entire cell. It covers the range of 0 to 1011 Centers/cm3 and is assumed
to be spatially constant. The background recombination density can be converted
into a steady~-state base lifetime which é¢an be used as a universal or
recombination-species-independent parameter under some restricted conditions.l
The boron-defect complex has neitrher been positively identified nor
characterized. However, transient capacitance measurements on one MeV
irradlated N+/P silicon diodes have indicated a strong donor recombination
level at EV+354 mV in the lower half of silicon energy gap.19 This level was
also shown to be the main contributor to the leakage current under reverse bias.za
Thug, it will be used as the recombination model in the boron diffused emitter.
The recombination parameters of this donor level are listed in Table 2.2 and it
will be referred to as the boron vacancy complex, vay’ although it may involve
an unknown impurity.
‘'The recombination coefficients listed in Table 2,2 are obtained as

follows. ep__l is first computed from the experimental transient capacitance

data and e o is first computed from the experimental leakage current data.

Experimental accuracy was two to three significant figures, More significant

figures are listed to insure that mass action law holds pumerically. Caml and

ch are estimated from the pre-exponential factor of the thermal emission
rates, e 0 and epﬂl, asguming an Arrhenius relationship of the form
ATzexp(—AE/kT). The emission rates are then recomputed so that the mass
action law at equilibrium .(dark and zero applied voltage) ef of /ct ct =n?
. - > 0 p-1""n-17p0 "1

is satisfied. The large ratio, ct /ct = 64,3, is consistent with the donor-

n-1" p0
like charge state of this center. Although values.of these parameters given
in the above table may not -be accurate, the solar cell results obtained here

can also be stated in terms of the electron and hole steady-state lifetimes

in the base and emifter instead of the concentration of the donor recombination
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center. Thus, the results of this study on the solar cell performance will not
be significantly changed when accurate recombination rates become available since

it is necessary only to add a scale factor to the recombination level density.

{B) BSF Recombination Model

The existence of the phosphorus—vacancy or E-center in the diffused
BSF layer is probably more certain than that of the boron—vécancy complex in
the diffused emitter. The PV pair has been positively identified by many
experiments on phosphorus~doped silicon. To study the effect of the PV or
E center on the silicon solar cell performance, the following position
variation of the concentratidn of the PV recombination center is assumed.
Npp(@) = Ny

+ (FRAC)XZ.SXIOzoexp[~(L—Z)6/Lg] Centers/cm3 (2.24)

A constant background, denoted by NTTB is assumed to simulate the base lifetime
observed experimentally. The factor, FRAC, is the fraction of the phosphorus
atoms in the diffused BSF layer which have formed the PV pair. Detailed

a concentration of PV pair with a value of FRAC=0.6 for certain diffusion
conditions.2 In this study, FRAC will be varied from O to 0.8 to simulate

a wider range of possible conditioms.

From transient capacitance data, the following recombination parameters
were obtained for the PV center and are used in this study.l9 The thermal
emission rate of trapped electroms, e 1> comes from the experimental data.

The thermal capture rate, c o° is computed from the pre—exponential factor
of the thermal emission rate data using ATzexp(—AE/kT). cpl is estimated by
assuming a hole capture radius of 25A at the negatively charged phosphorus-
vacancy pair, givipg c;1=6;lep=ﬁrsep=ﬂ(25x10_8)2x10722x10"6 cm3/sec. Such
a large capture radius is acceptable in view of the large physical size of
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a pair (it occupies two latrtice sites) and the long range Coulomb force
associated with the negatively charged acceptor state of the PV center. The
thermal emission rate of trapped hole, e;O’ is then computed from the mass

action law, et = 2 eF ef /e 1° The parameters are tabulated in Table 2.3.

PO 24%00° pl
Note that the ratio of the capture rates for thé PV center is about
t , t . . .t Lt
cpllcn0 = 7.3 compared with the corresponding ratio, cn~l/cp0 = 64.3, for the
boron-vacancy—-impurity complex listed in Table 2.2, This difference gives

another variation for checking the sensitivity of the results on the

recombination model parameters used in the calculation.
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2.6.1 Emitter Layer

The effect of recombination at the boron-vacancy center (vay where x may
be zero) in the emitter layer is more complicated than that at the phosphorus-
vacancy center in the back surface field layer. This complication arises

because emitter recombination can affect both J and Vb while recombination

SC C
in the BSF layer reduces mainly vOC and has little effect on JSC'
The reduction of V_, with increasing emitter recombination is large if

oc

emitter recombination dominates over base recombination. The amount of

reduction of JS with increasing emitter recombination, however, is not

C

affected by base recombination, but increasing base recombination will further

reduce JSC'

A family of curves is computed to show the effect of emitter recombination
on the efficiency at one AM1 sun in silicon P+/N/N+ cells. These curves are

given in Figure 2.2 where the efficiency is plotted as a function of the

boron-vacancy complex density, represented by the factor FRAC in Equation (2.23),

in the boron diffused emitter.- FRAG = 1.0 would give & Tecombinmation center

density of NTT=1.25x1020 centers/cm3 at the front surface. On the x-axis,
values of two other parameters are also given. These are the opeﬁ circuit
minority carrier (hole) lifetime and diffusion length. Since they both vary
with position, their values at 0.2um from the front surface or 0.05um from
the P+/N junction are given.

The density of the base recombination center, simulated by the vay

. . 10
center, is the constant parameter in these curves, with values of NTT(base)=10

(curve 10) to 1013 {curve 13) centers/cmB, Reference curves for negligible base
recombination are also given which are labeled 1 and 1A, Interband Auger recom-—
bination is not included except in curve 1A since its effect is small as indicated

by curve 1A _compared with curve 1, The steady-state minority carrier base
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lifetimes are shown next to each curve, ranging from 5.5us to 550us. There is
little variation of the base lifetime at different emitter recombination
densities along each curve. This is due to the small hole capture rate which
controls the recombination rate. The much larger electron capture rate

arises from the Coulomb force of the positively charged donor recombination
center which gives a ratio of cn—llcpo = 64.3 from Table 2.2.

The effect of emitter recombination on the efficiency can be examined
by considering the EFF vs FRAC curve of low base recombination, such as curve
11 which has a base lifetime of 550us. It is evident that a substantial
decrease of the efficiency occurs only when the emitter lifetime of electrons

at the edge of the junction space charge layer becomes substantially smaller

then 1 ns. A 4% decrease, from 197 to 15%, would occur if the emitter

recombination center density is 10% (FRAC=0.1) of the boron concentration in the

emitter.

For higher base recombination, such as curves 12 and 13 with 55us and
5.5us base lifetimes, the effect of emitter recombination is reduced by about 2
or a efficiency drop of only about 27%. When base recombination is important,
increasing emitter recombination will decrease mainly the short circuit current
which results in efficiency degradation. This is illustrated in the following

table for the 5.5us (curve 13) and 550pus(curve 11) base lifetimes.
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Table 2,18 Effect of the Donor Recombination Center in the Diffused Fmitter
on Silicon P+/N/¥ Solar Cell Performance at One AM1 Sun.

1ogNTTB=| 11 13 11 13 11 13 11 13

FRAC EFF (%) VOC (uV) JSC(mA/ cm®) FF

1of5 19:086 | 13.807 | 659.58 | 516.85 | 33.420 | 30.042 | .76993 | .79066
1074 | 18.543 | 13.415 | 651.97 | 516.05 | 32.617 | 29.239 | .77536°| .79062
1of3 17.184 | 12.456 | 633.07 | 513.94 | 30.646 | 27.264 | .78759 | .79047
1072 | 16.174 11.927 | 607.30 | 512.38 | 29.587 | 26.203 | .80043 | .78993
107% | 15:232 | 11:668 | 577.17 | 510.33 | 29.153 | 25.767 | .80497 | .78898
0.8 13.633 | 11.271 | 526.30 | 498.76 | 28.933 | 25.547 | .80287 | .78661

Consider first the short circuit current, J It is evident that the

2

sc’
decrease of JSC due to increasing emitter recombination is about 4.5 mAfcm

- —1ail _ _ _1nl3
(33.420-28,933=4.49 for NTIﬁ 10™" and 30.042-25.547=4.50 for NTTB—lO ).
The decrease is relatively independent of base lifetime or base recombination
which is increased by a factor of 100 between these two curves.

Next, consider the open circuit voltage, V Column 13 of VOC in

oc’
Table 2.18 shows that if base recombingtion dominates over emitter recombina-
tion, then an increase of emitter recombination from 'FRAC=10_'5 to 0.8 only
decreases VOC by 516.85-498.76=18,1mV, However, if base recombination is

small or negligible (column 11 of VDC in the table), then VOC is significantly
reduced by increasing emitter recombination. In this example, the reduction

is 659.58~526.30=133mV or about 5kT/q.

Two additional effects are illustrated in this calculation, one is the
ultimate efficiency imposed by interband Auger recombination in the emitter and
the other is the effect of an acceptor recombination center in the p-type
emitter instead of the donor just studied. Their effects on efficiency are

demonstrated in Figure 2.2.
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Interband Auger recombination in the emitter will slightly lower the
efficiency when the emitéer impurity fecombination center density is negligible.
This is illustrated by curves 1 and 1A in Figure 2.2. Curve 1 has no interband
Auger recombination while curve 1A has. Both curves havé a very low base
recombination rate (10 centers)cm3) in order to emphasize the effeét-of
interband Auger recombinatioﬁ in the emitter. It is evidépt that the difference
between curve 1 and 1A at a FRAC(emitter)=lO-5 is only about 1%. fhis woui@ be
'much less than 1% if higher and more realistic base recombination.is assumed,
such as 1011 of curve 11. In the limit of zero emitter impurity recombination,
emitter Auger recombination would reduce the efficiency by 25.548—23.484=2:06Z.
These are maximum values of curves‘1 and 1A as FRA&-*O iﬁ Figure 2.2. .

The difference between a -compensating (donor-like) and noncoripensating
(acceptor-like) recombination center in the boron-diffused emitter on the
efficiency is illustrated by the two curves labeled l-acceptor and l-donor
in Figure 2.2. There is negligible difference at low concentration or low

FRAC of these centers. However, when FRAC approaches 1, a donor recombination

center will compensate the charge of the .diffused boron acceptor impurity in
the emitter, thereby reducing the hole density in tHe emitter and the P+/N
barrier height.- This will reduce the open circuit wvoltage which is directly
related to the equilibrium potential barrier height of the P+/N junction but
will not affect the short ecircuit current. The solar cell characteristiecs due
to-the charge difference of these two recombination  centers in the emitter are
given in Table 2.19 for the case of FRAC=0.8. The numerical result furhter
illustrates that VOC is greatly reduced by compensation over that of-non-

compensation while JSC does not change.
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Tabel 2.19 Effect of ‘the Charge States of the Recombination Center
in the Emitter on Silicon P+/N/¥+ Solar Cell Performance

at One AML Sun. TFRAC=0.8.
Computer| Recomhin. E¥F vocC JBC FF
Run No. Center % mV mA/em?
RUN6I3 Acceptor | 15.659 589.62 | 29.101 .81338
RUNG22 Donox 13.752 | 527.62 | 29.083 . 79689
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2.6.2 Back Surface Field Layer

The effect of recombination at the phoséhorus—vacancy (PV) center in
the back surface field layer is to reduce the open circuit voltage from a high
value determined by b;se recombination 6r by surface recombination at the
contact to the value of an equivalent P+/N/» or P+/N‘ce11 with no BSF and with
infinite surface recombination rate. This was ;lreaay demonstrated in section
2,2,1 using the gsld recombinatioﬁ model. The-FV récombination center does not
behave too differently.

A family of curves is again computed to illustrate the reduction of
efficiency by recombination in the BSF layer and to show how this reduction
is affected by base recombination. This is given in Figure 2.3. The AM1
efficiency at one sun is plotted as a function of the fraction (FRAC) of
phosphorus which is converted into PV pair in the BSF layer. This FRAC is
also translated into the minority carrier (hole) steady-state lifetime at a
position 299.20um which is 0.8um from the back surface and 0.2um from the

N/N+ junction. ‘T?g'N/§+ junction is. located.-at 1:0-um -from the back surface.

Corresponding hole diffusion length at this location is also obtained.
Both the hole lifetime and diffusion length are indicated on the FRAC or
X-axis in Figure 2.3.

We first note that inclusion of interband Auger recombination in the
BSF will only reduce the efficiency slightly as indicated by curves labeled
1 and 1A. 1A has Auger recombination., This is similar to earlier results.
However, the compensation effect just described for the emitter layer does not
appear in tﬁe BSF layer to any significant amount. This is due to the fact
that as FRAC approaches 1, the large density of PV recombination center will
already have reduced the N/N+ junction to a N/« junction so that compensation

cammot reduce the effective back surface recombination velocity further. On
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the other hand, if the recombination center in the BSF layer is noncompensating,
then the N/N+ barrier height would not be reduced as FRAC approaches 1. But
the recombination rate in the BSF layer would increase to such a high

value that the N/N+ barrier becomes essentially a N/~ contact.

Another feature in Figure 2.3 is that the BSF recombination has almost
no effect on the efficiency when the base lifetime of holes is below about
10pus which corresponds to a hole diffusion length of about 100um. This is
demonstrated in curve 11. For a hole lifetime in the base of 350us, BSF
recombination can reduce the efficiency at most by 1.57% as indicated by
curve 10.

The large variation of the steady-state hole lifetime in the base with
BSF recombination center density, for example from 350us to 150us in curve 10,
comes from the intermediate injection level condition in the base. At low
FRAC or low base recombination, the injection level is high so that the hole
lifetime approaches the high level lifetime which is tn0+rpl=361+50=411us
from Table 2.3 for NTTB=1010 centers/cm3. As FRAC increases toward one,
the BSF recombination also increases so that the injection level in the base
decreases due to the lower hole concentration reaching the N/N+ high-low
junction. This would decrease the hole lifetime toward the low injection
level value which is Tp1=50us.

The reduction of the efficiency with increasing BSF recombination or
FRAC, indicated in Figure 2.3, arises mainly from a decrease of VOC just

stated. This is further demonstrated by the numerical results tabulated in

Table 2.20 for NTTB=1010 centers/cmB,
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- Table 2.20 Effect of the PV Acceptor Recombination in the Back Surface
¥Field Layer on Silicon P+/N/¥+ Solar Cell Performance at

One AM1 Sun. -
Computer| FRAC EFF VoC JSC FF¥
Run Yo. pA mV mA/ em?

RUN671 | 107° | 16.958 | 638.27 | 32.650 | .72359
RUN672 ].0_“4 16.946 632.01 32.646 .73035
RUN673 ‘ 10_3 16.860 611.98 32.619 . 75099
RUN674 10_2 16.542 | 583.27 32.461 . 77810
RUN675 10“1 15.973 560.12 32.037 79151
RUN680 0.99 15.664 551.71 31,748 .79522

The tabulated results show that recombination in the BSF layer significantly
reduces VOC, from 638.27 to 560.12 or 78.2mV, but the reduction of JSC is
rather small, from 32.6530 to 32.037 or 0.6lmA/cm2 when the PV recombination
center density is increased to 10% of that of the phosphorus concentration in

the diffused BSF layer. The last row for RUN680 demonstrates the absence of the

performance dropoff when 99% of the phosphorus denors in the BSF layer are
converted into phosphorus-vacancy acceptor recombination centers. This is
in contrast to the large compensation effect by the boron-vacancy donor
complex on the boron acceptor in the diffused emitter discussed in the
preceding subsection and shown in Figure 2.2.

A useful guide can be deduced from the results in this table. The
improvement of efficiency and VOC that can be achieved by reducing the PV
recombination center in the BSF layer is not very large. Based on 95 mW/cm2
AM1 incident power, efficiencies of 16.8%, with V0C=610mV and JSC=32.2mA/cm2,

have been obtained from Sandia's high efficiency cells.4 Comparing these numbers

with those in Table 2.20 suggests that the concentration of the electrically
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active PV centers which are also active recombination sites in the phosphorus
diffused BSF¥ layer cannot be higher than about 10—3 times the phosphorus
concentration. Thie is substantially smaller than the value, FRAC=(0.6, that
is assumed in the detailed analysis of the phosphorus diffusion profile.2

In order to bring these into agreement, the capture rates of electrons and
holes at the PV center given in Table 2.3 must be reduced by 600. This would
reduce the capture radius of holes by the negatively charged PV center from
25A assumed earlier to 1A, The value of 1A is inconsistent with the physicai
size of the PV center which must occupy two silicon lattice sites or about 5A.
It is also inconsistent with the long range Coulomb force of the negatively
charged PV pair. Altermatively, the active PV recombination center density

may be indeed very low due to slow cooling and other annealing treatment

after the 1000C phosphorus diffusion.
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3. TECHNICAL DISCUSSION - Ti-DOPED CELLS
3.0 Objectives

Substantial efforts have been spent to study the effects of metallic
impurities on the performance of silicon solar cells since they are not
completely removed in solar cell grade silicon single crystals due to cost
considerations. These studies were carried out by Westinghouse and previously
by Monsanto groups. Recently, accurate minority carrier diffusion length
and lifetime measurements in the base of solar cells made on impurity-doped
silicon have been made by the Northrop group. The crucial parameters needed
to characterize the recombination properties at these metallic impurities are
the thermal capture and emission rates of electroms and holes. Alternatively,
it is sufficient to completely characterize the recombination properties at
an impurity recombination center by.having three parameters: the thermal
capture rates of electrons and holes and the thermal actiwvation energy. But,
these parameters are still not accurately determined. Measurements by the
so—called DLTS (Deep Level Transient Spectroscopy) method have given qualitative
indications of only the energy levels. Accurate values of these parameters can
only be obtained by the Thansient capacitance methods which employ the
following techniques:17

TSCAP - Thermal Stimulated Capacitance

VSCAP - Voltage Stimulated Capacitance

LSCAP - Light Stimulated Capacitance
These methods will provide all of the recombimation parameters, including both
the thermal emission rates, activation energies, and the thewnal capture rates
at themmal equilibrium.

Without these parameters, it is difficult to accurately predict the

maximum allowable concentration of a metallic recombination impurity to give a

—61-



prescribed solar cell performance. However, a number of experimental measure-
ments have been made on Ti—doped silicon solar cells so that an extrapolation
can be made to give a preliminary set of values for these recombination
parameters at the Ti recombination centers. These measurements include the
Ti concentration in each crystal, the minority carrier diffusion length in

the base from which the minority carrier lifetime can be computed, the
extrapolated minority carrier base lifetime using an experimental curve of

open circuit voltage decay lifetime (T ) versus diffusion length lifetime

acp
(TB), the concentration of carbon and oxygen in the starting silicon crystal,
and some preliminary but fairly reliable thermal emission rates and energies
obtained by us in Ti-doped p-type Westinghouse silicon single crystals.

In this chapter, a study of the Ti on the silicon solar cell performance
is undertaken using these preliminary recombination parameters. The study is
aimed to provide an indication of the range of solar cell performance one
can expect in the presence of Ti impurity. It also serves to indicate the

type of projection that can be made from the computer model and the ambignities

which need to be resolved by the transient capacitance measurements.

-6



3.1 Approach

The approach undertaken here is similar toc that described in section
2.1 of the previous chapter for high efficiency cells. The same computer
model will be used but the Ti recombination model will he uged instead
of the gold recombination model used previously. The details of the Ti
recombination model will be described in subsecticn 3.1.1. The device and
material parameters to be used are those. from the processing data sheet of
Westinghouse so that the computed solar cell performance characteristies can
be compared with the experimental data given by Westiinghouse. Since the
experimental cells have no anti-reflection coating, the surface reflection
loss at the silicon surface is included in the photogenerators of the model.

3.1.1 T4 Recombination Model

One electron and two hole thermal capture coefficients at the Ti
centers in Ti-doped silicon are cbtained from the base lifetime versus Ti
concentration data. These data are shown in Figure 3,1. The TFi-concentration
data are taken from the Westinghouse Quarterly Reportszl and the Monsanto Final
Report.22 The base lifetime data are taken from the Northrop Final Report 23
which were computed by them from their diffusion length measurements on cells
made on the Ti-doped silicon of Monsanto and Westinghouse. For the more
recent Westinghouse silicon doped with Ti which had no diffusion length
measurements made by Northrop {(crystal number greater than W056), the curve

of (Westinghouse data) versus TDL(Nbrthrop diffusion length data) given by

Tocp

Northrop is used to compute the base lifetime since T D for each cell is given

oC

1> can be read off the T ve T

by Westinghouse so that the base lifetime, T ocD DL

D
curve. This procedure provides an estimated base lifetime for all of-the more

recent Westinghouse cells.

The points in Figure 3.1 can be separated into three groups. The lowest
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line contains points from p-base silicon cells doped with Ti. The lifetimes
correspond to electrons (minority carriers) captured into the EV+$§6 mV level.
This energy level and the other two at ﬁcf470 mV- and EC—ISZ mV were determined
by VSCAP transient capacitance measurements on Ti-doped silicon using Mg/p;Si
Schottky barrier diodes. The assigmment of these t_-N_, data to this _

B "Ti

transition is consistent with the position of the bulk Fermi level in the p-type

silicon which is EF—Ev = 168229 mV at 297K. Tﬁus, the Fermi level position
is below this Ti level wﬁich is 1qcated at ET—EV = 336 mV. Sinc; the lifetime
is small, it is also consistent to assume that these are low level lifetimes in
the base. 1In addition, it is not inconsistent with some of the preliminary
experimental indications of Westinghouse that emitter Qecombination is probably
not too Important e%en if the N+ pﬁosphorus diffused emitter has some gettering
action of Ti but this point must be more carefully investigated.

The middle ;nd the highest lines om Figure 3.1 contain two points each
from Ti-doped n-type silicon, one from Westinghouse and theiother froﬁ Monsanto.

Although there are two points each, they are unmistakenly separated even allowing

the large uncertainty of the data which we have not shown in the figure. 1In

F
i

addition, there are mény points from p-type Ti-~doped Westinghouse crystals
which are clustered around the middle lin'e. These. are discussed later.
For the four points from n—-type silicon, a distinction among them is
that the two crystals on the middle line contain either a high concentration of
carbon or a low concentration of oxygen, while the two crystals on the upper
line havé just the opposite proportional of carbon and oxygen. Their carbon
and oxygen concentrat;ons were given by Wes?inghouse21 and N{onsanto2 and are
given in Table 5.1 on the next page.
The basis for these two groupings to give the two upper lines in

Figure 3.1 is as follows. The upper line for the two crystals, W065 and Cl7B,
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Table 3.1 Carbon and Oxygen Concentration in-.n-Si

Doped with Ti.

Crystal | Resistivity| Dopant Titaﬁi;m Carboﬁ -6xygén '
Number ohm—~cms 105P/cm? - j10 *Pifem® | 10'%C/em® | 10'%0/cm® |,
WO65N ) 1.8 . ‘ZOIIETS <2 176 -

Wi2iN | 1.8 . 0.4 4.7 121

Cl17B 0.6 1G.- 9.5 1.5 174 »° -
, M17B 0.54 11, <1.3 - ‘0.6. 5.6 N

were grown by the Czbchralski method and have high dkygen concentration (about

1

1.8x10 8 O/cm3). They also have low carbon concentration. On the other hand,

for the two crystals Sn the middle 1ine, crystal Wizl hés a relatively higher
carbgn concentration and somewﬁét Lower oxXygen concéntratioh, while crystal
M17ﬁ haé low concentration of both oxygen and carbon: Tﬁe following-téntative
model seems to emerge. The two high oxygen crystals with iow carbon éontent,
W65 and C17B, are 1ike1y to have é shallow acceptor level aééociated with the
oxygen which is preseﬂt. Such a shallow level, in the form of an $xygkn—
vacancy pair, is known to form When-vacancies are generated in ox&gén—rich
silicon crystals. Vacaﬁcy is very mobile and gets trapped next to the oxygen.
The ﬁigh Ti concentration during crystal growth may creat a high density of
vacancies which may be trapped at ghe oxygen sites upon cooliég. This model
is suggested by the well-known oxygen~vacancy éneréy level in silicon which
is EC—174 mV and it is nearly equal to observed activation enefgy of an acceptor
ievel, EC~182 mV, using the VSCAP méthod.. Thué,'this uﬁper level and line
can be attributed to‘the OV center but a more complex OXVyTi; center canmot be
ruled oﬁt.

The-association of the EC—182 mV level ﬁith the d& pair or éxygen is
also consistent with the two crystals lying on the middle line, W121 and M17B.

The M17B crystal, grown by float-zone method, has a low concentration of both

oxygen and carbon. Thus, the oxygen-vacancy acceptor will haﬁe'véry low
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concentration, if it exists in M17B. The hole lifetime in the n—typé base cell
of this crystal is then associated with the hole capture into the middie
level, EC—47O mv Sincg the EC—182 mV level has low concentration.

For the W12l crystal, the carbon concentration is high, although not
substantially higher than the other three crystals. But the higher carbon
concentration suggests that the OV level (EC-182 mV) is impeded by the
presence of carbon. TFor example, -carbon may, form a complex with the OV pair
and either render it electrically inactive or drastically change its energy
level. Thus, the hole capture transition is again dominated by the EC—470 mV
level in this crystal due to the lack of the Ec—l82 mV level.

Thefe are four Ti-doped p-Si from Westinghousé, W1l02, Wl122, W123 and
W140, whose points are clustered around the middle line for the EC—470 mvV lavel.
At least two possibilities exist te account for these points: (i) the EV+336 mv
level does not exist in these crystals and the transition involves electron

capture into the E . ~470 mV level, and (ii} high level injection level occurs

B C .
in the base of the cells from these crystals so that hole capture into thg
EV+336 ﬁV level doﬁinateé the'recomﬁination.

It is obvious that all of these considerations éan be readily checked if
transient capacitance measurements are ﬁade on these crystals.

The capture rates can be readily computed from the slope of the straight
lines of Figure 3.1. The corresponding thermal emission rates for the majority
carriers were obtained from VSCAP measurements. These results are listed in
Table 3.2 on the next page and are used for further calculation to give
the complete set of reéombination parameters at tﬁefmal equilibrium,

The majority caréier capture rates can be estimated by assuming a

temperature independent capture cross section and by assuming that the emission

rates are independent of the electric field. Then, en=anCexp(-E/kT)‘and
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Table 3.2 Experimental Thermal Emission and Capture Rates
" in Ti-Doped Silicon

EV + 336 mV Level

e = 3.7x1077 cm3[sec
n
e, = 1.1x10tt(r/ 300) 2exp (-336mv/%kT) 1 /sec
EC - 470 mV Level
13 2
e, = 5.6x107 7 (T/300) “exp (-470mV/kT) 1 /sec
cp = 2.5x10_8 R . cm3/sec
EC - 182 mV Level
11 2 .
e, = 3.6x107(T/300) “exp (~182mV/kT) 1 /sec
Cp = 5, xlO_g cm3/sec

ep=cPNvexp(—E/kT). These can be used with the experimental emission data to
compute the thermal capture rates, c and cp. The fourth parameter, the

minority carrier thermal capture rate, of each of the three levels is computed

using the mass action law, enep=cncpni, where three of the rates are already
obtained and n, %s also'given.

The solar cell calculations are made at 297X, The kinetic recombination
coefficients computed using the procedure just described are obtained for the
three levels observed in Ti-doped silicom solar cells. These are given in
Table 3.3 on the next page.

The choice of the charge state shown in Table 3.3 is based on the
relative size of the electroq and hole capture rates and the position of the
level to a band edge. The two lower levels are assumed to be donor like since
cn>>cp ?or both levelé. The upper level is_assumed Fo be acceptor like since

it is closer to the conduction band edge and since the OV center is an acceptor.
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Table 3.3 Derived Recombination Parameters of the Ti Relaggd
Energy Levels in Si at 297K. ni=l.036x1011/cm3.

EC—182 Acceptor. Level . . Lifetime at 10].'4 Levels/cm3-
_ 3
c = .13 E-07 cm”/sec T = 760 us
n n
e, = .3 E+09 1 /sec
cb = .5 E-08 cm37sec ‘Tp = 2000 ns
ep = .22 E-04 1 /sec
EG—470 Donor Level
3 X
c = .2 E-05 ocm /sec . T = 5 ns
n n
en = .6 E+06. 1 /sec
c = .25 E-07 cm3/sec T = 400 ns
P P
e, = .92 E+01 1/sec .
EV+336 Donor Level
B . .
c = .4 E-06 cm™ /sec T - = 25 ns
i . t
e = .16 EFHO1 1 /sec
c = .82 E-08 cm3/sec T = 1150 ns
P D :
e, = .22 FH06 1 /sec

. In the computer caleculation, we shall use the two lower levels and
assume that they are coupled and come from one species of Ti recombination
centers. No experimental data are available ﬁo show if the two lower levels
are associated with a single Ti recombination center or tpey are two independent
energy levels associated with two different species of Ti recombination centers.
For example, in the two independent level model, one of the two Ti species can
be an isolated substitutional Ti center while the other, a Ti~0 or Ti-A pair

where A is an unknown impurity.
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3.1.2 Computer Model

The computer madel is nearly identical to that used for the high
efficiency cell studied in chapter 2 and described in section 2.1.2. The only
differenée is that the length of the transmission line is 250 ym instead of
300 pm - since the experimental Westinghouse cells have a nominal thickness of
250 um. for the p-base cell, the emitter is 0.25 um and for the n-base cell,
the emitter is 0,185 um. There is na BSF layer in either of these cells.
However, the four region model is still used in which the fourth region,
occupied'by the BSF layer previously, is just an extension of the third.
region or the quasi-neutral base region. In projecting the maximum allowable
Ti concent%ation for a desired efficiency, cells with BSF are used in the
computer model since they give the best efficiency with the highest open
circuit voltages. For these BSF cells, the four region model is needed and
the BSF layer is aséumed to be l pm thick while the fourth region is 2 pm thick.

The better integration scheme, exact for dx and Simpson for dA, is used

for all of the calculations made for Tiééoped cells.

-3.1.3 Dbevice and Material Parameters

The férame%eré in Tabie 3.4 are used so that results of this study
can be compared with the experimental data of the Westinghouse Ti-doped cells.
The parameter values are obtained from the Quarterly Reports of Westinghouse.
The fabrication history as wéll as thé electrical properties of the finished
silicon soiér cells. doped with metal impurities are extremely well doéumented
in these qﬁarter reports.

Thrée columns are given in Table 5l4, one for the p-base cell, one for
the n-base cell and the third for the highest efficiéncy Ti-doped P+/N/N+ cell.
The sepaéate liétings of the experiméntal cells is due to the slight differences

in the base dopant'impuritj concentration, surface concentration and profiles.’
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Table 3.4 Device and Material Parameters of Ti-Doped
Silicon Solar Cells of Westinghouse.

rg;em . Parameter p—Base n-Base P+/N/8+
1 T (K) 297 297 297
2 n (e~ 3) 0.1036E+11 |  0.1036E+11 |0.1036B+1
3 L (um) 250 ‘ " 250 " 250 -
4 X (um) -0.250 . 0.185 o.éso
5 Xpop ~ (Hm) - _ - ) -
6 Py (ohm—cm) . 3.3 > 4.5 1.4+ 2.2 ‘
7 Cy (cm™ 3) 5.0E+20 * 2.5E+20 5.0E+20
8 €y (em 3) . 5.0B+15 5.0F+15 5.0E+15
9 C (cm™3) . - - 2., 5E+20
10 Emitter Profile 1 - X (two) 1- X2/3 1~ XZ/B-
11 BSF Profile - - exp (~X%)
12 Ny (Ti/em3) constant constant ) constant
4E11~+ 4E14 4.0F+13 4E11 > 4E14

For the phosphorus diffused emitter of the p-base cell, the diffusion |
profile was obtained by sheet resistance-anodic etching me;thod.8 It conta@ns two
linear segments due to the particular diffusion schedule and ambient éas used.
This préfile drops off slower than. the exp(mxé)‘profile uéed previouély‘for the
phosphorus diffused N+‘1a§er. The boron diffuseﬁ emitter prbfilé was also obtained
by sheet resistance—anodic efching method.9 It is essentially identical to the

2/3

1-X profile used earlief for the high efficiency cell studies in chapter 2.
Slight differences between these empirically fitted profiles and the experimental
profiles will not significantly ;ffect the final results and éonclusions as we
have demonstrated in the high efficiency cell studiéé in Chapter 2 if the
enhancement of Ti solubility in the emitter is not large which is apparantly the

4 1ifemd),

case for low Ti concentrations. For high Ti concentrations (4}{101
enhancement of solubility in the emitter may be large and the solar cell

characteristics will be more critically dependent on the emitter diffusion profile.
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3.1.4 BSoclar and Optical Properties

The AM1 solar spectra, silicon absorption coefficient, o(}), and silicon
surfaée r;flection coefficient, R(A), used in this study are those given in'
Table 2.7 of section 2.1.4. To.simulate the performance of the Westinghouse
éells,';ilicon surface reflection loss is taken into account by reducing the
incident solar spectral irradiance [the column P()) in Table 2.7] by the factor
l—R(i). This is done by including the factor 1-R{A) in the integrand of the
diséributed photocurrent generator given by ﬁquation (2.1).

‘The maximum AM1 photocurrent that can be collected in a 250 pm thick
silicon solar cell with no.anti—reflection coating is calculated to be 22.025
mA/cmz. Without surface reflection loss, it is 34.198 mA/cmz. Thus, the
surfacé reflection loss at a bare silicon surface amounts te a reduction of
[1‘— (22.025/34.198)] = 0.356 or 36%. However, this reduction factor is not
a coqstant since it will depend on the cell thickness as well as the distribution

of the recombination centers within the cell because of the wave length

-depeadence oﬁ thetabgorption and reflection coefficients. But, the figure of
0.36 or 36% can be used as a_ rule of thumb estimate when considering the
sho§t circuit'current gnd the efficiency. An estimate of the increase of the
open circuit voltage due to the higher photecurrent when there is no surface
reflegtion loss can also be made. If we assume low level injection conditiom
insi@e the cell, then

~

AVOC = (kT/q)loge(BA.198/22.025) = 11.37 mV
For high injection level, the increase from an uncoated to a perfectly coated

cell would be twice this value or 22.75 mV.
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3.2 Results on p-Base Cells

In order to compare the computed results with the experimental .data of
the Ti-doped silicon cells fabricated by Westinghouse, the diffusion profile
and the dopant concentration are selected to match their reported‘daﬁa. From
Table 3.4, the net ionized impurity concentration profile used in the computer

program is given by

.20 15 o .
Ny = Ny, = 5x1077[1,04 - 3.29(2/L,)] - 5x10 0 < 2 < 0.076%4m
= 2x10%%[1.00 - 1.00(2/1,)] - 210 0.076% < z < L,
= -5x10% : : L< Z< 250um  (3.1)

1
Here, L1=XJ/[1—25CB/CO]=Ou2500626156 pm and the lérge number of significant

figures given is to indicate that there is no jump in the N value at

DD TAA
the junction XJ, only a change in slope or concentréfion.gradient. This
impurity concentratiion profile fits the experimental profile obtained.by .
Westinghouse for the phosphorus diffuse& emitter very Well'as demonstrated: in
Figure 3.2. -
The Ti qon&entratioh is assumed spatially constant Eut as we shall éeg

from the results, there is an indication of Ti pileup in the phosphorus

diffused emitter for the highest Ti concentration cell from Westinghouse

£

crysﬁai w008,

The cells are not coated with anti-reflection coating, thus, the surface
reflection loss is included in the calculation b§ the procedure described in.
section 3.1.4. ‘

The Fomputed results for the M+/P cells are compared with Westinghouse's
experimental data.21 ‘Comparisoﬁs are mdde for EFF: VOC,.JSC, and FF in
Figure 3.3(a) to (d) as a function of Ti concentration. Data of only four

’

Ti-doped N+/P cells are included which are from Westinghouse crystals

W048, W033, W066 and WO08, in increasing Ti concentration.
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The best experimental-theoretical. agreement is obtained for the open
circuit voltage, shown in Figure 3.3(b). This is probably due to its insensi-
tivity to random experimental variations of device and material parameters
since it iIs measured at zero current. The agreement also indicates self-
consistency in the assumption that base recombination dominates in these
Ti-doped cells.

The poorest agreement is in the fill-factor. This is. probably due to
its high sensitivity to the contact resistance at both the front and back
surface contacts and also its dependences on the high conductance paths which
may have a high occurrence rate in the emitter of cells highly doped with Ti.

The efficiency and the short cirecult current show better theoretical-
experimental agreement at—low Ti concentrations as revealed in Figures 3.3(a)
and (¢). Tor the highest Ti concentration cells (crystal W008, NTT=3.8x1014_
Ti/cmB), the experimental values are more than 50% below the theory, alth(;ugh
VOC [Figures 3.3(b)] and F¥ [Figure 3.3(d)] are nearly equal to the theory.
Thus, the smaller experimental EFF and JSC can only be due to some additional
recombination mechanisms not included in the computer mcdel.. This contention
is further supported by the nearly ideal dark I~V slope of one, I« exp(qV/kI),
over several decades of current, including the open-circuit voltage and short-
cirecuit current points. One possible cause is the high emitter recombination
current due to enhanced solubility of Ti in the high concentration phosphorus
diffused emitter. This would be more important when the silicon is doped to a
high Ti concentration since then a source of high Ti concentration is present.
Enhancement of Ti solubility in the emitter was not inciluded in the computer
model used to compute the theoretical curves given in Figure 3,3. However,
sample calculations were made which showed that even with an emitter lifetime

of TP(O.Zum)=4 ps at a distance of 0.05um from the junction, JS5C is reduced

+
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only to 10 mA/cm2 from 12.5 mA}chz, the latter given in Figure 3.3(c) "at a
pulk Ti concentration of 3.8}:1014 Ti/cm3. This is still 25% higher than the
experiméhtal value of 7.7 mAjcmz. Thus, increased emitter recombinatiom
current due to enhanced Ti solubility in the emitter appears to account for
only half of the theoretical-experimental difference. Another possible

source is areal inhomogeneity of the Ti concentration. This could make

part of the cell area substantially higher in Ti-concentration and lower in
short circuit current and efficienecy so that the JOC and EFF of the entire cell

are considerably below that predicted using an average Ti concentration.
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33 Results on n-Base Cells

Very few n-type silicon doped with Ti have been grown thus far.
Extensive data on cell performance have been documented only on two crystals,
WO65N and W121N. A comparison of theory with experiment will be made only
with cells made from crystal W121N where the middle Ti donor center is
believed to dominate the recombination current in the base. Computations
have not been made for cells made on WO65N since it was thought that the
major base recombination current in this crystal is via the oxygen-vacancy
or oxygen related recombination center.

The net ionized impurity concentration profile, using Table 3.4, is
given by

Naa = N = 2.5x10°%11 - 2/1)?"?) - sxa0® (3.2)
The Ti concentration is again assumed to be spatially constant and the silicon

surface reflection loss is included in the calculation. The theoretical-

experimental comparison is given in the following table.

Table 3.5 Comparison of Experimental and Computed Performance of a
Ti-Doped P+/N Si Solar Cell at One AMI Sun and 4x10!3Ti/cm3.

T

Cell No. EFF vocC JSC FF
% mV mA/cm?

W121N 7:51 525 19.9 .681
Expmt
RUN733 8.54 536 476 .804
Theory

i

The agreement is fairly good considering that several experimental
parameters are not accurately known and the light source used is not identical
to the AM1 solar spectra. The largest difference is in the fill factor, FF.
The low experimental value is probably again due to contact resistances. The
slightly higher experimental JSC probably reflects the difference between the

light source and the solar spectra.
e



3.4 Projected Maximum Performance

In view of the fairly good agreement between experimental data and
theoretical prediction presented in section 3.2 and 3.3 for both the p-base
and the n-base Ti-doped cells, the Ti recombination parameters given in
Table 3.3 are used to compute a family of theoretical performance curves as
a function of the Ti concentration. Since the hole capture rate (2.5E-8)
at the upper Ti donor level (EC—470mV) is smaller than the electron capture
rate (4E-7) at the lower Ti donor level (EV+336mV), the efficiency is expected
to be higher for the n-base than the p-base cell. The highest efficiency
cell would then be the P+/N/N+ geometry with back surface field and anti-
reflection coating. Thus, two theoretical curves are computed, one representing
the worse case of a N+/P cell without anti-reflection coating and the other,
the best case of a AR/P+/N/N+ BSF cell with perfect anti-reflection coating.
The efficiency of these two cases as a function of Ti concentration is given
in Figure 3.4 at the one AMl sun condition. The cell geometry and diffusion
profile used are tabulated in the third column of Table 3.4.

The results of Figure 3.4 show that for an efficiency of 16%, the
maximum allowed Ti concenfration is about 6x1012 Ti/c:m3 in the most efficient
cell geometry, i.e. the P+/N/N+ cell with anti-reflection coating. The other
characteristics of this cell are: VOC=576 mV, JSC=30.2 mA/cm2 and FF=0.8215.

A single point is also computed for a P+/N cell without anti-reflection
coating and shown in Figure 3.4. Table 3.6 gives all the cell characteristics

3 Ti/cm3 concentration. The differences between

for the three cells at 4x10l
the more efficient P+/N cell and the less efficient N+/P cell come from
recombination in the base region. In the n-base cell of RUN731, the hole

capture rate at the upper donor level, EC-47OmV, is smaller while in the

p-base cell of RUN732, the electron capture rate at the lower donor level,
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concentration for bare surface N+/P, bare surface
P+/N and anti-reflection coated P+/N/N+ silicon
solar cells at 297K.
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Table 3.6 Performance Comparison of Bare N+/P, Bare P+/N and AR
Coated P+/N/N+ Silicon Solar cells At One AM1 Sun and
Containing 4x10!3Ti/cm?.
Computer JPHOTO EFF voc JSC Xk
Run No. Cell Type mA/cm? % mV mA/cm?
RUN729 AR/P+/N/N+ 34.198 13.691 547.85 27.479 .80869
RUN731 P+/N 22.025 8.552 536.12 17.630 .80462
RUN732 N+/P 22.025 6.708 482.49 15585 Ry |
is larger. Thus, the base lifetime in the n-base cell is larger than that

in the p-base cell. High injection level effect will make the difference

in lifetime smaller than the capture rate ratio of cn/cp=3.7x10_7/2.5x10_8

=14.8, using the values from Table 3.3.
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4. CONCLUSION

Interband Auger recomhination in the diffused emitter and back surface
field layers does not affect the silicon solar cell performance significantly
even if the Auger recombination rate data are in error and too small by a factor
of 100. Tt becomes important only when the carrier co;centration in these
layers is higher than about 1020 carriers/cm3 throughout the entire layer.

Surface recombination at the front and back surfaces has negligible
effect.on cell performance unless the interface recombination velocity at
these surfaces lies between the diffusion velocity, 105 emfs, and the effective
recombination velocity, 103 cm/s, of the emitter and back surface field layers.

Enhanced solubility of the metallie recombination impurities in the
emitter and the back surface field layers due to high phosphorus and boron
concentrations in these layers can reduce the short circuit current and the
open circuit voltage respectively if the solubility reaches 10% of the diffusion
impurity (boron and phosphorus) concentrations.

There is little difference in solar éell performance computed from using
the Gaussian diffusion profile and the measured phosphorus and boron diffusion
profiles.

For the Sandia high efficiency (16.8% AM1) and high resistivity (10 Q-cm)
P+/N/N+ silicon cells, 1% of gold in the diffused emitter or 0.1% of phosphorus-—
vacancy or E-center in the diffused back surface field layer will account for the
observed efficiency, open circuit voltage, short circuit current and f£ill factor.
The thecreticzl maximum AM1 efficiency for this cell design is 19.26% when
recombination in the emitter and back surface field layers is negligible.
However, if recombination in the BSF layer is the limiting facter, then eliminating
it entirely will only improve the efficiency by 0.1%Z to 16.9% and the open circuit

voltage by 26 mV to 638 mV because high injection level condition would prevail
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in the entire base which would reduce the fill factorz On the other hand, if
emitter recombination is the limiting factor, then eliminating it entirely
would improve the efficiency to 19% and open circuit voltage to 660 mV.

The vreported AML efficiency of 16,8% by Sandia is based on measurements
using a solar simulator while the computed value is based on‘the measured solar
spectra. Thus, some upward correction of the reported efficiency may be needed.
This brings the reported efficiency to almost the theoretical maxi@um, 19%,
of this cell design. Large improvement of performance cannot be expected in
this cell design which already has a base lifetime of 700 us.

0f the three energy levels detected in Ti-doped silicon and silicon
gsolar cells, the two lower levels are donor like and related to the Ti impurity
while the upper level is acceptor like and probably related to the presence of
oxygen and carbon. The maximum.allowable Ti concentration for a 16% AM1
~efficiency is about 6x1012 Ti/cm3 in the best cell type, P+/N/N+, which is
tﬂe 1e§st sensitive to Ti contamiﬁation. A cell thickness of 250 ym and a
base doping of leOlS phdsphorus/cm3 or a resistivity of 1.5 ohm~cm are also

assumed. This cell would have an open circuit voltage of 576 mV and a short

2.

circuit current of 30 mA/cm
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