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The recmbination velocity of minority cariers at the surfaceof phospharus doped emittersis re-extraded from pub-
lished measurements of the emitter saturation current by means of numericd simulations. In contrast to previous
studies, Fermi-Dirac statistics and a quantum mechanicdly derived band gap narrowing model are used (instead of
Boltzmann statistics and empiricd apparent BGN data). In this way, degeneracy effeds are acourted for on a physi-
cd soundr basis, lealing to consistency also at high dopant densities. This enables us to simulate emitters with
dopent densiti es higher than 3x10° cm® considerably more predsely than in the past.
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1. PURPOSE OF THISWORK

The recombination at the front surfaceis a dominant
lossin many types of solar cdls. However, its quantifica
tion hes been challenging. Thisis $ becaise the recombi-
nation velocity of minority cariers at the emitter surfaceS
canna be measured dredly, but the total losss in the
emitter, expressed as the amitter saturation current-density
Joe. IN order to extrad Sfrom J,. measurements, the wntri-
butions to J,. from the bulk of the emitter and from the
surfaceneed to be separated, using theoreticd models.

In the past, various models have been used to extrad S
from Joe. Asthey divide up the losss in the bulk and at the
surfacein dfferent propations, the resulting S is model-
dependent. In this paper, we re-evaluate the J,, measure-
ments made by Cuevas et a. [1-3], Glunz & 4. [4], and
King et d. [5], using the BGN model recantly developed
by Schenk [6], and the silicon parameter-set established at
the University of New South Wales (UNSW).

2. THE MODEL

In the extradion d Sof emitters, many relevant sili con
parameters and device models come into play. These ae
the intrinsic carier density of silicon n;, the statistics for
the energy distribution o free cariers, band gap narrowing
(BGN), Auger recombination, minority carier mohility, the
density of states (DOS) affeded by doping, and incomplete
ionisation d dopents. Apart from n;, al these items are
effeds caused by carier-carier and carier-dopant interac
tions. The improvements in the understanding of the amit-
ter over past yeas can be regarded as a shift from the ided-
gas to many-body theory.

2.1 Fermi-Diracinsteal of Boltzmann statistics

Most pubished cdculations of solar cdls are based on
Boltzmann dtatistics, representing the ided eledron gas,
becaise Fermi-Dirac (FD) statistics is cumbersome to

include in analyticd models. However, many solar cdls
contain performance limiting regions that are doped more
highly than 1x10'° cm®, where degeneracgy effeds beamme
significant. We therefore use FD statistics, which can be
applied in numericd modelli ng withou difficulties.

2.2 Thenew intrinsic carier density of silicon

In 1991 Green and Sproul [7] lowered the most predsely
measured value of n; from 1.45x10% to 100x10% cm® (at
T=300 K). Recantly, it has been shown [8] that the meas-
urements of Sproul and Green were influenced by BGN,
even though the dopant density of their samples was low.
This implies that n=9.65x10° cm™, which resolves a
discrepancy with the measurement of Misiakos and
Tsamakis [9]. Hence, we use the slightly lower value of
n=9.65x10° cm® in this gudy.

King et al. [5] used the old n=1.45x10" cm™ for cd-
culating S. Ref. 1 contains a re-evaduation d their results
applying the revised n=1.00x10" cm®. The changes in S,
caused by using the slightly lower nj=9.65x10° instead of
1.00x10%° cm, are minor.

2.2 Apparent and quantum mechanicdly derived BGN

So far, solar cels have been mostly simulated with empiri-
cd BGN models that were derived from eledronic mees-
urements of highly doped silicon. As sich BGN values
were etraded from transport measurements, they are
influenced by the transport model applied in the data
evaluation. They do nd refled the adual band gap shrink-
age AE,, but are a onglomeration d various effeds, such
as degeneracy and changes in the DOS. Hence such values
are caled ‘apparent band gap narrowing’ AE*®.

Since degeneracy effeds are partly compensated for in
AE,™, we cana apply Fermi-Dirac statistics together
with AE,*® values, as this would overestimate degeneracy
effeds. Since the AES values hown in Figure 1 were
obtained with various transport models, it is not obvious
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Fig. 1: Meaured [15 (symbols) and cdculated
[6] (line) band gap narrowing as a func-
tion d phospharus dopant density.

how exadly degeneragy influences AEZ, and we canat
corred the AE,™" values for FD statistics with ore single
and well recognised procedure.

Instead, we implemented the mprehensive BGN
model of Ref. 6 in the device simulator Desgs [10]. This
BGN model was recently derived from quantum medhani-
cd principles, where both carier-carier and carier-dopant
interadions were treged onan equal basis. Therefore, this
model provides the band edge energies, E. and E,, sepa-
rately and can be used together with FD statistics. Thisis a
fundamentally diff erent approach from the determination o
AE,™. Hence it is generally insufficient to compare solely
AEy of Ref. 6 with the AE; values. However, at low
dopant densities and unadx low-level injedion condtions,
the BGN model of Ref. 6 can be diredly compared with
AES™, and Figure 1 shows that there is good agreement
between the two approaches. In the high dopng range, the
model of Ref. 6 provides a similar AEy as phaolumines-
cence measurements (crosss in Fig. 1). They give a
dightly higher AE, than Ref. 6 due to band tails, which
host immobile cariers and therefore do nd contribute to
BGN relevant to eledronic devices. In Sedion 4.1 we will
show that the usage of FD statistics and the BGN model of
Ref. 6 give mnsistent results.

2.3 Auger recombination

The band-to-band Auger recombination is an intrinsic
property of silicon and is usudly limiting the minority
excesscarier lifetime in emitters. At dopant densiti es Nyqp
above 1x10'® cm®, the Auger recombination lifetime T,
can be described asuming nonrinterading free particles,
i.e. by Ta=1/CNgop, Where C, is the Auger coefficient. At
Neop>1x10" cm®, we use C,=2.8x10°" cm®s™ as given by
Dziewior and Schmid [11], because their data shows the
smallest scatter of al the lifetime data that were published
to determine C,.. In their extradion d S, Cuevas et al. took
a dightly different C, value [1-3], while King et al. aso
used Dziewior and Schmid’s value in the emitter [12].

At Nyop<1x10' cm®, the Auger recombination rate is
enhanced by Coulomb interadions [13,14], and the model
of Ref. 14 isapplied in this gudy.

2.4 Minority carrier mohility

At dopant densities found in emitters, the mohility of
minority holes i, min is limited by hole-dopant interadions
in a omplex way. The measured values of L, nin are shown
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Fig. 2: Minority hole mobility as a function o
phaspharus dopant density. The model of
Klagssen [15] is modified to fit the small-
est and largest measured vaues.

in Figure 2. They scater by such an extent that pmin iS
indwcing the largest error bounds on S in ou study. We
adapt the model of Klasssn [15] to the experimentaly
determined values, as is shown in Figure 2. Cuevas €t al.
used avery similar model, while King's model resulted in a
slightly higher mobility at Nuoy=5x10" cm® [12].

2.5 DOS and incomplete ionisation

The influence of the impurity band and incomplete
ionisation onthe extraded S values is minor compared to
the aror bound imposed by the scater of the mobility
data. We will report on effeds caused by the DOS and
incomplete ionisation elsewhere [16], as this would exceal
the scope of this paper.

3. SIMULATION OF Joe

We use the device simulator Desds [10] which —in
contrast to the analyticd models of previous gudies —
solves the fully-couped set of semicondictor differential
equations numericdly and in a self-consistent way. Using
the models and parameters of Chapter 2, we simulate the
Joe Measurements of Refs. 1-5 and extrad S.

In analogy to the law of massadion for ided gases, the
relation n’=np holds only if the cariers do nd interadt
strongly with ead ather, i.e. in we&ly doped sili con.
Instead, Desds cdculates the dedron density n using

Em-E? +ae.H
n=NgR, M ¢ "77¢n (1a)
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where Fy, is the Fermi integral of order %, describing FD
statistics. N isthe dfedive density of statesin the condwc-
tions band, E.? is the energy of the intrinsic condtction
band edge, which is diifted by AE. due to BGN, and Ey, is
the quasi-Fermi level for eledrons. The hole density p is
expresed in an analogous way as in Equation 1a. How-
ever, sincethe holes are nondegenerate in ntype anmitters,
p bemmes:

© _ g +0g, 0
p= NV exp@D (1b)

O KT d
O O

In order to clarify the influence of FD statistics on the
simulated J,., we write the pn produict in a way that n?,
degeneragy, band gap narrowing, and ceviations from
thermal equili brium are separated by fadors:
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The degeneracy fador yueq is @ measure of how much
the dedron density deviates from its classcd value. If the
eledrons are non-degenerated as well, as is the cae in
lowly doped ntype emitters, we have yyeq — 1, Yoon —
exp[(AEc+AE)/KT], and pn - nfg = niexp[AE/KT].
Equation 2 shows that, while BGN increases the pn-
product towards the surfaceof the diffused emitter, degen-
eragy tends to deaease the pn-product, leading to a maxi-
mum value within the bulk. Such counterading effeds
between BGN and carier degeneracy canna be quantified
using apparent BGN data and Boltzmann statistics. For
further discussons onthis eRef. 17.

In order to determine J.e, we simulate the ill uminated
diodes of Refs. 1-5 in steady-state open-circuit condtions
(the diodes have no metal contads). We use the original
SIMS data a dopant profile, and we express Joe by the
general definition[17]:

In(xe)
N(Xe) P(Xe) ~NYett (Xe)
This dows that J. is related at open-circuit condtions to
the dedron recombination current J(xe) at the edge X of
the space barge region.

Joe et () €)

4. RESULTS

4.1 The measurements of Cuevaset al.

Cuevas et a. measured J, Of planar emitters after ap-
plying various surfacepassvation treaments, and also after
covering the surfaces with metal. The latter serves here s a
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Fig. 3: Simulated J.e of the highest (A) and lowliest
(B) doped emitter of Cuevas et d. The eror
bound of the measured J,. of metal coated
and oxide pasdvated surfaces are given by
the solid and dashed lines, respedively.
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Fig. 4: Re-evaluated S (symbols with error bars),
a guide to the eyes (lines), and S values

from previous models (crosss).

consistency chedk of the model outlined in Chapter 2,
becaise S of metal covered surfaces is limited by the ther-
mal velocity of free cariers, i.e. S<1x10° c/s. Figure 3
shows the simulated Jo. of both the lowliest and highest
doped emitter in the study of Cuevas et a. (Ngo=2.2x10'
and 2x107° cm®). We can reproduce the measured Joe



values of al metal covered emitters, indicating that our
simulation model is consistent.

Figure 4 (top) shows the etraded S as a function o
Nqop Of emitters with either a bare surface or passvated by
an oxide with a forming gas anned (FGA) or auminium
anned (aned). The aosss are the values obtained with
the analyticdl model of Cuevas et a. [1-3]. At Nyp,>3%x10"
cm®, Cuevas et a. obtained a mnsiderably lower S. This
was generaly experienced in previous models, becaise
degeneragy effeds were nat taken fully into acourt, lead-
ing to overestimated buk recombination losses that were
compensated with low Svaues (in highly doped emitters,
old models ometimes yielded negative Svalues).

4.2 The measurements of Glunz & a.

Glunz & a. measured J,. Of emitters that were fabri-
caed in pardlel on planar and textured wafers [4], ena
bling us to investigate the influence of surfacetexturing on
S Figure 4 shows S of emitters that were unaffeded by
inhamogeneous dopant distributions found at textured
surfaces in low and shall ow diffusion profiles (such effeds
will be discussed somewhere dse [16]). Due to texturing,
an approximately fivefold enhancement of S is observed,
with aweek tendency to deaease & high dopant densities.

4.3 The measurements of King et .

In their study, King et al. extraded S of planar emitters
passvated by an oxide, and with o withou a FGA. In
addition, some textured emitters were processed in perallel.
Our re-evaluation d Sis shown in Figure 4. As a ompari-
son, we have nat plotted the original values of King et a.,
because they were obtained using the old n;, but we show
the revised values obtained with the analyticd moded of
Cuevas [1] as crosses. Again, our Sis sgnificantly higher
a high dopnt densities due to degeneragy effeds. At the
lowest Ngqp, the injedion condtions at the surface tianged
during the transient measurements, and orly the J. values
obtained from the lowest injedion levels are used here (in
contrast, more highly doped emitters remained in low-
injedion at al times).

4.4 Comparison d the threedata-sets

Figure 4 (bottom) summarises me of the dashed
lines, which are aguide to the g/es. The foll owing feaures
beame gparent:
i) Applying aFGA, King et al. obtained the lowest S, while
Sof Cuevas et d. seems to saturate a@ Nypp<1x10™ cm® to
a minimum value aound 600cm/s. The S values of Glunz
et a. do nd experience this sturation, athough they are
similarly higher than King's data. It seams that in the labo-
ratories that fabricate(d) highest-efficiency cdls (Stanford
and Freiburg), passvation pgrocedures were optimised to an
extent that S keeps dropping with Ngy,<1x10'° cm®. This
may be the reason why highest-efficiency cdls, operating
a 1-sunillumination, usualy have optimised emitters with
Nup=5x10'® cm® a the surface If S saurated at
Nuop<1x10" cm®, it would be more beneficial to doye the
emitter surfaces more highly in order to reduce the hole
density (i.e. the recombination losses) at the surface

ii) The alned technique seams to reduce Sregardlessof
Ngop- This indicéetes that the alned procedure passvates a
cetain fradion d defeds which is independent of Nggp, i.€.
that it may passvate a cetain type of defed only, learing
an aher type of defed unchanged. In contrast, the FGA

seems to reduce the defed density only at Ny, <1x10™ ey
3, indicating that it ads either lesseffedively or at different
types of defeds than the alned.

iii) Although King et a. achieved alower Sthan Glunz
et a., texturing increases their S by the same fador (ap-
proximately five). Thisindicaes that Smay rise mainly due
to defeds that are related to the stressin the textured crys-
tal, which is quite unrelated to the oxide quality.

5 MAIN ADVANTAGES OF THE NEW MODEL

In contrast to models using Boltzmann statistics and
apparent BGN data, degeneragy effeds are acourted for
on a physicd soundx basis in the new model. This leals
i) to consistency even at high dopant densities, as is dem-
onstrated in Figure 3, and i) the S values do nd compen-
sate for negleded degeneracy effeds. This enables us to
simulate emitters with Ngp >3x10"° cm® considerably
more acarately than in the past.
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