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Abstract

We numerically model crystalline silicon concentrator cells with the inclusion of band gap
narrowing (BGN) caused by injected free carriers. In previous studies, the revised room-
temperature value of the intrinsic carrier density, n

*
"1.00]1010 cm~3, was inconsistent with

the other material parameters of highly injected silicon. In this paper, we show that high-
injection experiments can be described consistently with the revised value of n

*
if free-carrier

induced BGN is included, and that such BGN is an important e!ect in silicon concentrator
cells. The new model presented here signi"cantly improves the ability to model highly injected
silicon cells with a high level of precision. ( 2001 Elsevier Science B.V. All rights reserved.
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1. The experiment of Sinton and Swanson

The value of the ambipolar Auger coe$cient, C
!
"1.66]10~30 cm6/s, is com-

monly used in calculations of highly injected crystalline silicon solar cells. This value
was determined by Sinton and Swanson in 1987 [1] to an uncertainty of 15%, and lies
within the error bars of other frequently used values of C

!
[2}5]. Sinton and Swanson

measured both the steady state and the transient open-circuit voltage of a solar cell.
This cell was specially designed so that its losses were dominated by Auger recombi-
nation [1]. C

!
was obtained by reproducing both measurements with an analytical

model, where only C
!

needed to be varied because all the other relevant input
parameters were known from independent measurements.
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2. Revisions of silicon material parameters

After Sinton and Swanson's experiment, an important input parameter of the
above-mentioned analytical model underwent revision. Green and Sproul [6,7]
lowered the most precisely measured value of the intrinsic carrier density of silicon, n

*
,

from 1.45]1010 to 1.00]1010 cm~3 (at ¹"300 K). This a!ects the extracted value of
C

!
strongly: lowering n

*
increases the modelled open-circuit voltage <

0#
, and hence

C
!
has to be increased in order to reproduce the measured<

0#
values. However, using

the revised n
*
, the analytical model of Sinton and Swanson yields two C

!
values that

are signi"cantly di!erent when extracted from the stready state and from the transient
experiment, because the former evaluation depends on n2

*
and the latter on n3

*
,

respectively. Thus, Banghart et al. [8] suggested that the high density of induced
carriers in Sinton and Swanson's experiment (up to 2]1017 cm~3) may cause free-
carrier induced band gap narrowing (BGN). This implies that, in Sinton and Swan-
son's analytical theory, the old value of n

*
was not the intrinsic, but actually the

ewective intrinsic carrier density n
*,%&&

, which is larger than n
*
due to gap shrinkage,

DE
g
:

n
*,%&&

"n
*
exp

DE
'

2k¹
, (1)

where T is the absolute temperature, and k is Boltzmann's constant. However, the
parameter-set of Banghart et al. [8] was inconsistent and disagreed with experimental
"ndings. Only after measurements of transport parameters in highly injected silicon
[9], and after improvements in BGN theory [10] did Banghart and Gray [11] "nd
a parameter-set to calculate the transient <

0#
measurements of Sinton and Swanson

[1] with a reasonably high level of precision, using the revised n
*

and free-carrier
induced BGN. Banghart and Gray's results strongly suggest that free-carrier induced
BGN in#uences n

*,%&&
signi"cantly at injection levels generated in C

!
measurements.

One may think that it is more straight-forward to determine C
!
with devices that have

no pn junction, so that n
*,%&&

does not enter the data evaluation. For example,
a number of authors measured C

!
in samples by excess-carrier lifetime measurements

of intrinsic silicon [2}5]. However, the Auger recombination rate depends cubically
on the carrier density. Hence, experiments without pn junction need very accurate
measurements of the photo-conductance, accurate knowledge of the carrier mobility
in high-injection conditions, and good models for the evaluation of carrier density
pro"les during the experiment. In contrast, the pn junction experiments using open-
circuited devices need no such knowledge, but mix BGN and C

!
.

The experiment of Sinton and Swanson is very valuable for demonstrating consist-
ency between n

*
, BGN and C

!
. These three parameters form the foundation for the

modelling of highly injected silicon solar cells. Such consistency is di$cult to achieve
because BGN and C

!
re#ect many-body e!ects, and hence depend on injection

density [5,12]. Above all, we are not aware of a publication reporting on a systematic
experimental study of free-carrier induced BGN at room temperature. Neugroschel et
al. [13] attempted to extract free-carrier induced BGN from the current}voltage (I}V)
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curve of a highly injected transistor. However, their result was imprecise for a number
of reasons: they used the old n

*
, they neglected series resistance e!ects, they assumed

that BGN is zero at a carrier density of 1]1016 cm~3, and they extracted the carrier
density with a procedure that leads to over-estimated values. Our simulations of their
experiment revealed that their I}V curve was severely a!ected by Auger recombina-
tion. Thus, larger di$culties were experienced in separating n

*
, BGN and C

!
com-

pared to Sinton and Swanson's experiment.
In this paper, we investigate a comprehensive silicon BGN model, which was

recently derived by Schenk [14] from quantum mechanical principles. In contrast to
previous BGN models [10,15,16], Schenk's BGN model provides the gap shrinkage
for arbitrary combinations of injection and doping levels, and at temperatures
between 0 and 1000K. We demonstrate that this BGN model enables us to describe
highly injected silicon much more precisely than in the past.

We use n
*
"9.65]109 cm~3 in our simulations, instead of n

*
"1.00]1010 cm~3

reported by Sproul and Green [7], because the Schenk model in#uences the inter-
pretation of n

*
measurements of Sproul and Green [7], as is explained in Ref. [17].

Misiakos and Tsamakis [18] measured a value of n
*
"9.7]109 cm~3 in lightly doped

material, which is consistent with our value.

3. Numerical simulations in three dimensions

We implemented Schenk's BGN model in the device simulator Dessis [19], which
numerically solves the fully coupled set of semiconductor di!erential equations in
a self-consistent way. Thus, no further assumptions need to be made as to the
quasi-Fermi energy levels, carrier densities, etc. Schenk's BGN model provides the
band edge energies, E

#
and E

7
, in the whole device, including the highly doped

regions. In the experiment of Sinton and Swanson, the injection density varied from
1]1016 to 2]1017 cm~3, causing a gap shrinkage between 8 and 14meV according
to the model of Schenk. Using an approach reported earlier [20], we simulate the
entire 3]5mm2 cell of Sinton and Swanson in three dimensions, including 2 cm of
shaded wafer material that surrounded the cell (the cell remained embedded in the
wafer after fabrication). We use the experimentally known device parameters given by
Sinton and Swanson [1], as listed in Table 1.

Crucial for modelling highly injected silicon is not only the choice of the three
parameters n

*
, BGN and C

!
, but also the applied transport model. In contrast to

low-injection, the mobility of free carriers depends on the relative velocity between
electrons and holes [21]. For example, in the undoped regions of Sinton and Swan-
son's device (i.e. 99.94% of the entire volume), photo-generated electrons and holes
di!use in a parallel pattern towards the rear, and hence experience less mutual
scattering events than in ohmic conduction. For such a case, the ambipolar di!usion
coe$cient

D
!
"

2k¹

q

k
n
k
p

k
n
#k

p

(2)
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Table 1
Physical device parameters used in the simulations

Cell geometry As published in Ref. [1]
Shaded perimeter region 2 cm from cell's edge [20]
Temperature 300K
Illumination spectrum AM1.5 Global [26]
Internal re#ection at front surface 17% [27]
Internal re#ection at rear surface 81% [27]
Contact resistance 1]10~6) cm2 [20]
Carrier statistics Fermi-Dirac
Intrinsic electron density 9.65]109 cm~3 [17]
Band gap narrowing model Model of Schenk [14]
Mobility model Model of Masetti et al. [23]
SRH recombination in bulk Mid-gap traps with equal capture cross sections, lifetime

q"3 ms [1]
SRH recombination at surface Mid-gap traps with equal capture cross sections,

S
no
"S

po
"3.75 cm/s [1]

SRH recombination at contacts Ohmic, i.e. #at quasi-Fermi energy levels at mid-gap,
equivalent to S"R cm/s [20]

Auger coe$cient C
!
"1.9]10~30 } 2.8]10~30 cm~3

was experimentally determined as 17.0$0.5 cm2/s [9], independent of injection
density (at least up to an injection level of 1]1018 cm~3 [22]). In Eq. (2), k

n
and k

p
are

the mobility of electrons and holes, respectively.
As Dessis does not have a comprehensive transport model [21] for highly injected

devices, we approximate the transport properties with the mobility model of Masetti
et al. [23]. Although this model originally provides the drift mobility of majority
carriers in low-injection (as a function of doping density), it is a reasonable approxi-
mation to the real situation in our case: the model of Masetti et al., combined with
Eq. (2), yields D

!
"16.5 cm2/s in the region of parallel carrier #ow. Near the contacts,

the constrained carriers have zero velocity. Thus, their scattering has the same impact
on the #owing carriers as in the case of low-level injection [21], where the majority
carriers are nearly at rest. Further away from the contacts, there is a region where
electrons and holes do not #ow in parallel, nor is one carrier constrained to zero
velocity [21]. In Dessis, we are not provided with a transport model that describes this
situation, which is approximated here.

4. Simulation results

With Dessis, we reproduce the steady-state <
0#

values of Sinton and Swanson [1],
and we quantify the in#uence of both the revised n

*
and BGN on the extracted C

!
.

Fig. 1a shows that our simulated short-circuit current density J
4#

coincides with the
measured values except at the highest illumination intensities where we overestimate
the mobility, due to our above-mentioned approximations in the transport-model.
Sinton and Swanson obtained similar behaviour with their analytical model [1]. At
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Fig. 1. Short-circuit current density (a) and open-circuit voltage (b) as a function of incident power density,
measured by Sinton and Swanson [1], and simulated using the numerical model presented in this paper.

high illumination intensity, J
4#

is very sensitive to the dimensions of the doped-
regions. By optimising the device to have low uncertainties at <

0#
, the device was

made to have very high uncertainties at J
4#

, due to the extremely high current densities
from current crowding at the minimised contacts (1000A/cm2). These geometric
uncertainties are negligible under <

0#
conditions. The results of Fig. 1a show that our

approximations in the transport model are minor, and we expect that they are even
better under open-circuit conditions, where no external current-#ow exists.

The<
0#

values called &old model' in Fig. 1b result from our simulations using all the
parameters of Sinton and Swanson, ie. the old n

*
, no BGN, and C

!
"1.66]

10~30 cm6/s. These symbols coincide with the experimental values. Since we obtain
the same <

0#
values as Sinton and Swanson did with their analytical model, it shows

that Swanson and Sinton incorporated three-dimensional e!ects, etc. very precisely in
their analytical model. Their model is a variational approach based on emphasising
the accurate determination of the total recombination current rather than carrier
densities [24].

The line called &new model' illustrates our simulations using the revised n
*
and the

BGN model of Schenk. In order to match the simulated results with the experiment,
C

!
has to be increased from 1.66]10~30 to 1.9]10~30 cm6/s at the highest illumina-

tion intensity, and up to 2.8]10~30 at the lowest illumination intensity. C
!

increases
with decreasing injection density because an increasing number of excitons enhances
Auger recombination [12,25]. We are currently working on an injection dependent
parameterisation of C

!
, and we will repeat the simulations outlined in this paper with

a more comprehensive description of C
!
.

The dashed line in Fig. 1b called &incorrect' deviates signi"cantly from the measure-
ments and represents simulations with the revised value of n

*
but without BGN (using
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C
!
"1.66]10~30 cm6/s). This demonstrates that choosing the revised n

*
alone is

insu$cient. Hence free-carrier induced BGN is an important physical process in
highly injected silicon, and it resolves previously experienced inconsistencies [8,9]
between the revised n

*
and the experiment of Sinton and Swanson.

5. Conclusions and outlook

We implemented the band gap narrowing (BGN) model of Schenk [14] in the
semiconductor device simulator Dessis [19]. By reproducing the steady-state
<

0#
measurements of Sinton and Swanson [1], we demonstrated that free carrier

induced BGN is an important e!ect in silicon concentrator cells. Using
n
*
"9.65]109 cm~3 [17], the BGN model of Schenk [14], and the device parameters

of Sinton and Swanson [1], we had to adjust C
!

in order to reproduce the measured
<

0#
values. We varied C

!
from 1.9]10~30 cm6/s (at the highest illumination intensity)

to 2.8]10~30 (at the lowest illumination intensity). Such an injection-dependence is
expected from exciton-enhanced Auger theory [12,25], and we are currently working
on an injection-dependent parameterisation of C

!
in high-injection conditions.
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