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Temperature and Intensity Dependence
of the Limiting Efficiency of Silicon Solar Cells

D. Akira Engelbrecht and Thomas Tiedje

Abstract—The temperature and intensity dependence of the lim-
iting efficiencies of monofacial and bifacial silicon solar cells are
calculated from the physical properties of silicon assuming light
trapping by Lambertian scattering from rough surfaces. The maxi-
mum efficiency of a bifacial cell (28.92%) is lower than the efficiency
of a monofacial cell (29.46%) at room temperature and Air Mass 1.5
Global illumination. The effects of electron–electron interactions
on the band gap, radiative recombination rate, and optical ab-
sorption are included self-consistently. The temperature coefficient
of the output power is −0.23%/°C for the optimum thickness
monofacial cell at room temperature. The optimum thickness of
silicon solar cells decreases strongly with temperature following a
power law T−7 and thin cells have a lower temperature coefficient
than thick cells. A surface recombination velocity of 1 cm/s is found
to be a turning point below which surface recombination has a small
effect on the efficiency.

Index Terms—Bifacial solar cells, efficiency limits, intensity
dependence, silicon solar cells, surface recombination, temperature
dependence.

I. INTRODUCTION

CRYSTALLINE silicon solar panels are the dominant com-
mercial solar cell technology, with annual sales exceed-

ing 100 GW globally [1]. For a given insolation level, the
efficiency of the solar panel determines the output power and
is, therefore, a key factor in the cost of solar electricity. The
maximum efficiency of silicon solar cells has been examined
theoretically in detail under standard operating conditions con-
sisting of Air Mass 1.5 Global illumination (AM1.5 G) and 25
°C operating temperature [2]–[4]. The theoretical calculations
typically assume that the silicon solar cells have rough front
and/or back surfaces that enhance optical absorption through
light trapping. The calculation by Schäfer and Brendel [3] shows
that the physical properties of silicon limit the maximum solar
cell efficiency to 29.56% under standard operating conditions
of AM1.5 G and 25 °C. The theoretical limiting efficiency
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calculations have been successful in the sense that the limit
has been approached quite closely experimentally, but has not
been exceeded. The record high measured efficiency for a silicon
solar cell is 26.7 ± 0.5% [5], [6] or 90% of the theoretical limit.
The theoretical maximum efficiency of silicon solar cells is a
useful benchmark in the design of high-efficiency photovoltaic
devices and for comparing the performance of silicon solar cells
with photovoltaic devices made from other materials [6]. Given
the growing importance of solar electricity and the dominant
position of silicon, it is useful to extend the calculations of the
limiting efficiency to nonstandard operating conditions.

Solar panels normally operate above ambient temperature due
to heating by sunlight. According to Migan [7], the temperature
of a solar panel under full solar illumination is about 20 °C
above ambient, although wind reduces the temperature rise [8],
[9]. Normal operating temperature is considered to be 45 °C by
some manufacturers [10].

In this article, we calculate the limiting cell efficiency and
optimum thickness as a function of temperature. Recently there
has been growing interest in bifacial solar panels which are sensi-
tive to light incident on both sides [11]. Therefore, we calculate
the temperature and intensity dependence of the efficiency of
bifacial cells as well as conventional single-sided or monofacial
cells using a similar method to that used earlier [2]–[4], [12] with
the latest values for the relevant material parameters. Several
improvements are incorporated into the model itself including
a self-consistent treatment of the effect of free carriers on the
radiative recombination rate and the optical absorption and more
recent data on the Auger recombination rate and free carrier
absorption. We also determine the effect of surface recombina-
tion on the efficiency for values of the surface recombination
velocity in the range that has been observed experimentally. As
in the earlier work, we assume that the solar cells consist of
silicon sheets that are roughened in order to increase the optical
absorption through light scattering. Corrections associated with
electron–electron interaction effects are included. Since silicon
is available in the form of high purity, low defect density single
crystals, we neglect nonradiative recombination at bulk crystal
defects and impurities. In this article, intrinsic silicon is consid-
ered exclusively because it gives the highest efficiency.

II. OPTICAL ABSORPTION

Two different optical designs are considered. In the conven-
tional, or monofacial, design, the solar cell is a one-sided device
consisting of a slab of intrinsic silicon with an antireflection
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coated front surface and a perfectly reflecting back surface. The
front and back surfaces of the silicon are both roughened to
improve the optical absorbance by light trapping. The bifacial
device on the other hand is two-sided with both the front and
back surfaces roughened and antireflection coated with no back
surface reflector. This simulates a bifacial solar panel with a
bifaciality factor of 1 in which the efficiency is the same for
illumination on either side. A bifaciality value of 80% has
been reported for working solar panels [11]. Field observations
with commercial solar panels show that bifacial solar cells can
produce up to 30% more output power depending on the albedo
of the ground and the panel mounting configuration [11].

In the single-sided solar cell, the absorbance can be approxi-
mated by [12], [13], [14]

Aj =
4αL/j

4αL/j + 1/n2
(1)

where j = 1. In the case of the bifacial device, the absorbance
is also given by [1] but with j = 2.L is the thickness of the solar
cell, α = αbb + αfc is the optical absorption coefficient, αbb

is the band to band absorption and αfc is the free carrier absorp-
tion. The αbb absorption process produces electron-hole pairs,
whereas the free carrier absorption αfc produces hot carriers
which quickly dissipate their excess energy to heat. The index
of refraction is n: the index of refraction can be distinguished
from the electron density, for which we use the same symbol, by
the context. Equation (1) is a good approximation in the strong
absorption and weak absorption limits [13].

If the rough front and back surfaces exhibit ideal Lambertian
scattering, the optical absorption can be calculated exactly in the
geometrical optics limit [3], [14], in principle improving on the
approximations associated with (1). In this case, the absorbance
for a single-sided cell in which both the front and back surfaces
are Lambertian scatterers is [14]

Aj =
1 − T 2/j (αL)

1 − (
1 − 1

n2

)
T 2/j (αL)

(2)

where j = 1. In (2), L is the thickness of the silicon and α is
the optical absorption coefficient. For the bifacial case in which
there is no back surface mirror and both surfaces are rough and
antireflection coated, the absorbance is also given by (2) except
with j = 2. The angle-averaged optical transmission T (x) is
given by

T (x) = e−x (1 − x) + x2E1 (x) . (3)

The last term in (3) includes the exponential integral E1(x),
defined by

E1 (x) =

∫ ∞

x

e−u

u
du. (4)

Although (2) may be an exact solution in the geometrical optics
approximation, it is only an approximate solution of the full
electromagnetic problem [15].

In the low absorption limit, the absorbance in (2) approaches
the value in (1) whereas for αL > 1, the absorbance value in
(2) is slightly higher than in (1) and exponentially dependent
on thickness [3]. The assumption that rough silicon surfaces

can be approximated as Lambertian scatterers has been tested
experimentally and found to provide a good description of
experimental data [16]. Modeling the absorbance of silicon with
random surface textures is discussed in more detail in [14].

Lambertian scattering is a convenient way to describe scatter-
ing from rough surfaces that can be realized experimentally, but
it is not necessarily the optimum solution to maximize the ab-
sorption of solar radiation in a thin layer of silicon. Bhattacharya
et al. [17], [18] have shown through numerical solutions of the
full electromagnetic scattering problem that the absorbance can
be further improved beyond the Lambertian scattering limit with
resonant periodic surface patterns.

The free carrier absorption αfc includes contributions from
both electrons and holes. Experimental measurements show that
for wavelengths close to the silicon bandgap, the free carrier
absorption as a function of photon energy, temperature, and
carrier density can be parameterized as follows [19], [20]:

αfc =
(
5.6 × 10−9λ2.88n+ 6.1 × 10−12λ2.18p

)
T (5)

with units cm−1. In this equation, n and p are the electron
and hole densities, assumed to be equal, the wavelength λ is
measured in centimeters and the temperature in Kelvin.

III. ELECTRON-HOLE RECOMBINATION

We assume that the silicon is undoped and that under illumi-
nation, the electron and hole densities, n, p, are equal, and much
larger than the intrinsic carrier concentration ni or n, p � ni.
This will be the case, for example, if the silicon is weakly
doped or intrinsic. We also assume that the ambipolar diffusion
length of the photogenerated electrons and holes is large com-
pared to the cell thickness so that the carrier concentration and
quasi-Fermi levels are approximately constant throughout the
cell. In other words, we neglect carrier concentration gradients
associated with carrier diffusion to the contacts. Some carrier
concentration gradient is needed to extract carriers, so this
assumption can be regarded as an area for improvement in future
modeling.

The electron density n and cell output voltage V are related
by the following equation:

n = ni,eff (T, n) e
qV
2kT (6)

where the carrier concentration dependence of the intrinsic
carrier concentration ni,eff is due to bandgap narrowing. The
intrinsic carrier concentration ni = ni,eff (T, 0). The tempera-
ture and carrier concentration dependence of ni,eff is given by
[21], [22]

ni,eff (T, n) = 1.589 × 1015 T 1.706 e−
Eg(T,n)

2kT (7)

where the bandgap Eg(T, n), as a function of temperature and
carrier concentration [23], has been determined by Wolf et al.
[24] and Schenk [25] to be

Eg (T, n) = 1.206 − 2.73 × 10−4T +BGN (T, n) . (8)

BGN(T, n) is the bandgap narrowing caused by electron–
electron correlation effects. A mathematical expression for
BGN(T, n) is available in [25], which is a small effect under
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usual operating conditions. We evaluateni at 298.15 K using (7),
(8) for low carrier concentrations where the band gap narrowing
effect can be neglected and find ni = 8.28 × 109 cm−3 [24].
The estimated one standard deviation measurement accuracy of
this value is 3% [21], [22].

Non-radiative recombination of electrons and holes at the
surface is an important loss process in solar cells and improve-
ment in surface passivation is a subject of active research. In the
most efficient silicon solar cells, the front and back surfaces are
passivated with dielectric coatings such as SiO2, AlOx, or SiNx

in order to minimize surface recombination. Surface recombi-
nation velocities as low as 0.3 and 0.1 cm/s have been reported
for silicon passivated with AlOx [4], [26]–[30] and amorphous
hydrogenated silicon (a-Si/SiOx/SiNx) heterostructures, respec-
tively [31]. The surface recombination velocity is likely to be
temperature dependent. In the efficiency calculations in this
article, we assume that the electrical contacts are in the form
of small area contacts or surface passivating heterojunctions
such as in the HIT type a-Si/crystalline silicon heterojunction
cells [5], [32]. In the ideal case of small area contacts or surface
passivating heterojunctions, the effect of the electrical contacts
on the surface recombination can be neglected.

Auger recombination and radiative recombination are the two
most important intrinsic bulk recombination mechanisms in high
purity silicon. The Auger recombination rate has been measured
as a function of both carrier density and temperature [4], [27],
[33]. Under illumination as discussed above, we assume that
the silicon is under high injection conditions in which case
n = p, and n = n0 +Δn � no, p0, where n0 and p0 are
the equilibrium carrier concentrations in the dark; Δn is the
excess carrier concentration caused by the incident light. This
assumption is valid for high illumination and low doping. In this
limit, the measured room temperature ambipolar Auger lifetime
has been parameterized in three publications [4], [27], [33]. We
use the results in [4]

1
τA

= 2.38 × 10−29 n1.93. (9)

The exponent in (9) is slightly less than the classical Auger
exponent of two, due to electron–electron correlation effects
[27]. For n = 7 × 1015 cm−3, typical of carrier densities
in solar cells at the maximum power point, the mean Auger
lifetime in [4], [27], [33] is 12.0 ± 0.8 ms. The scatter in the
different experimental measurements provides an estimate of the
experimental uncertainty in the measured Auger recombination
rate. Taking the ambipolar diffusion coefficient of electrons and
holes to be 15 cm2/s [34] and recombination lifetime to be 12 ms,
we obtain a carrier diffusion length of 4 mm, well in excess of the
solar cell thicknesses considered in this article. This supports our
assumption that the quasi-Fermi levels are flat inside the solar
cell.

We adopt the concentration dependence of the Auger rate
from Veith-Wolf et al. [4] in (9) and take the temperature
dependence from [33]. In this case, the combined temperature
and concentration dependence of the Auger recombination rate

is

1
τA

= CAn
1.93 (10)

where

CA =

[
1.58 × 10−27

(T − 193)
+ 3.01 × 10−32 T

]
. (11)

The temperature dependence of the Auger coefficient in (11)
was obtained from measurements over the temperature range
243–473 K, at a carrier concentration n = 5 × 1016cm−3 [33].
We assume that the temperature dependence of the Auger coeffi-
cient in (11) is still valid for carrier densities in the wider range of
5 × 1015 < n < 3 × 1016 cm−3 typical of carrier concentrations
in operating solar cells at the maximum power point, since we
have no experimental data on the temperature dependence of the
Auger coefficient at different carrier concentrations. The highest
carrier densities will be present in the thinnest solar cells at the
highest operating temperatures.

The radiative recombination coefficient B can be computed
from αbb, the interband optical absorption coefficient as a
function of photon energy following the principle of detailed
balance. Detailed balance requires that the generation rate of
electron hole pairs by thermal blackbody radiation be equal to
the radiative recombination rate. In this case [12],

B n2
i = 8π

∫
αbb

n2c

λ4
e−

hc
λkT dλ (12)

where the left-hand side is the radiative recombination rate
and the right-hand side is the generation rate due to ambient
temperature black body radiation. The “ni” in (12) is the intrinsic
electron density and the “n” in the integral is the index of refrac-
tion, which depends weakly on temperature and photon energy.
Measurements of the interband optical absorption coefficientαbb

have been published by Green [35] for temperatures in the range
−24 to +200 °C and also by Nguyen et al. [36]. Green provides
an interpolation formula with tabulated coefficients so that the
optical absorption can be determined for arbitrary temperatures
in the −24 to 200 °C range (249–473 K) as follows:

αbb (λ, T ) = αbb (λ, 300)

(
T

300

)b(λ,T )

(13)

where T is in Kelvin.
The radiative recombination rate is found experimentally to

be dependent on the electron density [37]. The reason for the
dependence on carrier density is that electrons and holes tend to
attract each other, which enhances the radiative recombination
rate. However, at high carrier densities, the Coulomb attraction is
reduced by screening which tends to reduce the radiative recom-
bination rate. At high temperatures, the thermal motion of the
electrons and holes tends to diminish this screening effect. The
effect of the photogenerated electrons and holes on the radiative
recombination rate is described by the dimensionless parame-
ter BRel(n, T ) where 0 < BRel < 1 [37], [38]. The radiative
recombination rate in photo-excited silicon is B∗ = BRel B.
Experimental data on BRel as a function of carrier density and
temperature are available for the temperature range from 101
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to 393 K [37], [38]. This data has been fit by a mathematical
expression by Altermatt et al. [38], which we use in this article.

In order to maintain the detailed balance relationship between
photon emission and absorption for the photo-excited silicon,
similar to (12), the band to band absorption must also be carrier
concentration dependent. In the photo-excited state, the photon
distribution has a nonzero chemical potential qV equal to the
quasi-Fermi level separation between electrons and holes [39].
In this case, the analog of (13) for the photo-excited material is

B∗ n2 = 8π
∫

α∗
bb

n2c

λ4
e−

hc
λkT + qV

kT dλ (14)

where α∗
bb is the carrier-concentration-dependent optical ab-

sorption. Although the change in the optical absorption in the
presence of a high density of electrons and holes will be wave-
length dependent, we are not aware of measurements of the
optical absorption of silicon as a function of carrier concentra-
tion, temperature, and wavelength. Therefore, we make a simple
assumption namely that α∗

bb/αbb is a constant independent of
wavelength in the narrow wavelength range of interest near the
bandgap. With this assumption, by combining (6), (7), (12), and
(14) we can solve for the excited state absorption

α∗
bb = BRel e

−BGN
kT αbb. (15)

Equation (15) shows that the optical absorption is reduced
under high injection conditions by the factor BRel and increased
by the band gap narrowing effect BGN . The two factors are of
the same order so the net effect on the absorption is smaller
than BRel alone. Theoretical expressions are available in the
literature for both parameters as a function of carrier density and
temperature, which we use in this article [25], [38]. Experimental
measurements of BRel, BGN are generally consistent with the
theoretical expressions but the accuracy of the experimental
data alone is not sufficient to give a reliable estimate for α∗

bb

especially at the low injection levels characteristic of solar cell
operation. Although neglecting the effect of carrier injection
on the optical absorption entirely would have little effect on the
results in this article, nevertheless we have chosen to include this
effect for mathematical consistency and because the theoretical
expressions for BRel, BGN are available. The net effect of
[15] on the efficiency is similar in magnitude to the free carrier
absorption and not strongly temperature dependent.

The total absorption, including the free carrier absorption, is

α∗ = α∗
bb + αfc. (16)

The photo-excited electrons and holes are expected to primar-
ily affect the absorption in the vicinity of the optical bandgap, so
the correction in (15) is unlikely to be valid outside the bandgap
region. This is not a concern because we are only interested in
the optical absorption in the vicinity of the bandgap. The total
absorbance in the presence of the electron–electron interaction
effects is modified as follows:

A∗
j =

1 − T 2/j (α∗L)
1 − (

1 − 1
n2

)
T 2/j (α∗L)

(17)

where j = 1, 2 refers to monofacial and bifacial cells, respec-
tively.

The principle of detailed balance also applies to the free
carrier absorption process. However, photon emission from hot
carriers can be ignored because hot carriers thermalize quickly
to the band edge by nonradiative processes. In other words,
the chemical potential describing the nonequilibrium hot carrier
population is small and the out of equilibrium photons emitted
by hot carriers can be ignored.

In steady state, the rate at which electron-hole pairs are
generated by solar radiation is equal to the rate at which they
are extracted into the external circuit plus the rate they are
lost through the various recombination processes. Electrons
and holes can recombine nonradiatively by Auger or surface
recombination, or they can recombine radiatively. In the case of
radiative recombination, the emitted photon is either reabsorbed
in an interband transition creating a new electron-hole pair, in
which case it is not lost, or it can be absorbed by free carriers and
dissipated to heat, or it can escape from the surface of the solar
cell. In steady state, the generation rate equals the loss rate of
electron-hole pairs and recombination radiation, either by free
carrier absorption or by escaping from the surface of the cell

Isc = I + IAug + IRad + ISurf + Ifc. (18)

The first term in (18) Isc is the short circuit current, and the
second term I is the current flowing into the external circuit.
The short circuit current is obtained by integrating the product
of the solar flux φG(λ) and the optical absorbance A∗

1(λ) as a
function of wavelength λ as follows:

Isc,1 = q

∫ 1450nm

280nm
φG (λ)

α∗
bb

α∗ A
∗
1dλ (19)

where the subscript 1 refers to the monofacial (single-sided)
solar cell configuration. We note that Isc in (19) depends on
carrier density for V > 0. A similar expression applies for
bifacial cells. The long-wavelength limit in the integral is set
by the band to band optical absorption in silicon which goes to
zero at long wavelengths. The factor α∗

bb/α
∗ takes into account

the fact that not all of the absorbed photons create electron-hole
pairs, some of the absorbed photons create hot electrons [3].

The other loss terms in (18) are the Auger recombination
IAug, surface recombination ISurf , free carrier absorption Ifc,
and radiative emission from the solar cell IRad. The Auger
recombination rate expressed as a current is obtained from (10),
(11)

IAug = qLCAn
2.93 (20)

and the surface recombination rate is given by

ISurf = 2qSn (21)

where S is the surface recombination velocity assumed to be the
same on both faces of the solar cell.

The rate at which the recombination radiation leaks out of
the surface of the cell can be calculated from the reverse pro-
cess namely the rate at which external blackbody radiation is
absorbed in the solar cell [3]. We take into account the high
density of recombination radiation inside the cell relative to
thermal equilibrium by including the photon chemical potential
qV in the expression for the external blackbody radiation [39].
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To simplify the integrals, we introduce the following expression
for the blackbody photon flux per unit solid angle in free space:

b (λ, V ) =
2c
λ4

e−
hc

λkT + qV
kT . (22)

With this notation, the recombination radiation flux that is
emitted from the surface of the solar cell, expressed as a current,
for monofacial and bifacial solar cells is

IRad, j = jπq

∫
α∗
bb

α∗ A
∗
jbdλ. (23)

Recombination radiation can escape from both the front and
back surfaces of the bifacial cell (j = 2), which accounts for the
extra factor of two in this case. Strictly speaking, the blackbody
radiation flux in (23) should be the net flux b(λ, V )− b(λ, 0);
however, the equilibrium flux in the dark b(λ, 0) is much smaller
than b(λ, V ) at open circuit or the maximum power point and is
neglected.

The rate at which recombination radiation is generated per unit
volume is given by (14). Some of this radiation escapes out the
surface(s) of the solar cell and is lost, as described by (23). The
remainder of the radiation is absorbed either through interband
transitions that create new electron-hole pairs or through free
carrier absorption. The absorbed radiation can be computed by
subtracting the radiation escaping from the cell in (23) from the
total radiation emitted in the radiative recombination process in
(14) for the monofacial and bifacial cells

IAbs,j = jπq

∫
α∗
bb

α∗
(
4α∗n2L/j −A∗

j

)
b dλ. (24)

The absorption in (24) is a combination of band to band tran-
sitions and free carrier absorption. The band-to-band part of
the absorption is not a loss process because it produces new
electron-hole pairs and has been referred to as photon recycling
[40]. The free carrier part of the absorption, which is a loss
process, is a fraction of the absorption given by

Ifc,j = jπcq

∫
αfc

α∗
α∗
bb

α∗
(
4α∗n2L/j −A∗

j

)
b dλ. (25)

The factor α∗
fc/α

∗ is the fraction of the total absorbed photons
that are absorbed by free carriers as discussed above. The photon
current that is recycled into the band to band absorption can be
obtained by replacing αfc/α

∗ in (25) with α∗
bb/α

∗

IRecyc,j = jπq

∫ (
α∗
bb

α∗

)2 (
4α∗n2L/j −A∗

j

)
b dλ. (26)

For a better physical understanding of (24)–(26), it is helpful to
substitute the approximate expressions for the absorbance from
(1).

IV. SOLAR CELL PERFORMANCE

Equation (18) is solved numerically for the current I , voltage
V , and maximum output power using MATLAB. The maximum
power point is found by iteratively solving P = IV where I
and V are expressed as a function of n until the maximum power
condition dP (n)/dn = 0 is reached. The current and voltage at
the maximum power point are Imp, Vmp, respectively. A similar

approach is taken to solve for the open-circuit voltage, Voc. Voc

is found by iteratively solving P = IV for the open-circuit
condition where P (n) = 0 and n �= ni. All integrations were
performed using MATLAB’s implementation of trapezoidal in-
tegration. The short circuit current Isc, was calculated using the
AM1.5 G 37° tilt, reference solar spectrum generated according
to the ASTM specifications [41]. The spectrum was multiplied
by 0.9971 so that the integrated solar flux is 100 mW/cm2 in
the wavelength range from 280 to 4000 nm. The absorption
coefficients and index of refraction of silicon were interpolated
to the wavelength values of the AM1.5 G solar spectrum using
MATLAB’s implementation of piecewise cubic interpolation.
The fill factor is defined as FF = ImpVmp/IscVoc and the
efficiency is η = ImpVmp/100 mW.

For the intensity dependence, we used the Air Mass 1.5 Direct
solar spectrum [41], multiplied by a dimensionless constant C
between 10-3 and 103. The total incident intensity was calculated
from

Ptotal = C

∫ 4000nm

280nm

hc

λ
φD (λ) dλ. (27)

In this case, φD(λ) is the part of the solar spectrum in the
direct beam of the sun. The upper and lower bounds on the
integral are artificial but there is only a very small fraction of
the solar spectrum outside this wavelength range.

Values for the efficiency of monofacial silicon so-
lar cells at room temperature (25 °C = 298.15 K)
and AM1.5 G taken from the literature are shown in
Table I. The first row in Table I is Richter et al.’s [2] results
for the limiting efficiency using up-to-date (2013) values for the
material parameters and including the electron-electron interac-
tion effects that reduce the bandgap and radiative recombination
rate and modify the Auger recombination rate. The second row
contains the device parameters for the record-setting silicon
solar cell of Yoshikawa et al. [5], with the highest measured ef-
ficiency to date under standard conditions. Schäfer and Brendel
[3] calculated the limiting efficiency using a similar method to
Richter et al. [2] except that the improved approximation for the
optical absorbance in (2) was used. Our results for monofacial
cells, which are shown in Table II, are similar to Schäfer and
Brendel’s results as expected. We find an optimum thickness of
99.9 μm, close to the 98.1 μm found in [3]. The small reduction
in efficiency relative to [3] is due to the slightly larger Auger
recombination rate in [4] compared with [27]. Other changes,
namely the use of a more recent higher value for the free carrier
absorption [20], and the carrier density-dependent band-to-band
absorption have a small effect on the efficiency and contribute
fractionally to the fourth significant figure in the efficiency.

The final row in Table I is the theoretical calculation by
Bhattacharya and John [17] for a silicon solar cell with a periodic
surface texture tuned to resonantly enhance the optical absorp-
tion in the vicinity of the band edge. The resonant enhancement
allows the optical absorption to exceed the absorption enhance-
ment produced by scattering from random surface textures. The
enhanced absorption in the band edge region means that the
solar cell can be thinner, which increases the electron-hole pair
concentration and hence the output voltage.
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TABLE I
CALCULATED AND MEASURED SILICON SOLAR CELL PERFORMANCE PARAMETERS FROM THE LITERATURE

TABLE II
CALCULATED MONOFACIAL AND BIFACIAL SILICON SOLAR CELL PERFORMANCE PARAMETERS

Solar cell performance was calculated for the temperature
range from 240 to 400 K. The lower limit is an extrapolation of
measurements of the optical absorption as a function of temper-
ature which extends down to 249 K [35] and the experimental
data on the temperature dependence of the Auger recombination
which has a lower limit of 243 K [33]. On the high-temperature
side, the experimental data on which BRel is based stops at 393
K [37] and the free carrier absorption measurements go up to
372 K [19]. The last two parameters are relatively small effects
so it is reasonable to extrapolate them to higher temperatures
since the more critical parameters namely optical absorption and
Auger recombination data are available up to 473 K [33],[35].
The temperature range 240–400 K covers most of the range over
which commercial silicon solar panels are normally specified for
operation, namely from −40 to +85 °C (233–358 K) [10].

The first row in Table II shows the optimum thickness and
electrical output parameters for a monofacial silicon solar cell
under standard conditions. The remaining four rows in Table II
show the effects of surface recombination with S = 0.1
cm/s, of varying the operating temperature from 240 to 400 K,
and of increasing the AM1.5 Direct radiation by a factor of
1000, with all other operating parameters kept at the reference
values. Analogous results for bifacial cells are also shown in
Table II.

A number of observations can be made. The optimum thick-
ness of the bifacial cell is almost exactly twice the thickness
of the optimum monofacial cell, as explained in the Appendix.
According to (1), in the long-wavelength limit, a bifacial cell
will have the same optical absorbance as a monofacial cell
with half the thickness. As a result, the short circuit currents
for the monofacial and bifacial cells in Table II are almost

identical. The larger thickness of the bifacial cell reduces the
output voltage and reduces the efficiency by 0.54% absolute
or 1.8% relative. A surface recombination velocity of 0.1 cm/s
on both front and back surfaces has only a small effect on the
efficiency (−0.5% relative). The optimum thickness decreases
strongly with operating temperature and increases when surface
recombination is present.

In line with convention in the literature [2], [3], the limiting
efficiency in Table II is presented with four significant digits.
Since Auger recombination is the most important loss process, it
is reasonable to expect the measurement uncertainty in the value
of Auger recombination rate to have an important effect on the
accuracy of the calculated efficiency. As discussed above, under
typical conditions, the experimental Auger lifetime is 12.0± 0.8
ms. This uncertainty in the Auger coefficient leads to uncertainty
in the efficiency of 29.46 ± 0.045%.

The intrinsic carrier concentration at room temperature ni

determines the relationship between the output voltage and the
carrier density. The experimental uncertainty in this quantity is
±3% [21], [22] which produces uncertainty in the efficiency
of 29.46 ± 0.060%. Combining the two uncertainties leads to
the result that the limiting efficiency of the monofacial solar
cell is 29.46 ± 0.08% including the experimental error in the
intrinsic carrier concentration and Auger recombination rate.
Failures of the optical absorption model to correctly describe
the light scattering associated with a random surface texture and
experimental uncertainties in the electron–electron interaction
effects are difficult to quantify and not included.

Table III shows how the various loss processes change for
the different operating conditions included in Table II. We note
that the carrier density at the maximum power point does not
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TABLE III
CARRIER DENSITIES AND LOSSES AT MAXIMUM POWER POINT IN MONOFACIAL AND BIFACIAL SILICON SOLAR CELLS

Thicknesses are in Table II.

Fig. 1. Efficiency as a function of thickness at 240, 298, and 400 K for
AM1.5 G illumination, neglecting surface recombination. The solid lines are
for monofacial cells and the broken lines for bifacial cells.

change very much with temperature. Even a small increase in
carrier concentration with temperature would be expected to
significantly increase the Auger losses, due to the exponent 2.93
in the Auger recombination rate. However, the decrease in thick-
ness with increasing temperature compensates for the increase
in recombination per unit volume, so that the total Auger losses
don’t change very much with temperature. Nevertheless, Auger
recombination is the dominant loss process under all operating
conditions in Table III. Extrapolating the surface recombination
to S = 1 cm/s suggests that surface recombination will exceed
Auger as the dominant loss process when S > 1 cm/s. Even for
small surface recombination velocities, surface recombination
exceeds radiative losses. Free carrier absorption is small in all
cases, even at high temperatures and high solar concentration.

Fig. 2. Optimum thickness as a function of temperature for mono and bifacial
cells, as indicated in the legend, for AM1.5 G illumination with surface recom-
bination velocities S = 0 and 0.1 cm/s. Both axes are log scales. The two lower
broken lines show the thickness values where the efficiency drops to 99% of
the peak efficiency at the optimum thickness. These lines show how much the
thickness can be reduced without significant loss in efficiency.

TABLE IV
FITTING PARAMETERS FOR OPTIMUM THICKNESS

AS A FUNCTION OF TEMPERATURE

R2 = 0.9997.

V. TEMPERATURE DEPENDENCE

In this section, we show how the limiting efficiency of silicon
solar cells depends on temperature, thickness, and surface
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Fig. 3. Efficiency for mono and bifacial cells as a function of temperature for
the optimum thickness at each temperature and for a fixed thickness equal to the
optimum at 298 K. The illumination is AM1.5 G and surface recombination is
neglected.

TABLE V
FITTING PARAMETERS FOR LIMITING EFFICIENCY

AS A FUNCTION OF TEMPERATURE

R2 = 0.99996.

Fig. 4. Efficiency of 50, 100, and 200 µm thick monofacial solar cell as a
function of surface recombination velocity at 25 °C and AM1.5 G.

Fig. 5. Losses as a function of temperature expressed as current, for a mono-
facial cell at the optimum thickness at each temperature for AM1.5 G and a
surface recombination velocity S = 0.1 cm/s. Auger recombination is the most
important loss mechanism at all temperatures.

recombination. Fig. 1 shows the efficiency as a function of
thickness for monofacial and bifacial solar cells at three different
temperatures. There is an optimum thickness because if the
silicon is too thin, the cell does not absorb the light and if it is
too thick, the carrier concentration drops and the output voltage
goes down. The efficiency is rather insensitive to thickness
near the optimum. The reason why the optimum thickness
decreases with temperature can be explained as follows. The
short circuit current is a strong function of thickness at small
values of L but saturates at large values of L and is only
weakly dependent on temperature. The open-circuit voltage,
on the other hand, depends rather strongly on thickness and
temperature as shown in Table II and there is no saturation.
According to (6), V 2kT ln(n) so that dV/dL(2kT/n)dn/dL.
If the fractional change in photogenerated carrier density with
thickness, (1/n)dn/dL, is weakly dependent on temperature,
then the thickness dependence of the output voltage increases
linearly with temperature. This means that the maximum power
point will shift to progressively smaller thicknesses at high
temperature, due to the stronger L dependence of the voltage at
high temperature and the weak L dependence of the current.

Fig. 2 is a log-log plot of the optimum silicon thickness
as a function of temperature for monofacial and bifacial solar
cells. The optimum thickness decreases by almost an order of
magnitude from 184 μm at 0 °C to 19 μm at 100 °C. To a good
approximation, it follows a power law of the form L = aT−b.
The a, b parameter values are given in Table IV: MF, BF mean
monofacial, and bifacial, respectively.

When surface recombination is present, the optimum thick-
ness increases because the surface recombination is a smaller
fraction of the total recombination when the volume of the
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Fig. 6. Spectrum of recombination radiation that is emitted from the front surface of the cell (dotted line), the recombination radiation that is recycled in
band-to-band transitions to produce new electron hole pairs (dashed line) and free carrier absorption (solid line) for a monofacial Si solar cell with the optimum
thickness at 240, 298, and 400 K under AM1.5 G illumination. Also shown is the total absorbance and the band-to-band absorbance (right hand scale). The free
carrier absorbance goes down at high temperatures even though the free carrier absorption per unit volume goes up because the optimum solar cell is much thinner
at high temperature. See Table II for thicknesses.

silicon is larger. To illustrate the relative insensitivity of the
efficiency to the solar cell thickness near the optimum, the lower
dashed line in Fig. 2 shows the thickness for a 1% reduction
in relative efficiency (e.g., from 29.46% to 29.17%). At room
temperature, a thickness near the midpoint between the solid line
and the dashed line at 50μm would have a monofacial efficiency
of about 99.75% of the maximum, assuming the efficiency as a
function of thickness is a parabola. Similar reasoning applied to
bifacial cells suggests their thickness could be reduced to about
65 μm with very little impact on the limiting efficiency. We
conclude that significant reductions in solar cell thicknesses are
possible in principle without much loss in output power from
the current commercial norm of 160–170 μm [42].

Fig. 3 shows the maximum efficiency as a function of temper-
ature for monofacial and bifacial solar cells. The solid and long
dashed lines are the efficiencies for solar cells with the optimum
thickness at each temperature. The broken lines show the effi-
ciency for fixed thicknesses, equal to the optimum thicknesses
at room temperature for the monofacial and bifacial cells. As
expected, the broken lines are tangential to the solid and long
dashed lines at room temperature. The temperature dependence
of the efficiency for monofacial and bifacial cells 99.9 and
195.3 μm thick, respectively, can be described by the quadratic
equation, η(%) = a− bT − cT 2 with fitting parameters a, b, c
provided in Table V.

The efficiency of a monofacial solar cell at room temperature
as a function of surface recombination velocity is shown in
Fig. 4 for three different cell thicknesses. As expected surface
recombination has a more detrimental effect on the efficiency
of thin cells. Once the surface recombination velocity is less
than ∼1 cm/s, the efficiency is weakly dependent on surface
recombination.

Fig. 5 shows the temperature dependence of the four-loss
processes considered in this article for monofacial cells with

the optimum thickness at each temperature and a surface re-
combination velocity of 0.1 cm/s. Auger recombination is the
most important loss, and free carrier absorption is small. At
room temperature for S = 0.1 cm/s the loss due to surface
recombination is similar to the radiative emission loss and much
smaller than the Auger loss.

Fig. 6 shows the spectral dependence of the internal recombi-
nation radiation and the part of this radiation that leaves the cell
and the part that is reabsorbed for T = 240, 298, and 400 K for a
monofacial cell with the optimum thickness at each temperature
obtained from (14), (23), (25), and (26). Fig. 6 also shows the
spectral dependence of the absorbance at different temperatures.
The short wavelength part of the emission spectrum tends to
be reabsorbed, whereas the long wavelengths have a higher
probability of escaping from the cell, as one would expect.
Although the width of the spectrum increases with temperature,
the total intensity of the recombination radiation is relatively
insensitive to temperature.

Fig. 7 shows the short circuit current, open-circuit voltage,
and fill factor as a function of temperature for monofacial and
bifacial cells for the optimum thickness at each temperature
and fixed thicknesses equal to the optimum thicknesses at room
temperature. The short circuit current increases with temperature
for the fixed thickness cells because the optical bandgap of
silicon decreases and the silicon is more strongly absorbing. The
short circuit current decreases with temperature for optimum
thickness cells because the thickness of the silicon decreases
rapidly with temperature which reduces the absorbance, even
though the bandgap shrinks. We note that the open-circuit volt-
age has a stronger temperature dependence than the short circuit
current or the fill factor.

The results in this article can be compared with the tempera-
ture dependence of the performance of commercial solar panels
[43]. A silicon heterojunction panel with an open-circuit voltage
of 732.5 mV and efficiency of 21.4% at room temperature
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Fig. 7. Fill factor, short circuit current, and open circuit voltage as a function
of temperature for mono and bifacial cells under AM1.5 G illumination for the
optimum thickness at each temperature as well as for a fixed thickness equal to
the optimum room temperature thickness with S = 0.

was observed to have a temperature coefficient dVoc/dT =
−1.6 meV/K [43]. According to the theory presented here,
a solar cell with this output voltage and S = 0 will have a
temperature coefficient of−1.8meV/K. A detailed comparison
is presented in a separate publication [44].

Fig. 8. Intensity dependence of the efficiency for mono and bifacial solar
cells at room temperature, for S = 0. Only the direct component of the AM1.5 G
solar spectrum is used in the calculation of the short circuit current. The optimum
thickness increases with intensity (see Table II) which explains why the fixed
thickness and optimum thickness curves are slightly different.

TABLE VI
FITTING PARAMETERS FOR INTENSITY DEPENDENCE OF EFFICIENCY AT 25 °C.

The MF and BF Cells are 99.9 and 195.3 µm thick, respectively. R2 = 0.99996.

VI. INTENSITY DEPENDENCE

Fig. 8 shows the efficiency as a function of intensity for the
AM1.5 Direct illumination spectrum [41] for monofacial and
bifacial cells for a fixed thickness and the optimum thickness at
each intensity, at room temperature. The intensity dependence
is obtained by multiplying the AM1.5D spectrum by a dimen-
sionless constant C between 0.001 and 1000. The efficiency
as a function of intensity at room temperature can be fit with
the equation, η (C) = η1Sun + b(logC) + c(logC)2 where the
dimensionless intensity C = 1 is defined as an intensity of
one sun for AM1.5D [41]. The fitting parameters η1Sun, b, c
are given in Table VI. The efficiency at one sun in Table VI
is slightly lower than in Table II because AM1.5D has a lower
intensity than AM1.5 G.

At one sun, the relative efficiency of a monofacial cell in-
creases by 5.88%/decade, as shown in Table VI. The efficiency
is a stronger function of intensity at low intensities reaching
8.2%/decade for a monofacial solar cell at 0.001 suns. This is
similar to the 8.5%/decade found earlier for the efficiency at
low intensities [45]. Using the fitting parameters, we find that
the efficiency of a bifacial cell at a concentration factor of two is
equal to the efficiency of a monofacial cell for a concentration
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of one. This is expected because for a concentration of two the
electron density of the bifacial cell is approximately the same
as a monofacial cell for a concentration of one since the bifacial
cell is twice as thick and has the same absorbance.

VII. CONCLUSION

Numerical calculations of the maximum efficiency of silicon
solar cells that is allowed by the physical properties of silicon
have been extended to non-standard operating conditions and
bifacial solar cells. The efficiency of single-sided (monofacial)
and doubled-sided (bifacial) devices has been calculated as a
function of temperature, intensity, and surface recombination
velocity for cells in which Lambertian light scattering from
rough surfaces is used to enhance the optical absorbance. The
effect of electron–electron interactions on the radiative recom-
bination coefficient and the optical absorption is treated self
consistently. The room temperature efficiency for monofacial
cells (29.46 ± 0.08%) is in good agreement with earlier work
and the efficiency for bifacial cells is found to be slightly lower
than for monofacial cells (28.92%). Provided the surfaces are
passivated against surface recombination and recombination at
contacts is small, Auger recombination is the dominant loss
mechanism at all temperatures in the range 240 to 400 K. Once
the surface recombination velocity is reduced below about ∼1
cm/s, surface recombination ceases to have an important effect
on the cell efficiency. The optimum thickness decreases as the
7th power of the temperature.

Although the optimum thickness of a bifacial cell is about
twice the optimum thickness of a monofacial cell, there is
still room to reduce the thickness of bifacial cells from the
typical values found in commercial panels of about 160 μm
without significant cost in output power. At a typical operating
temperature of 45 °C the optimum thickness of a bifacial cell
is 126 μm. Further reduction in thickness to 65 μm is possible
with a 0.25% loss in relative efficiency. An advantage of thinner
cells is that the temperature coefficient of the output power is
smaller.

Finally, at room temperature under one sun illumination, the
solar cell efficiency increases with illumination intensity at a
rate of 5.88% (relative) per decade.

APPENDIX

In this appendix, we explain why the optimum thickness of
the bifacial cell in Table II is twice the optimum thickness of
the monofacial cell. The output power is the product of the
output current and voltage. The current is proportional to the
total electron-hole generation rateG1(L), which depends on cell
thicknessL, where the subscript 1 refers to a monofacial cell. Ac-
cording to (6), the voltage is proportional to ln(n/ni,eff) where
n/ni,eff is equal to the generation rate divided by thickness and
a constant K, so that

P (L)G1 (L) ln

(
G1 (L)

KL

)
(A1)

where P is the output power. In this expression, we have
neglected the exponent in the argument that comes from the

assumption that Auger recombination is the dominant loss
mechanism. This simplifying assumption does not affect the
argument. The value of the thickness L = L1 for a monofacial
cell which gives the maximum power can be found by setting
the derivative of (A1) with respect toL equal to zero. In this case

G
′
1 (L1)

G1 (L1)
=

1

L1

(
ln

(
G1(L1)
KL1

)
+ 1

) (A2)

where the prime indicates derivative, and the left-hand side is
the fractional change in generation rate per unit thickness and
the right-hand side is approximately the negative of the rate
of change of voltage with respect to thickness. For a bifacial
cell, we have the identical expression as in (A2) with all the
subscripts 1 replaced by 2. We know that G2 (L) = G1 (L/2),
therefore, in the analogous equation to (A2) for the optimum
thickness L2 of bifacial cells we can replace G2 with G1 using
the relation above, and with some rearranging we obtain

G
′
1

(
L2
2

)
G1

(
L2
2

) =
2

L2

(
ln

(
2G1(L2

2 )
KL2

)
+ 1 − ln2

) . (A3)

This is the same as (A2) except for the ln2 in the denomi-
nator. The first term in brackets in the denominator is equal to
Voc/kT30 which is large compared with ln2. If we neglect ln2
in (A3), with reference to (A2) we find that L2 = 2L1. In other
words, the optimum thickness of the bifacial cell is approxi-
mately twice the optimum thickness of the monofacial cell.

This result can be further illustrated by choosing an explicit
form for the generation rate as a function of thickness. The
generation rate G1(L) goes to zero at small L and saturates
at a constant value for large L. A mathematical expression with
this behavior is

G1 (L) =
aL

1 + aL
G0 = G2 (2L) . (A4)

By substituting (A4) into (A2) and (A3), one obtains a re-
lationship between the optimum thicknesses of the monofacial
and bifacial cells. If Voc is 761 meV and the optimum thickness
of the monofacial cell is 100 μm then the optimum thickness of
the bifacial cell is 195 μm, once again almost twice as thick as
the monofacial cell, and in good agreement with the results in
Table II above.
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surface passivation with 5 Å thin ALD Al2O3 layers: Influence of different
thermal post-deposition treatments,” Phys. Status Solidi RRL, vol. 5,
no. 5/6, pp. 202–204, 2011. doi: 10.1002/pssr.201105188.

[27] A. Richter, S. W. Glunz, F. Werner, J. Schmidt, and A. Cuevas, “Improved
quantitative description of auger recombination in crystalline silicon,”
Phys. Rev. B, vol. 86, pp. 165202-2351–165202-14, 2012.

[28] K. A. Colletta et al., “An enhanced alneal process to produce SRV<1 cm/s
in 1 Ω cm n-type Si,” Sol. Energy Mater. Sol. Cells, vol. 173, pp. 50–58,
2017.

[29] G. Dingemans and W. M. M. Kessels, “Status and prospects of Al2O3-
based surface passivation schemes for silicon solar cells,” J. Vacuum Sci.
Technol. A, vol. 30, no. 4, pp. 040802-2351–040801-27, Jul./Aug. 2012.

[30] R. S. Bonilla, B. Hoex, P. Hamer, and P. R. Wilshaw, “Dielectric surface
passivation for silicon solar cells: A review,” Phys. Status Solidi A, vol. 214,
pp. 1–30, 2017, Art. no. 1700293. doi: 10.1002/pssa.201700293.

[31] R. S. Bonilla, C. Reichel, M. Hermle, and P. R. Wilshaw, “Extremely
low surface recombination in 1 Ω cm n-type monocrystalline silicon,”
Phys. Status Solidi RRL, vol. 11, pp. 1–5, 2017, Art. no. 1600307.
doi: 10.1002/pssr.201600307.

[32] J. Haschke, O. Dupré, M. Boccard, and C. Ballif, “Silicon heterojunction
solar cells: Recent technological development and practical aspects—from
lab to industry,” Sol. Energy Mater. Sol. Cells, vol. 187, pp. 140–153, 2018.

[33] S. Wang and D. Macdonald, “Temperature dependence of auger recom-
bination in highly injected crystalline silicon,” J. Appl. Phys., vol. 112,
no. 11, pp. 113708-2351–113708-2354, 2012.

[34] M. Rosling, H. Bleichner, P. Jonsson, and E. Nordlander, “The ambipolar
diffusion coefficient in silicon: Dependence on excess-carrier concen-
tration and temperature,” J. Appl. Phys., vol. 76, no. 5, pp. 2855–2859,
Sep. 1994.

[35] M. A. Green, “Self-consistent optical parameters of intrinsic silicon at
300 k including temperature coefficients,” Sol. Energy Mater. Sol. Cells,
vol. 92, no. 11, pp. 1305–1310, 2008.

[36] H. T. Nguyen, F. E. Rougieux, B. Mitchell, and D. Macdonald, “Temper-
ature dependence of the band-band absorption coefficient in crystalline
silicon from photoluminescence,” J. Appl. Phys., vol. 115, pp. 043710-
2351–043710-2358, 2014.

[37] H. Schlangenotto, H. Maeder, and W. Gerlach, “Temperature dependence
of the radiative recombination coefficient in silicon,” Phys. Stat. Sol.,
vol. 21, pp. 357–367, 1974.

[38] P. P. Altermatt et al., “Injection dependence of spontaneous radiative
recombination in c-Si: Experiment, theoretical analysis and simulation,” in
Proc. 5th Int. Conf. Num. Simul. Optoelectron. Devices, 2005, pp. 47–48.

[39] P. Würfel, “The chemical potential of radiation,” J. Phys. C, Solid State
Phys., vol. 15, pp. 3967–3985, 1982.

[40] O. D. Miller, E. Yablonovitch, and S. R. Kurtz, “Strong internal and
external luminescence as solar cells approach the Shockley–Queisser
limit,” IEEE J. Photovolt., vol. 2, no. 3, pp. 303–311, Jul. 2012.

[41] Standard Tables for Reference Solar Spectral Irradiances, in Direct Normal
and Hemispherical on 37° Tilted Surface. West Conshohocken, PA, USA:
ASTM International (2012). doi: doi.org/10.1520/G0173-03R12.

[42] International Technology Roadmap for Photovoltaic, Accessed on:
Sep. 2020. [Online]. Available: itrpv.vdma.org

[43] M. Kasu et al., “Temperature dependence measurements and perfor-
mance analyses of high-efficiency interdigitated back-contact, passi-
vated emitter and rear cell, and silicon heterojunction photovoltaic mod-
ules,” Jpn. J. Appl. Phys., vol. 57, no. 8S3, 2018, Art. no. 08RG18.
doi: 10.7567/JJAP.57.08RG18.

[44] T. Tiedje and D. A. Engelbrecht, “Temperature dependence of the limiting
efficiency of bifacial silicon solar cells,” in Proc. 47th IEEE Photovolt.
Spec. Conf., 2020.

[45] V. Bahrami-Yekta and T. Tiedje, “Limiting efficiency of indoor silicon
photovoltaic devices,” Opt. Express, vol. 26, no. 22, pp. 28238–28248,
2018.

www.canadiansolar.com
https://www.nature.com/articles/s41598-019-48981-w
https://dx.doi.org/10.1002/pssr.201105188
https://dx.doi.org/10.1002/pssa.201700293.
https://dx.doi.org/10.1002/pssr.201600307.
itrpv.vdma.org
https://dx.doi.org/10.7567/JJAP.57.08RG18


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


