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Abstract

Photovoltaic conversion efficiency of a crystalline silicon cell is investigated as a function of its temperature and taking into account
complete thermal and irradiation operating conditions. The spectral radiative transfer problem is solved through a gray per band
approach and a separated treatment of the collimated and diffuse components of radiation fluxes. The heat transfer modeling includes
local heat sources due to radiation absorption and thermal emission, non-radiative recombinations and excess power release of photo-
generated carriers. Continuity equations for minority carriers are solved to provide the current–voltage characteristic. A detailed analysis
of the electrical and thermal behaviors demonstrates that proper adjustment and control of both thermal and surroundings radiative
operating conditions are likely to provide guidelines for the improvement of photovoltaic cell performances.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Photovoltaic cells are being employed for plenty of
applications consisting in electricity supply to systems such
as remote area devices, space satellites, solar powered
engines. Recent years have given rise to an increase of pho-
tovoltaic cell use for a better and intensive benefit of the
renewable solar energy. As an example, integration of solar
panels to buildings is likely to participate significantly to
the overall electricity production in future decades.

In this context, research on photovoltaic cells still has to
be conducted to bring solutions for the improvement of
their performances. Among several objectives such as semi-
conductor material choice and best processing to achieve
optimal properties, this paper focuses on the electrical per-
formances of silicon solar cells as a function of its temper-
ature, which itself results from thermal and irradiation
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conditions. A recent review of Radizemska [1] on the per-
formances of Si and GaAs solar cells exhibits the main
parameters and phenomena which affect their output, with
a focus on specific photovoltaic-thermal and building inte-
grated PV systems (BiPV). It is concluded that absorbed
solar radiation that is not converted into electricity is one
cause of cell temperature increase leading to an electrical
efficiency decrease. To remedy this problem, proper ways
to extract heat by forced or natural fluid circulation have
to be determined. It is worth noticing that the heated fluid
(air or/and water) may be also used for buildings needs. As
a consequence, an accurate understanding of both the ther-
mal and electrical behaviors of photovoltaic modules is
required so as to find out best solutions for heat removal
in connection with the cell design for best photovoltaic
conversion efficiency.

Global heat transfer models have been proposed in
previous investigations (see for example Refs. [2–7]) but
they do not include a detailed description of the coupling
between spectral radiative, thermal and electric carrier
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Nomenclature

c0 speed of light in vacuum, c0 = 2.998 · 108 m s�1

D minority carrier diffusion coefficient (m2 s�1)
E electric field (V m�1)
Eg band gap (eV)
Ep phonon energy (eV)
G incident radiation power (W m�2)
gop,Dm rate of minority carriers optically generated on

the frequency interval Dm (m�3 s�1)
h Planck constant, h = 6.6260693 · 10�34 J s
hf convective heat transfer coefficient (W m�2 K�1)
Im spectral radiation intensity (W m�2 sr�1 Hz�1)
J current density (A m�2)
k Boltzmann constant, k = 1.3806505 · 10�23 J K�1

kc thermal conductivity (W m�1 K�1)
M number of discrete layers
n real part of the complex refractive index
ne, nh carrier (electron, hole) density (cm�3)
ni intrinsic carrier density (cm�3)
Na acceptor density (cm�3)
Nd donor density (cm�3)
q total radiation flux (W m�2)
Q total heat source (W m�3)
S surface recombination velocity (m s�1)
T temperature (K)
V0 built-in voltage (V)
V voltage (V)
w thickness (m)

Greek symbols

j absorption coefficient (m�1)
k0 wavelength in vacuum (lm)
m frequency (Hz)
Dm frequency interval (Hz)
s minority carrier lifetime (s)

Subscripts

0 dark equilibrium configuration
1 top side of the layer
2 bottom side of the layer
c collimated component of radiation
d diffuse component of radiation
dz depletion zone
e electrons
h holes
f surrounding fluid
i intrinsic
inc incident radiation
N N-region
P P-region
interband related to the interband absorption process
fc related to free carriers
latt related to the lattice
solar solar irradiation
oc open circuit
sc short circuit
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transport. The objective of this work is to provide a phys-
ical and numerical model for the evaluation of photo-
voltaic cell performances as a function of its temperature
considering thermal, solar and surroundings irradiations
operating conditions.

Photovoltaic cells are encapsulated inside layers of glass
and resin so as to form a module. However, for the sake of
simplicity, a single P–N junction layer is considered. Sec-
tion 2 is devoted to the theoretical formulation of the heat,
spectral radiative and carrier transport problems. Although
the physical modeling is quite adaptable to several types of
semiconductor junctions, evaluation of required optical,
radiative and thermophysical properties is given for the
case of crystalline silicon cells, which are the most wide-
spread ones. Numerical solution methods are explained
in Section 3. As for applications, an analysis is carried
out in Section 4. For this sake, the junction layer parame-
ters and a set of configurations for spectral radiative and
thermal boundary conditions are selected. The consistency
of the numerical model for radiation heat transfer is first
assessed by checking the radiation power balance for the
whole layer. Then, the influence of temperature and solar
irradiation on resulting short-circuit current, open-circuit
voltage and power output is investigated through a com-
parison with existing data from literature. An insight into
the thermal and electrical behaviors of the cell as a function
of radiative and thermal boundary conditions is proposed
to show the ability of the model to be used to find out
and assess effective solutions to extract heat and to design
cells for optimal photoelectric conversion performances.

2. Theoretical formulation

2.1. Problem description

The problem under consideration is described in Fig. 1.
The generic structure of a photovoltaic (PV) module con-
sists of a multilayer sandwich made of a PV cell, resin
and glass layers, an antireflection coating and front and
back contacts connected to an electrical load. The simpli-
fied configuration of a single P–N junction layer is consid-
ered for the sake of simplicity. Since the main objective is
to evaluate PV module performances as a function of ther-
mal and irradiation conditions, a comprehensive model of
coupled conductive–radiative heat transfer including pho-
toelectric phenomena which take place in the active part
of a PV module is developed. Here a plane–parallel slab
with homogeneous properties along the y- and z-axes



Fig. 1. Problem schematic description.
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is studied, so that spatial variations are described in a
one-dimensional Cartesian coordinate system. As a con-
ventional PV cell, a standard P–N homo-junction is consid-
ered. It is made of a negatively doped upper zone (N-type
region) and a positively doped lower zone (P-type region)
of thickness wN and wP, respectively.

The cell upper face is subject to collimated and diffuse
isotropic solar irradiation given by spectrally varying flux
densities qm,c,solar,inc and qm,d,solar,inc. The collimated beam
is characterized by the incidence polar angle hc. Additional
diffuse isotropic radiation fluxes (qm,d,1,inc and qm,d,2,inc) are
considered at both boundaries and refer to surroundings
infrared radiation. The front and rear surfaces of the cell
are assumed perfectly smooth and radiative boundary con-
ditions are simply governed by Snell’s law and Fresnel’s
equation. The junction exchanges heat by convection with
the external fluid as a function of a constant convective
heat transfer coefficient (respectively, hf1 at the upper face
x = 0 and hf2 at the lower face x = wN + wP) and of the
fluid free-stream or mean temperature (Tf1 and Tf2).

To describe steady state coupled conductive—spectral
radiative heat transfer within the cell, various thermophys-
ical properties are required. The surrounding fluid is
assumed non-absorbing and the real part of the complex
refractive index (nm,f) is constant and equal to unity. The
semiconductor material is considered as an absorbing, emit-
ting but non-scattering semitransparent medium. Spectral
optical and radiative properties (nm and jm) have to be deter-
mined as a function of wavelength and temperature. Several
processes of absorption of light must be taken into consid-
eration. Since frequency does not change with the refractive
index whereas wavelength does, it is much better to express
spectral variations as a function of frequency. The range
investigated in the study is [2 · 1013–1.13 · 1015 Hz], which
matches the wavelength in vacuum range [0.27–15] lm. The
upper wavelength limit is a consequence of a lack of
knowledge for some radiative properties beyond it. The
temperature field within the cell is governed by the steady
state energy-balance equation which includes a temperature
dependent thermal conductivity and local heat sources due
to radiation absorption and thermal emission, charge car-
rier recombination mechanisms and excess power thermal
release. The derivation of a solution to this problem
requires the modeling of coupled spectral radiation, heat
and carrier transport phenomena which take place within
the cell. Next sections are devoted to the derivation of
equations associated to the aforementioned processes and
to the determination of required properties.

2.2. Semiconductor device physics

2.2.1. Elementary principles of P–N junctions and

photovoltaic cells

A generic P–N junction is basically composed of three
zones (Fig. 2(a)). The N-type semiconductor region
(x 2 [0,wN], wN � 0.2–1 lm) is negatively doped from the
addition of pentavalent impurities (donor density Nd). At
room temperature, dopants are contributing free electrons
whose density is equal to the donor ion density (ne = Nd).
The P-type region (x 2 [wN,wN + wP], wP � several hun-
dreds of microns) is positively doped from the addition
of trivalent impurities (acceptor density Na) and at room
temperature, it creates deficiencies of valence electrons—
called holes—whose density is equal to the acceptor ion
density (nh = Na). The N-type and P-type zones are in con-
tact with each other and near the interface, some of the free
electrons of the N-region diffuse across the junction
towards the P-side whereas conversely holes diffuse from
the P-side to the N-side. In the region near the interface,
there are recombinations of electrons and holes. This gives
rise to an excess of positive charges in the N-side (deplete of
electrons) and of negative charges in the P-side (deplete of
holes). This narrow intermediate region (x 2 [wN � xN,
wN + xP]) is called the depletion zone. An electric field
(E0) and a barrier potential (V0) result from the opposite
charge layers of ions and this creates forces which oppose



Fig. 2. Schematic description of: (a) a P–N junction at room temperature; (b) basic functioning principles of a photovoltaic cell.
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to the electron and hole diffusion process. An equilibrium
between resulting diffusion and drift-currents of carriers
is then observed. In this situation, the predominant mobile
charge (or majority) carriers are electrons in the N-side and
holes in the P-side, and vice versa for minority carriers.

The functioning principle of a standard PV cell is
described as follows (Fig. 2(b)). The preceding P–N junc-
tion is subject to radiative fluxes at the top of the N-type
layer. Radiation is absorbed by semiconductor atoms
along the path of radiation within the device. For photons
with energy approximately larger than the energy gap (Eg)
between valence and conduction electron energy bands, the
absorption process creates mobile charge carriers in elec-
tron–hole pairs. A concentration gradient makes the
minority carriers (holes for the N-side and electrons for
the P-side) move. These minority carriers are pulled into
the region where they are majority carriers by the electric
field in the depletion region. Depending on where the
minority carrier is created, it may either recombine before
reaching the junction or cross the junction. If the junction
is connected to an electrical load (with a forward bias of
the P–N junction under an applied voltage V), a photocur-
rent is created and generates electrical power.

2.2.2. Minority carrier transport equations and photocurrent

calculation
Minority carrier density is governed by the continuity

equations, which in a one-dimensional planar system in
steady state, are given as [8,9]
De

d2DneðxÞ
dx2

� DneðxÞ
se

þ gop;DmðxÞ ¼ 0 ðP-regionÞ; ð1Þ

Dh

d2DnhðxÞ
dx2

� DnhðxÞ
sh

þ gop;DmðxÞ ¼ 0 ðN-regionÞ; ð2Þ

where for simplicity, the spectral dependence of parameters
is specified only for the rate of minority carriers optically
generated by local incident radiation for the frequency
interval of width Dm (gop,Dm(x)). This rate comes from the
solution of the radiative transfer problem and will be
detailed in Section 2.3.2. Dne(x) and Dnh(x) are the local
excess of minority carriers created besides the equilibrium
concentrations (Dne = ne � ne0 and Dnh = nh � nh0). Equi-
librium concentrations are given by ne0 ¼ n2

i =N a and
nh0 ¼ n2

i =N d, where ni is the intrinsic carrier concentration
(concentration of carriers for pure semiconductor mate-
rial). De and Dh are the diffusion coefficients (m2 s�1) of
electrons and holes, respectively. The terms Dne/se and
Dnh/sh are the recombination rate of minority carriers
(m�3 s�1), where se and sh are the minority carrier lifetimes
(s�1) of electron and holes, respectively. Those continuity
equations stand for electron density (ne) in the P-region
(Eq. (1)) and for holes density (nh) in the N-region (Eq.
(2)), which are quasi-neutral zones where the electric field
vanishes so that minority carriers primarily flow by
diffusion.

For the boundary condition at the depletion zone inter-
face, all minority carriers are collected by the electric field
so that the excess is zero
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Dnejx¼wNþxP
¼ 0 ðP-regionÞ; ð3Þ

Dnhjx¼wN�xN
¼ 0 ðN-regionÞ: ð4Þ

At the edges of the photovoltaic cell (x = 0 and
x = wN + wP), recombination processes occur because of
the presence of surface defects and of the metallic contacts.
Associated recombination rates obey the following
relations:

De

dDne

dx

����
x¼wNþwP

¼ SeDnejx¼wNþwP
ðP-regionÞ; ð5Þ

Dh

dDnh

dx

����
x¼0

¼ ShDnhjx¼0 ðN-regionÞ; ð6Þ

where Se and Sh are surface recombination velocities
(m s�1) for electrons and holes, respectively.

Values for carrier diffusion coefficients, lifetimes, surface
recombination velocities and intrinsic concentrations,
including their possible dependence on temperature, are
discussed in Section 2.4.2 for the specific case of a standard
c-silicon photovoltaic cell.

The photocurrent densities generated in each zone are
proportional to the gradient of minority carriers concentra-
tion at the depletion zone interfaces and are written as

J e ¼ qDe

one

ox

����
x¼wNþxP

ðP-regionÞ; ð7Þ

J h ¼ �qDh

onh

ox

����
x¼wN�xN

ðN-regionÞ: ð8Þ

As for the depletion zone, the effect of recombination can
be neglected so that all generated carriers cross the junction
interface thanks to the electric field. Thus the associated
current density is given by

J dz ¼ q
Z wNþxP

wN�xN

gop;DmðxÞdx: ð9Þ

The global photogenerated current density results from the
summation of each zone contribution

J ph ¼ J e þ J h þ J d: ð10Þ

Eventually, the total current density (Jph,total) is obtained
by summing up photocurrent densities over the frequency
intervals Dm for which carriers are optically generated.

2.2.3. Current–voltage characteristic
Depending on the load which is connected to the photo-

voltaic cell, the applied voltage (V) that appears across the
junction has to be considered. This voltage disturbs the
equilibrium of the junction and is responsible for a current
flowing opposite to the photocurrent which is called diode
current. When illuminated, the effective current density is
then

J ¼ J ph;total � J diodeðV Þ: ð11Þ
The diode current density is obtained from the solution of
continuity equations (1) and (2) for dark conditions, i.e. the
generation rate of minority carriers (gop,Dm) is removed
from the equations. Boundary conditions at the depletion
zone interfaces are modified to take into account the
applied voltage to give [8]

nhjx¼wN�xN
¼ n2

i

N d

e
qV
kT ; ð12Þ

nejx¼wNþxP
¼ n2

i

N a

e
qV
kT ; ð13Þ

where k is the Boltzmann constant. Boundary conditions at
the edges of the device are unaffected (Eqs. (5) and (6)).

The diode current density results from the sum of cur-
rent densities due to the diffusion of holes and electrons
at the edge of the depletion zone (Eqs. (7) and (8)). The
curve of current variations as a function of the voltage
(the so-called I–V characteristic), temperature and illumi-
nation conditions, is used to evaluate performances of the
cell.

2.3. Spectral radiative and coupled heat transfer
formulations

2.3.1. Heat transfer formulation

In a one-dimensional planar system, the differential
equation of conduction at steady state with internal heat
generation which governs the temperature profile is given
by

d

dx
kc½T ðxÞ�

d

dx
T ðxÞ

� �
þ QðxÞ ¼ 0; ð14Þ

where kc[T(x)] (W m�1 K�1) is the local temperature
dependent thermal conductivity and Q(x) (W m�3) is the
local heat generation rate. For the specific—single cell—
configuration under consideration, associated boundary
conditions express that internal heat conduction is bal-
anced by convection and non-radiative surface recombina-
tions [10]

�kc

dT
dx

����
x¼0

¼ hf1½T f1 � T ðx ¼ 0Þ� þ ShEg

X
Dm

Dnh

�����
x¼0

ðDmÞ;

ð15Þ

�kc

dT
dx

����
x¼wNþwP

¼ hf2½T ðx ¼ wN þ wPÞ � T f2�

þ SeEg

X
Dm

Dnejx¼wNþwP
ðDmÞ; ð16Þ

where densities of optically generated minority carriers at
the boundaries (Dnejx¼wNþwP

ðDmÞ and D nhjx=0(Dm)) result
from the solution of carrier transport equations.

From an analysis of the physical situation, the tempera-
ture gradient within the cell is expected to be small so that
the heat transfer problem can be simplified by writing the
thermal balance for the whole junction layer as



Z wNþwP

0

QðxÞdx

zfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflffl{qth;in
0
BBB@

1
CCCA ¼ hf1½T cell � T f1� þ ShEg

X
Dm

Dnhjx¼0ðDmÞ þ hf2½T cell � T f2� þ SeEg

X
Dm

Dnejx¼wNþwP
ðDmÞ

zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{qth;out
0
B@

1
CA; ð17Þ
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where a single temperature (Tcell) is considered and qth,in is
the heat power generated within the whole layer. The cell
temperature is easily extracted from the above equation.

In Eqs. (14) and (17), the local heat generation rate
includes several sources or losses [10,11]

QðxÞ ¼ �Sr xð Þ þ QTðxÞ þ QNRRðxÞ; ð18Þ
where Sr(x) is the local total radiative source term, QT(x)
corresponds to the quasi-instantaneous thermalization of
carriers to the band gap level (release of excess energy)
and QNRR(x) is due to the non-radiative recombinations
of minority carriers.

The radiative contribution to the heat source due to
absorption and thermal emission by free carriers or by
the crystal lattice is given by

SrðxÞ ¼
Z 1

0

jm;fcðxÞ þ jm;lattðxÞ½ � 4pn2
mðxÞIb;m½T cell� � GmðxÞ

� �
dm

¼
X
Dm

jDm;fcðxÞ þ jDm;lattðxÞ½ � 4pn2
DmðxÞIb;Dm½T cell� � GDmðxÞ

� �
;

ð19Þ
where GDm(x) is the local band incident radiation power ob-
tained from the solution of the radiative transfer problem.
The heat source from thermalization of photogenerated
minority carriers to the band gap energy level is given as
[10]

QTðxÞ ¼
Z

hm>Eg

jm;interbandðxÞGmðxÞ
hm

ðhm� EgÞdm

¼
X
Dm

jDm;interbandðxÞ
GDmðxÞ

Dm

Z
Dm;hm>Eg

1� Eg

hm

� �
dm;

ð20Þ
where the band gap energy is expressed in Joules.

For carrier recombination mechanisms, radiative recom-
bination may be ignored for indirect band gap semi-
conductors such as silicon [12], whereas non-radiative
recombination processes have to be considered and incor-
porated in the global heat source as [10]

QNRRðxÞ ¼
X
Dm

Eg

se

Dneðx;DmÞ ðP-regionÞ; ð21Þ

QNRRðxÞ ¼
X
Dm

Eg

sh

Dnhðx;DmÞ ðN-regionÞ; ð22Þ

where se and sh are the minority carrier lifetimes (s�1) of
electrons and holes, respectively, Dne(x,Dm) and Dnh(x,Dm)
are the densities of local excess of minority carriers opti-
cally generated by local incident radiation for the fre-
quency interval of width Dm(gop,Dm(x)) and are obtained
from the solution of carrier transport equations (see Sec-
tion 2.2.2).
2.3.2. Radiative transfer equation

For a one-dimensional planar problem with an absorb-
ing, emitting and non-scattering isothermal medium, under
the assumption of azimuthal symmetry, the gray-band for-
mulation of the radiative transfer equation (RTE) for
unpolarized radiation is given by
l
dIDmðx; lÞ

dx
¼ jDmðxÞ n2

DmIb;Dm½T cell� � IDmðx; lÞ
� �

; ð23Þ
where IDm is the band intensity (IDm ¼
R

Dm I m dmÞ, Ib,Dm[Tcell]
is the Planck function in vacuum integrated over the
frequency interval Dm. jDm and nDm are, respectively, the
absorption coefficient and refractive index averaged over
the frequency interval Dm and l is the cosine of the polar
angle of the direction (l = cosh, Fig. 1). The absorption
coefficient is obtained from the summation of absorption
coefficients associated to several optical processes and is
written as (monochromatic case)

jm ¼ jm;interband þ jm;fc þ jm;latt; ð24Þ

where jm,interband refers to the interband absorption—i.e.
electronic transitions from the valence to the conduction
band—, jm,fc and jm,latt stand for optical absorption pro-
cesses operated by free carriers and the crystal lattice,
respectively. Expressions and/or values for radiative and
optical properties will be given in Section 2.4.1 for the case
of c-silicon.

Radiative boundary conditions involving refraction of
external collimated and diffuse irradiation at the top of
the layer are simply governed by Snell’s law and Fresnel’s
equation, which are considered to depend only on the real
part of the complex refractive index and on the angle of
incidence. Additional details are given in a previous paper
[13].

From the solution of the radiative transfer equation, the
local band incident radiation power is obtained from

GDmðxÞ ¼ 2p
Z 1

�1

IDmðx; lÞdl; ð25Þ

and the local rate of minority carriers gop,Dm(x) optically
generated on the frequency interval Dm which is requested
for the carrier transport equations (1) and (2) is written as
gop;DmðxÞ ¼
Z

Dm

jm;interbandðxÞGmðxÞ
hm

dm

¼ jDm;interbandðxÞ
GDmðxÞ

Dm

Z
Dm

1

hm
dm ð26Þ
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2.4. Optical, radiative and thermophysical properties of

c-silicon

From this section, the study is restricted to the case of
crystalline silicon homo-junctions. Optical, radiative and
thermophysical properties requested in the physical model-
ing described in previous sections are then specifically given
for c-silicon. In particular, the energy band gap Eg used in
Eqs. (15)–(17) and (20)–(22) is the fundamental indirect
energy gap of silicon (Eg1 (300 K) = 1.12 eV).

2.4.1. Optical and radiative properties

Radiation absorption in the silicon junction occurs
through several quantum processes. The so-called inter-
band absorption mechanism corresponds to electronic
transitions from the valence to the conduction band. In
the case of silicon, which is an indirect band gap semicon-
ductor, absorption of photons through the interband
mechanism may involve phonon emission or absorption.
Accordingly, an expression for the absorption coefficient
has been derived by Rajkanan et al. [14]

jm;interbandðT Þ¼
X

i¼1;2j¼1;2

CiAj
fhm�EgjðT ÞþEpig2

expðEpi=kT Þ�1
þfhm�EgjðT Þ�Epig2

1�expð�Epi=kT Þ

" #

þAd½hm�EgdðT Þ�1=2
;

ð27Þ
where the last term corresponds to the direct transition, the
first term is comprised of summations on indirect transi-
tions (j = 1,2; energy band gaps Egj) and on the type of
phonon which assists the transition (transverse optical or
acoustic, i = 1,2; energy Epi). Temperature dependence of
energy band gaps can be written by using the Varshni equa-
tion [15]

EgðT Þ ¼ Egð0Þ �
bT 2

T þ c
; ð28Þ

where parameters b and c are adjusted to fit with experi-
mental data. Various sets of parameters are reported in
the review by Weber (in [15]). In this paper, the ones ob-
tained by Alex et al. [16] from recent experiments are used,
instead of the set given by Rajkanan et al. [14] for the cal-
culation of the interband absorption coefficient formula
(see Table 1).

With parameters for Eqs. (27) and (28) reported in Table
1, values of the absorption coefficient obtained have been
Table 1
Parameters for the calculation of the interband absorption coefficient and
the temperature dependent correlation for the energy band gaps of silicon

Ref. [14] Ep1 (eV) 1.83 · 10�2 A1 (cm�1 eV�2) 323.1
Ep2 (eV) 5.77 · 10�2 A2 (cm�1 eV�2) 7237
Egd(0) (eV) 3.2 Ad (cm�1 eV�2) 1.05 · 10�6

Eg2(0) (eV) 2.5 C1 5.5
Eg1(0) (eV) 1.1557 C2 4
b (eV/K) 7.021 · 10�4 c (K) 1108

Ref. [16] Eg1(0) (eV) 1.1692
b (eV/K) 4.9 · 10�4 c (K) 655
checked to correlate closely with experimental data for
intrinsic silicon at 300 K given in the compilation databases
from Refs. [15,17] (Fig. 3(a)). The temperature dependence
Fig. 3. Optical properties of c-silicon: (a) calculation of the interband
absorption coefficient and comparison with datareviews from refs. [15,17]
for intrinsic c-silicon at 300 K; (b) free-carrier absorption coefficient as a
function of the doping level and infrared lattice absorption coefficient [19];
(c) refractive index at 300 K [15].
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of this absorption coefficient may be illustrated by its per-
centage increase for a temperature step from 300 K to
350 K, which is found to be comprised between 4.7% and
41.4% in the [0.27–1] lm wavelength in vacuum range.

The free-carrier absorption coefficient jm,fc (m�1) is
taken from the empirical model reported in Ref. [18]

jm;fc ¼ 260ðc0

m
Þ3ne; k0 6 5 lm

jm;fc ¼ 1:104ðc0

m
Þ2ne; k0 > 5 lm

ð29Þ

jm;fc ¼ 2:710�4 c0

m


 �2

nh ðP-regionÞ; ð30Þ

where c0 is the light speed in vacuum (m s�1), m is the
frequency (Hz), k0 is the corresponding wavelength in
vacuum, ne and nh (cm�3) are the majority carrier concen-
trations, respectively, equal to Nd and Na under the
assumption that around room temperature all dopants
are ionized. Fig. 3(b) depicts the variations of this coeffi-
cient as a function of doping level. It is observed that the
free-carrier absorption coefficient is negligible for wave-
lengths below 1 lm in comparison with the interband
absorption coefficient.

Radiation may also be absorbed by the crystal lattice.
The absorption coefficient relative to this phenomenon in
the infrared range k0 2 [7.14–15] lm is taken from Ref.
[19] and is depicted in Fig. 3(b). It is observed that it is
often small when compared with the free-carriers absorp-
tion coefficient, except for low doping concentrations.

As for spectral values for the real part of crystalline
silicon complex refractive index, they are taken among
several existing databases from the compilation given in
Ref. [15] (Fig. 3(c)).

2.4.2. Thermophysical properties

Thermal conductivity of bulk c-silicon varies with tem-
perature. The correlation derived from experiments by
Glassbrenner and Slack [20], valid in the temperature range
[250–600] K, is given as
Table 2
Formulas and associated constants used for the calculation of lifetime [15], di

Electrons

Lifetime [15]
se ¼

1

3:45� 10�12N a þ 9:5� 10�32N2
a

(s),

Na P 1017 cm�3, Na in cm�3,
se = 2.89 · 10�6 s, Na < 1017 cm�3

Diffusion coefficient
(Einstein relation)

De ¼ le

kT
q

(m2 s�1), all parameters in SI un

Mobility [22] le ¼ le;min þ
le;0

T
300

� me � l e;min

� 
1þ T

300

� ne Na

ne; ref


 �ae
(cm2 V�

with: le,min = 55.24 cm2 V�1 s�1,
le,0 = le (300 K) = 1350 cm2 V�1 s�1,
me = �2.3, ne = �3.8, ae = 0.73,
ne,ref = 1.072 · 1017 cm�3, Na in cm�3
kcðT Þ ¼
100

0:03þ 1:5610�3T þ 1:6510�6T 2
; ð31Þ

where T and kc are expressed in K and W m�1 K�1, respec-
tively. The influence of doping is reported to be substantial
for high injection levels (�1020 cm�3) and larger for
decreasing temperatures below 300 K [21]. Thermal con-
ductivity of bulk c-silicon used in this paper is found to
vary between 125 and 175 W m�1 K�1 for temperatures
comprised within the range [270–360 K].

As for carrier transport modeling in illuminated (Eqs.
(1)–(6)) and dark conditions (Eqs. (1), (2), (5), (6), (12)
and (13)), diffusion coefficients, recombination rates,
surface recombination velocities and intrinsic concentra-
tion of minority carriers have to be determined as input
data. Those physical parameters generally depend on
temperature, type of silicon (method of crystal growth for
c-silicon) and doping concentrations.

For c-silicon, a literature analysis exhibits (see the
review in [15]) some discrepancies between existing experi-
mental values and also between formulas. Consequently,
since a discussion on these aspects are out of the scope of
this work, our selection is subjected to improvements
depending on the design and fabrication of precise devices
under consideration. In this work, diffusion coefficients,
mobilities and recombination rates are calculated by apply-
ing selected formulations [15,22] reported in Table 2.
Recombination velocity is related to the boundary surface
state (passivation techniques, metallic collector surface
covering). It is quite difficult to choose an accurate value
for this parameter except if experimental values are avail-
able for the cell under consideration.

The intrinsic carrier concentration depends on tempera-
ture and is given by [8,15]

n2
i ¼ N CðT ÞNVðT Þe�Eg1ðT Þ=kT

¼ N Cð300 KÞ T
300

� �3=2

NVð300 KÞ T
300

� �3=2

e�Eg1ðT Þ=kT ;

ð32Þ
ffusion coefficient and mobility [22] of minority carriers for c-silicon

Holes

sh ¼
1

7:8� 10�13Nd þ 1:8� 10�31N2
d

(s),

Nd P 1017 cm�3, Nd in cm�3,
sh = 12.5 · 10�6 s, Nd < 1017 cm�3

its Dh ¼ lh

kT
q

(m2 s�1), all parameters in SI units

1 s�1) lh ¼ lh;min þ
lh;0

T
300

� mh � lh;min

� 
1þ T

300

� nh Nd

nh; ref


 �ah
(cm2 V�1 s�1)

with: lh,min = 49.7 cm2 V�1 s�1,
lh,0 = lh (300 K) = 480. cm2 V�1 s�1,
mh = �2.2, nh = � 3.7, ah = 0.70,
nh,ref = 1.606 · 1017 cm�3, Nd in cm�3
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where Eg1(T) is the fundamental indirect band gap of sili-
con whose variations with temperature are given by Eq.
(27). NC(T) and NV(T) are the effective densities of states
in the conduction and valence bands, respectively, equal
to 2.8 · 1019 cm�3 and 1.04 · 1019 cm�3 at 300 K for
silicon.
3. Solution methods

3.1. Minority carrier density from the solution of

continuity equations

Minority carrier density is calculated by solving the con-
tinuity equations (Section 2.2.2) for the two zones of the
junction. Those equations belong to general boundary
value problems consisting of an ordinary differential equa-
tion with side conditions specified at more than one point.
The shooting method [23] is well suited to get a numerical
solution. It has been applied and validated against analy-
tical solutions for a simplified configuration [8]. In this
situation, the Beer-law (exponential decrease of the
incident radiation power in the layer) is considered so that
the minority carrier generation rate has the simple form

gop;DmðxÞ ¼ C1e�C2x; ð33Þ

where C1 and C2 are constants. Numerical results obtained
by applying the shooting method have been checked to
match very well with analytical solutions for a wide range
of parameters.

3.2. Radiative transfer and energy balance equations

solution methods

The conduction–radiation heat transfer problem for a
multilayer slab (see for example [24]) with Fresnel inter-
faces subject to diffuse and obliquely collimated irradiation
is solved by means of a method that we described in a pre-
vious paper [13]. Thus only main features will be given
hereafter. The incident collimated radiation flux is treated
separately from the diffuse irradiation [25,26]. The local
spectral incident radiation power originating from the col-
limated component is derived through the development of
analytical formulas by using a Ray Tracing (RT) procedure
which accounts for the exponential attenuation of radia-
tion along the path of rays and for the multireflections
between boundaries of the junction layer. As for the prob-
lem of the radiation diffuse component, a numerical solu-
tion of the radiative transfer equation (Eq. (23)) is
provided by means of a composite discrete ordinates
method (CDOM) [27]. It basically corresponds to a stan-
dard discrete ordinates method [28] with a specific feature
which consists of the cutting of the directional integration
into subintervals in accordance with the critical angles
associated to the interfaces [13,29]. Then the discrete ordi-
nate set varies as a function of the spectrally varying opti-
cal properties of the junction layer and are generated for
each frequency interval (Dm). The radiative transfer
solution methods have been validated previously
against Monte Carlo predictions [13]. It is worth noticing
that the local rate of minority carriers gop,Dm(x) optically
generated on the frequency interval Dm (Eq. (26)) is
obtained from the local spectral incident radiation power
resulting from both collimated and diffuse radiation
components.

The local formulation of the heat transfer problem (Eqs.
(14)–(16)) is solved by using a standard finite difference
procedure which has also been validated [13] against refer-
ence results in the case of coupled radiation–conduction
heat transfer within a gray plane–parallel medium confined
between opaque black boundaries [29]. The simplified
approach to solve the heat transfer problem by writing
the thermal balance for the whole junction layer has been
confronted with results obtained with the method which
considers the local formulation for a set a representative
situations. It has been found that the resulting temperature
profile which effectively takes place into the cell exhibits
very weak temperature gradients (<0.01 K). Moreover,
the cell temperature derived from local and simplified
formulations are quite the same (0.5% maximum relative
discrepancy). As a consequence, in the following, the sim-
plified approach will be used so that we will refer to a
unique cell temperature (Tcell).

Carrier transport, radiative transfer and energy balance
equations are coupled to each other which implies that a
specific iterative procedure has to be implemented.

3.3. Solution of the coupled spectral radiative—thermal—

carrier transport problems

To solve the whole problem involving several interdepen-
dent physical phenomena, the iterative procedure starts by
solving the heat transfer problem. The solution of the cell
energy balance equation provides the cell temperature. It
is then possible to solve the radiative transfer problem for
both collimated and diffuse components and for each spec-
tral band. As a result, local total radiative and thermaliza-
tion heat sources are calculated, as well as local rates of
optically generated minority carriers gop,Dm(x). This leads
to the next step which consists in solving the carriers trans-
port equations to get the density profiles. Boundary values
are stored and local heat sources which are associated to the
non-radiative recombinations are evaluated to complete the
estimation of the total heat source. Both have to be inserted
in the energy balance equation at the next iteration. The
determination of the photocurrent ends the iteration before
convergence criteria on successive temperature and heat
power generated within the cell are checked to decide
whether a new iteration has to be executed or not.

Once convergence is achieved, carrier diffusion coeffi-
cients are updated using the final cell temperature to calcu-
late the diode current through the solution of continuity
equations in dark conditions with associated boundary
conditions and for applied voltages from zero to the



Table 3
Application cases: thermal and radiative boundary conditions

Case 1.a 1.b 1.c 1.d 2.a 2.b 2.c

qc,solar,inc (W m�2) 707.9 822
qd,solar,inc(W m�2) 229 257.2
Tf1 = Tsurr,1 (�C) 5 25
Tf2 = Tsurr,2 (�C) 5 25 30
hf1 (W m�2 K�1) 5
hf2 (W m�2 K�1) 5 !1

(5000)
0 5 10

qd,1,inc (W m�2) 0 173.4 0 250.7
qd,2,inc (W m�2) 0 173.4 0 250.7 273.4
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open-circuit value (Voc). Final results are the cell tempera-
ture, the current–voltage characteristic and numerous
intermediate quantities such as radiative, thermalization
and non-radiative recombination local heat sources which
may be useful for advance analysis.

A special attention has to be paid to the spatial discret-
izations employed to get a numerical solution of the equa-
tions associated to three different physical phenomena.
First, carrier transport equations are solved separately
for the N and P regions. For standard silicon cells, the
N-region and P-region thicknesses are quite different, i.e.
less than 1 micron and equal to several hundreds of
microns, respectively. Moreover, diffusion lengths are not
the same for holes (�micron) in the N-region and for elec-
trons (�mm) in the P-region. Discrete layer numbers used
for the numerical solution of carrier continuity equations
are chosen accordingly. In order to solve the radiative
transfer problem, the critical parameter is the optical thick-
ness of discrete layers (DsDm = jDmDx) which should be less
than unity. This optical thickness is related to the absorp-
tion coefficient magnitude for each frequency band, which
reaches up to 2 · 108 m�1 at the shortest wavelengths.
Finally, since local rates of optically generated carriers
(gop,Dm(x)) required for the carriers transport problem are
resulting from the radiative transfer problem solution, a
correspondence between meshings used for radiative trans-
fer and carrier transport problems has to be carried out.
The simplest approach is applied: it consists in choosing
a unique set of discrete layers numbers (MN and MP) for
N and P zones which respect the aforementioned condi-
tions for carrier and radiation transport equations. Since
continuity equations have to be solved at the two bound-
aries of each zone, carrier densities are evaluated at the
limits of discrete layers whereas radiative quantities are
calculated at the center.
4. Application, results and analysis

4.1. Selected parameters and cases

In addition to c-silicon properties evaluated in Section
2.4, many other parameters have to be selected for the appli-
cation section: P and N layer widths are wP = 400 lm and
wN = 0.4 lm, respectively. Widths of the N-side and P-side
(Fig. 2(a)) of the depletion zone (xN and xP) depend on the
concentration of dopants and on the voltage V. In the
situation under consideration (Na = 1.5 · 1015 cm�3 and
Nd = 5 · 1019 cm�3), they have been found to be negligible
in comparison with the P and the N region ones. Surface
recombination velocities are chosen to be Se = 10 m s�1

and Sh = 1 m s�1 for P and N zones, respectively.
Standard diffuse and collimated solar spectra have been

defined about more than twenty years ago. However, for
better photovoltaic cell performance evaluation, up to date
spectral atmospheric transmission models are now avail-
able [30]. In this work, among several more or less sophis-
ticated approaches, we choose to use the simple SPCTRL2
code from Bird [31] which is appropriate for the spectral
discretization applied in our own modeling. Solar direct
and diffuse components are obtained for any incidence
and for specific location on earth, time and atmosphere
properties. 16 frequency intervals are selected to be able
to represent variations of all spectral quantities (solar irra-
diation, refractive index, absorption coefficients). Band
integrated values of solar fluxes are calculated by applying
a trapeze integration method.

As for additional diffuse isotropic irradiation which may
come from the surroundings, for the sake of simplicity, they
are chosen to be defined by a blackbody emission at given
surroundings temperatures (Tsurr,1 and Tsurr,2) which are
assumed to be equal to the fluid temperatures. More realis-
tic boundary conditions will be considered for future work.

Once some of the numerous parameters of the problem
are fixed, several cases are investigated in this paper. The
main objective is to analyze the thermal and electrical
behaviors of the PV cell as a function of various radiative
and thermal boundary conditions (see Table 3). A winter
(cases 1.a–1.d) and a summer (cases 2.a–2.c) solar irradia-
tion situations for western Europe are treated and a normal
incidence is considered. For the cell side subjected to solar
irradiation, external fluid and surroundings temperatures
are chosen accordingly (resp. 5 �C and 25 �C) and heat
exchange between the fluid and the cell is governed by nat-
ural convection with hf1 = 5 W m�2 K�1. Cases are unlike
each other in the definition of possible additional sur-
roundings irradiation and of the type of thermal boundary
condition at side 2 of the cell.
4.2. Results and analysis

4.2.1. Consistency of the numerical model for radiation

heat transfer

Given the complexity of the radiation heat transfer
problem, it is worth checking the degree of accuracy of
the model. Such a test is made possible by analyzing the
radiation balance resulting from the convergence of the
numerical model. Considering the unit area of the junction
layer as the system, the radiation power balance equation is
written as following (Fig. 4):
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Fig. 4. Schematic representation of fluxes which are involved in the radiation power balance of the junction layer system.

Fig. 5. I–V characteristic and cell temperature for application cases.
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where all terms correspond to total radiation power per
unit junction layer surface (W m�2) which are calculated
by a summation over all frequency bands. The total colli-
mated (qc,solar,inc) and diffuse (qd,solar,inc) solar irradiation
as well as surroundings diffuse irradiation on both sides
(qd,1,inc and qd,2,inc) are input data. qr,em corresponds to
the total thermal radiation power emitted within the whole
layer and is obtained from the final solution of the radia-
tive transfer equation and from the cell temperature (this
is the summation over the layer thickness of the emission
term in the radiation source given by Eq. (19)). As for
the system radiation losses, they result from: the total
reflection and transmission of the collimated solar irradia-
tion (qc,solar,ref and qc,solar,tra) including multiple reflections
within the layer which is obtained from the solution of the
radiative transfer problem for the collimated part (Section
3.2); the first reflection of all diffuse irradiations (qd,solar,ref,
qd,1,ref and qd,2,ref), calculated through the application of
Snell’s and Fresnel’s reflection laws with a classical quadra-
ture summation rule to get fluxes; the diffuse radiation exit-
ing the layer at the top and bottom faces (qd,1,exit and
qd,2,exit), which result from the solution of the radiative
transfer problem for the diffuse component (CDOM) and
from the transmission through interfaces of intensities
whose directions are included in the refraction cone; the
radiation power absorbed through all processes within
the whole layer (absorption term of Eq. (19) with the addi-
tion of the interband absorption coefficient to take into ac-
count all processes). All those radiation fluxes have been
computed and it has been found that the relative difference
between input (qr,in) and output (qr,out) radiation fluxes
does not exceed 2.5% for all cases treated in this paper.

4.2.2. Consistency of the global model: influence of

temperature and solar irradiation

Even if all models have been validated separately for
academic reference cases (Sections 3.1 and 3.2), the conve-
nient way to check the validity of both physical and
numerical models is to make comparisons with experi-
mental data for given situations. Unfortunately, although
such kind of data might be found from literature, a com-
plete and accurate comparison is not possible because of a
lack of information concerning the experimental condi-
tions and the values of the numerous parameters required



Table 4
Resulting I–V characteristic parameters as a function of cell temperature

qsolar,inc (W m�2) 936.9 1079.2
Tcell (�C) 5.1 13.7 28.4 38.5 30.0 46.9 49.3
case 1.c 1.a 1.b 1.d 2.a 2.c 2.b
Pmax (W m�2) 101.6 98.3 92.8 88.8 105.3 97.8 96.7
gel (%) 10.84 10.49 9.91 9.48 9.76 9.06 8.96

1

P max

dP max

dT cell
(K�1) �0.0040 �0.0044

Jsc (A m�2) 184.1 185.1 186.6 187.7 212.2 214.1 214.4

1

J sc

dJ sc

dT cell
(K�1) 0.00059 0.00056

Voc (V) 0.652 0.63 0.601 0.578 0.601 0.563 0.558

1

V oc

dV oc

dT cell
(K�1) �0.0036 �0.0038

Fig. 6. Spatial variations of the total internal heat power.
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in the actual detailed model. Thus we are only able to val-
idate the order of magnitude of our results by comparing
the temperature and electrical efficiency obtained from the
model (for the chosen standard values of doping and geo-
metric parameters) with general trends known from
literature.

For all cases treated in this paper, calculated current
density (J)–voltage (V) characteristics are reported in
Fig. 5. The particular operating point (Jmax,Vmax) which
maximizes electric output power (Pmax) is pointed out.
Curves are displayed to separate the two situations of solar
irradiation (case 1: qsolar,inc = 936.9 W m�2 and case 2:
qsolar,inc = 1079.2 W m�2) and for each of them, the legend
is ordered by increasing resulting cell temperatures, which
in addition to solar irradiance depend on thermal and sur-
roundings irradiation boundary conditions (see also Table
4). Those results are in agreement with typical ones
reported in literature (see Ref. [8] and the review in [1])
in the sense that:

• the maximum electric output power (Pmax) naturally
increases with solar irradiation,

• for a given solar irradiation, the short-circuit current
density (Jsc) slightly increases with temperature with a
mean increase rate (1/Jsc dJsc/dTcell) equal to 0.059%/K
and 0.056%/K for cases 1 and 2, respectively (typical
values of 0.033%/K and 0.06%/K reported in [1]). This
partially comes from a drop of the energy band gap
(Eq. (28)) which leads to an increase of the interband
absorption coefficient (Fig. 3(a)), corresponding to more
photogenerated carriers viz. a gain in photocurrent,

• for a given solar irradiation, the open-circuit voltage
(Voc) noticeably diminishes with a mean decrease rate
(1/Voc dVoc/dTcell) equal to �0.36%/K for case 1 and
�0.38% for case 2 (typical value of �0.4%/K reported
in [1]),

• as a result, for a given solar irradiation, Pmax (conse-
quently the photoelectric conversion efficiency gel)
decreases with rising temperature, with a mean decrease
rate (1/Pmax dPmax/dTcell) equal to �0.4%/K and
�0.44%/K for cases 1 and 2, respectively (typical values
comprised between �0.4%/K and �0.5%/K in [8]; other
values of �0.4%/K and �0.65%/K reported in [1]).

It should be emphasized that calculated photoelectric
efficiencies (from 9% to 11%) are slightly small when com-
pared with the usual order of magnitude for commercial
PV silicon cells (11–14%) for the reason that no antireflec-
tion coating is considered in the actual model. The central
result is that main effects of increasing temperature are con-
sistently and accurately evaluated by the model which
means that it may be used for a detailed analysis of thermal
and electrical behaviors resulting from thermal and radia-
tive boundary conditions selected for application cases.

4.2.3. Insight into thermal and electrical behaviors as a
function of thermal and radiative boundary conditions

The cell equilibrium temperature achieved for each case
may be explained from extracting appropriate links
between boundary conditions and some physical variables
provided by the model. This may be illustrated from cases
2 by analyzing the spatial variations of the local total heat
source Q(x) (Eq. (18)) in Fig. 6. Main differences are
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observed between case 2.a and cases 2.b–c in the top part of
the layer (x 2 [0, 5] lm): the total heat source is much lower
for case 2.a than for the two other ones. Since no surround-
ings irradiation is considered for case 2.a, emission of ther-
mal radiation is much more important than absorption
near boundaries. Thus for spectral bands 1, 2, 3 and 4
(k0 2 [2.5,15] lm) a negative local radiative source term
Fig. 7. (a) Spatial variations of heat sources ratios for spectral bands 11–16;
process for spectral bands 8–16.
(�Sr,Dm(x)) is the cause of a significant lowering of the total
heat source. As a result, the heat power generated within
the whole layer (qth,in, Eq. (17)) is much lower for case
2.a (51 W m�2) than for the two other cases (244 and
279 W m�2). Those heat source levels are in accordance
with resulting cell temperatures. The same infrared radia-
tive cooling is observed near the bottom boundary
(b) total, electron and hole current densities due to the photogeneration



R. Vaillon et al. / International Journal of Heat and Mass Transfer 49 (2006) 4454–4468 4467
(x 2 [395, 400.4] lm). Then external infrared radiation
sources play a notable role in the thermal behavior of the
junction layer and have to be considered properly.

In any case, the total heat source is large near the top
boundary which is subjected to solar irradiation. With
respect to the spectral interband absorption coefficient
(Fig. 3(a)), radiation with energy larger than the band
gap is absorbed along the path from the surface and conse-
quently carriers are non-homogeneously generated. For
instance, solar radiation from bands 16, 15 and 14
(k0 2 [0.27,0.4] lm) is absorbed very near the surface (the
absorption mean free path is less than 0.1 lm). Photogen-
erated minority carriers (holes in N-region) release their
large excess energy by thermalization and since they are
unlikely to reach the junction by diffusion, they also pro-
vide heat power through non-radiative recombination pro-
cesses along the path. This is illustrated in Fig. 7(a), where
ratios of the spectral heat source over the total heat source
(QDm(x)/Q(x)), of the spectral heat source due to the
thermalization or to the non-radiative recombination pro-
cesses over the spectral heat source (QT,Dm(x)/QDm(x) and
QNRR,Dm(x)/QDm(x), respectively) are given as a function
of distance for several spectral bands (for case 2.b). It is
shown that the high level of the total heat source near
the top boundary (Fig. 6) comes from the thermalization
of carriers which have been generated through absorption
of short wavelength radiation (bands 16, 15 and 14). Since
that light is totally absorbed in the N-region, the photocur-
rent is only produced by holes diffusion (Fig. 7(b)). The
same reasoning can be applied to spectral bands 13, 12
and 11 (k0 2 [0.4,0.7] lm, Fig. 7(a) and (b)). As a matter
of fact, photon penetration depth tends to be larger so that
some light reaches the P-region and the source of photocur-
rent is divided into hole (N-region) and electron (P-region)
diffusion. As for local thermal sources, both thermalization
and non-radiative recombination processes occur in the N-
region. Electrons that are photogenerated in the P-region
near the junction are mainly releasing their excess energy
and are easily collected. This spectral analysis may be used
for a larger investigation about the influence of many vari-
ables such as the junction properties (doping concentra-
tions, surface recombination velocities, N and P region
thicknesses, electron and hole diffusion lengths, . . .) on
the coupled spectral radiation, thermal and carrier transport
phenomena that take place in silicon photovoltaic cells.

Thermal boundary conditions (Table 3) essentially affect
the cell equilibrium temperature (Table 4) as a function of
the heat power generated within the whole layer (Eq. (17))
which itself mostly depends on the radiative boundary con-
ditions and overall power balance. It has been shown that
surroundings infrared irradiation is the cause of a substan-
tial increase of the total internal heat power which leads to
a cell temperature rise. This is observed for cases 1.a and
1.b (Tcell rises from 13.7 to 28.3 �C) as well as for cases
2.a and 2.b. (Tcell rises from 30.0 to 49.3 �C) for which ther-
mal boundary conditions are identical (natural convection
and same fluid temperature). As expected, considering that
side 2 is thermally insulated causes a large cell temperature
increase (case 1.d, Tcell = 38.5 �C). The most effective situ-
ation is encountered when temperature at side 2 of the cell
is prescribed (case 1.c, Tcell = 5.1 �C), which is practically
hard to achieve. As for case 2.c, when compared with case
2.b, thermal boundary conditions are modified by assum-
ing an increase of both the heat exchange coefficient (5–
10 W m�2 K�1) and the fluid temperature (25–30 �C),
which corresponds to a simplified representation of a tran-
sition from laminar to turbulent natural convection. It is
found that the cell temperature slightly decreases from
49.3 to 46.9 �C.

From the above analysis, it is concluded that proper
adjustment and control of both thermal and surround-
ings radiative boundary conditions are likely to pro-
vide guidelines for the improvement of photovoltaic cells
performances.

5. Conclusion

In this paper, we have presented a physical and numer-
ical modeling to evaluate photoelectric conversion perfor-
mances of a c-silicon photovoltaic cell as a function of its
temperature and taking into account thermal and irradia-
tion operating conditions. The spectral radiative transfer
problem is solved through a gray per band approach and
a separated treatment of the collimated and diffuse compo-
nents of radiation fluxes, by means, respectively, of a ray
tracing method and a Composite Discrete Ordinates
Method, that were previously developed [13]. The heat
transfer modeling includes several local internal sources
owing to thermal radiation, thermalization of carrier excess
energy and carrier non-radiative recombinations. Continu-
ity equations for excess minority carriers are solved for
each spectral band considered for the radiative transfer
problem and provide the current–voltage characteristic as
well as local carrier densities required for the heat transfer
equations. Required optical, radiative and thermophysical
properties of c-silicon are determined by using existing dat-
abases and correlations. Once all solution methods have
been detailed and validated against reference results sepa-
rately for each phenomenon, specific features of the numer-
ical technique employed to get a solution of the coupled
problem have been given. In the application section, input
parameters related to the junction layer properties, the
radiative and thermal boundary conditions have been
selected. The consistency of the numerical model has been
demonstrated by checking the cell radiation balance and by
evaluating the temperature dependence of electrical proper-
ties for several cases. Through a deeper analysis of the elec-
trical and thermal behaviors as a function of thermal and
radiative properties, it has also been shown that our model
provides a lot of information which allow a sharp under-
standing of coupled phenomena and might be used for
the derivation of an appropriate design and control of
PV c-silicon cells. In future work, front and back glass cov-
ers and an antireflection coating will be added so as to
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extend the model to standard photovoltaic modules. As an
application, the resulting model will allow the complete
study of the coupled spectral radiation–conduction–natu-
ral convection heat transfer problems together with the
electrical efficiency determination for configurations of
hybrid photovoltaic-thermal collectors used as vertical
double-skin building facades [32].
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