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OUTLINE

2

Conclusions

Basic concept of solar cells

PV modeling & simulation
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• Short circuit current
• Open circuit voltage

• Fill factor

Jsc

Voc

FF =
Red
Blue

)!" =
*#$$
+#$$

Vmp, Imp

, =
+%!×*&!×..

/''(

What is a Solar Cell ?  

Ø What is the best solar cells performances?
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To day solar cell efficiency @ 25°C and 1000 W/m2

However !! 
www.ise.fraunhofer.de
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Annual PV production by technology

CdTe: 6.1
CIGS :1.5
a-Si : 0.2  

www.ise.fraunhofer.de
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PV modeling & simulation



M. Amara| 7

To describe

To PredictTo explain

Why modeling & simulation
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TH TCConverter

Uin Q

Work

! = 1 − %!
%"

≈ 95%

Basic concepts

No entropy generation

Ø What does thermodynamics tell-us: the sky is the limit



M. Amara| 9

TH TCConverter

Uin Q

Work

Basic concepts

P. T. Landsberg and G. Tonge,  J. Appl. Phys., (1980)

! = 1 + 13
&!"
&#"

− 43
&!"
&#"

≈ 86%

01! 01!

2 =
4
301

! 2 =
4
301

!

• The useful work:  

Helmholtz free energy

2 = 5" logΩ

- = .$% − &×0
keep in mind
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!!
!"

→ If two systems exhange energy, they will same temperature

→ If they exhange particle, they will reach same chemical potential

9:# =
;.
;<# $,&,'!

Change in free energy = maximal amount of work recoverable over the transformation

Basic concepts

µ =variation of the free energy when adding/removing 1 particle

Remove 1 electron from CB, add 1 electron to VB

CB

CV

=()* = Δ. = :# − :+
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Basic concepts

relaxation

+ = @ ̇< ∝ @C
ℏ-./"

0
D1(ℏG)IG

→ Energy par electron~+#
→ Useful power:  P = <̇×= = +×@×∆:

Load

Abs

Not. Abs.

V
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Carriers (absorption) and collection

V

electron
contact

hole
contact

→ incomplete light absorption à L

→ Charge-carrier transport à :

→ Charge-carrier recombination à M

L : M the higher is the better

What is the best solar cells ?

+⃗#,+ = 0#,+∇
:#,+
@

→ how carriers are collected ?

Selectivity: 
e/h have to move toward different

contacts (assymetry)
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Solar cells architecture
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PV modeling & simulation

Total absorptance Fixed
temperature

Detailed-balance analysis (External 
quantum efficiency,band-to-band 
absorptance, ...) 

Photon transport

Heat transport

Charge-carrier transport

Solving Maxwell’s equations using 
solar cells optical constants

Local heat 
sources and 
heat sinks

Solving heat equation 

Convection, conduction, and 
radiation (internal and at 
boundaries)

Solving drift-diffusion and 
Poisson equation

Mobility

Lifetime

Local 
photogeneration

0D-Detailed 
balance approach

Material-based 
approach

§ A detailed opto-electro-thermal (OET) modelling approach



M. Amara| 15

W. Shockley (1910-1989)
Nobel Prize in Physics in1956

H. Queisser

à“harshly” rejected after its first submission to JAP in 1960 

àcited ~13,1700 times until its publication in 1961.

→ Only 3 parameters are required

Ø Temperature of the Sun 

Ø Ambient temperature

Ø Electronic gap of the SC material
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If the cell absorbe photon, it must emit ligth

<̇ ℏG = P
2R
ℎ2T3C4#

4$ ℏG 2

U
ℏ-56
7%&

I(ℏG)

θ

The Würfel generalised
black-body law

→ A loss due to radiative recombination is fundamental i.e. unavoidable

qsun Tsun µ=0 

2p Tamb µ=0 

qem Tcell µ≠0 

( ) ( ) ( )2 , , , ,, , , 0, , ,0 , , 0sun sun sun i j emel amb amb em amb i ji jec N T NEN T E EEW EE Tqq µµ p µ= + = ¹= -! !!

→ The maximum electric work which can be extracted from a solar cell can be written as the 
difference between absorbed and emitted radiation. 

Shockley Queisser limit

PV cell
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Useful electricity

e-h relaxation 

Below band gap

RR

V < q Eg

Shockley Queisser limit

→ For silicon: the more realistic limit  is about 29.1 %



M. Amara| 18



M. Amara| 19

The current voltage curve

+18

, = 33%

*98

+:;;, *:;;

A solar cell is a power device

+ = +"# − +< U
=$
7%& − 1Diode equation
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Poor light extraction 

@*$# = 5"18 log
∬[(\, P)D1(\) cos P I\IP

∬[(\, P)D>>(\, 18) cos P I\IP
+ 5"18 log`#?4@

Absorption
of sunlight

Radiative
emission

How can we improve voltage ?
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Poor quantum 
efficiency

- [0-300] meVPhoton cooling : 
+77 meV

Directivity
information
-280 meV

Ø A small band gaps are particularly vulnerable to entropy

"##$ ≈ %% 1 −
($
(&

+ *'($ log
(&
($
+*'($ log

Ω()
Ω#*+

+*'($ log /!,-.

, = -$% . − %×0

How can we improve voltage ?
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0 1 =
1
34/

ℎ13

6
ℏ1
2!3 − 1

0 1 =
72

34/
ℎ13

6
ℏ1
2!3 − 1

• In weakly absorbing medium, 4n2 absorption enhancement (for Si, ~50x)

• Reduce costs by reduced materials consumption and improved throughput (CIGS, CdTe) 

How can we improve current ?
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12✕4n2 absorption enhancement

Ultimate limit of nanophotonic light trapping : Beating the 4n2 ray optic limit

single-pass

4n2 limit

F limit

Full absorption

80 nm

60 nm

5 nm

Numerical validation

. G = LI +
R
2

T
aGb

3 5A

How can we improve current ?
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Beyonf SQ: multi-junction solar cells

Ø MJ cells are designed assuming a given combination of: spectral content of the light (f(l)), temperature
(TC), and illumination level (X).

Ø Achieving high solarà electricity efficiency requires to find the (E1,….,En) combination of band gaps for 
which the power of the whole stack is maximized

A. Vossier, E. Al Alam, A. Dollet, M. Amara, IEEE Journal of Photovoltaics (2015).
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Ø Above 4 subcells, the penalty associated with the extra sensitivity of the device is not 
counterbalanced by the gain in efficiency brought by the extra subcells.

Multi-junction solar cells: Influence of the spectrum

Applying AM1.5D spectrum to a 6000K BB optimized MJ solar cell

 0

 0.5

 1

 1.5

 2

 2.5

 0  500  1000  1500  2000  2500

Irr
ad

ia
nc

e 
(W

/m
²/n

m
)

Wavelength (nm)

AM1.5 Solar spectrum
CNRS-PROMES spectrum

Black-Body 6000 K spectrum

A. Vossier, E. Al Alam, A. Dollet, M. Amara, IEEE Journal of Photovoltaics (2015).
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About opto-electro-thermal modelling

Total absorptance Global heat 
sources and 
heat sinks

Detailed-balance analysis (External 
quantum efficiency,band-to-band 
absorptance, ...) 

Photon transport

Heat transport

Charge-carrier transport

Solving Maxwell’s equations using 
solar cells optical constants

Local heat 
sources and 
heat sinks

Solving heat equation 

Convection, conduction, and 
radiation (internal and at 
boundaries)

Solving drift-diffusion and 
Poisson equation

Mobility

Lifetime

Local 
photogeneration

2D: Device
approach

0D-Detailed 
balance approach

§ A detailed opto-electro-thermal (OET) modelling approach
Objectives

Describe ß

Explain ß

Predict ß

and optimize..ß

the OET behavior in real 
operating conditions

Challenges

Heat transfer in active ß
layers (silicon)ss

Material properties ß

Multiphysics coupling ß
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L. Onsager, Phys Rev, 15, 1931
H. B. Callen, Phys. Rev, 73, 1948

Ø Thermodynamics of irreversible processes: Onsager-Callen theory

V

electron
contact

hole
contact

Real devices

Calculated with Boltzmann equation under the relaxation time approximationbB,C

About opto-electro-thermal modelling
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Current density

Energy current density

DriftDiffusion

Ø Thermodynamics of irreversible processes: Onsager-Callen theory

L. Onsager, Phys Rev, 15, 1931
H. B. Callen, Phys. Rev, 73, 1948

∇. d⃗ = @ ) − e

f∆* = @ g − a + <

Continuity

About opto-electro-thermal modelling
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8 = %. ;⃗ + %% + 3*'( . = − ;) . ∇ ? −
3
2
*((
"

− ;4 . ∇ ? +
1
"
%) +

3
2
*((
"

+ ∇. 3)5;* − 345;+ +8, − A-

→ General formulation of heat source

phonons
photons

EC

EV

q V

3

4

5

5

PN junction

R. Couderc, M. Amara, and M. Lemiti, “IEEE JPV (2016)

ligth

About opto-electro-thermal modelling

A More general device
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Under the Hood of numerical methode

• Scaling of variables

ü Concentration (n, p, Nc, NV) à Max(NA, ND)≈ 1020cm-3

ü Length (hi, hj) à cell maximum dimenssion ≈ 1-200 µm

ü Temperature à Tamb

ü Potential (#, 6"7 , %) )à
2!3#
7 ≈ 0.0035 #

ü mobility (!),")à !9:;

• Scharfetter-Gummel discretization of the continuity equation

+D→? =
< i&:F >
kD,?

aDl
−∆*
i%

− a&l
−∆*
i%

Bernoulli function : F G = <
!$=<

Governing equation

Discretization (FE, FD, FE, etc)

System of Algebraic Equations 

Equation solver

n,p,J

T. Kopruki at al. Opt Quant Electron (2014)
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1. Depletion approximation
2. All carriers are decoupled

,
,

( ) ( )
( ) interbande

op

x G x
g x d

h
n n

n
n

k
n

nD
D

= ò

Minority carrier diffusion equation

m:
;3n
;o3 −

n −n<

M:
= −p o

/F,+ =
aB3

<', )
U=$/7!&

I∆a
Io =

2
m*
∆a

1.Low injection
2. Low series resistance
3. Recombination lifetime ≄ illumination

But, be aware

+ = +' + +H + +@I
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Physical properties issue
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→ Mobility (T), lifetime (T), refractive index (T)
→ Green 2008 : Parameterization to determine n and k as a function of 

temperature

→ Rajkanan 1979: Physical model (only for k)
→ How about λ > λg : very few experimental data (intrinsic silicon)
→ How about other semiconductor materials: perovskite ?

K. Rajkanan et al. Solid-State Electron. 22 (1979) 793–795

M.A. Green et al. Prog. Photovoltaics: Res. Appl. 3 (1995).
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Two contribution :
1. inter-bande = f(T)
2. Lattice 

3. Free carriers: Drude model

• H! et H" with the calculation of the Fermi level (solving the neutrality equation) = f(T, doping)

• The collision time Q!," = R∗×!/e

• Effective masses

Modelling silicon VIS-NIR-MIR optical properties

→ Objective: Si complex index as a function of temperature and doping in the 
UV-VIS-NIR-MIR range(0.25-50 :n)

<(G, 1, <J, <K) = a + r5 = f

M. Amara et al. In preparation (2022).
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Band gap with temperature

• 16 processes : absorption/emission
of photons and phonons 

• ℎ1TA= 18.27 meV and 
• ℎ1TO=57.73 meV

<100> <111>

Energy

Wave vector

E! " =E0=1.2 eV

Eg!=!!" =3.2eV

E!L=2.2 eV

Eg"=E2=4.2eV

Eso=0.044 eV

Modelling silicon VIS-NIR-MIR optical properties
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Band gap with temperature

Modelling silicon VIS-NIR-MIR optical properties
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Modelling silicon VIS-NIR-MIR optical properties

Free carriers
M. Amara et al. In preparation (2022).
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§ n-ype: OK, after correction of two ingedients
→ Partial ionization of dopants
→ Mobility model
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 Corrected: partial ionisation (Altermatt 2006)  - 5.072e19 cm-3

 Fu 2006 - as published

Calculation@60 °C: 

n-type

Modelling silicon VIS-NIR-MIR optical properties

M. Amara et al. In preparation (2022).
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§ p-ype: OK, after correction of two ingedients
→ Partial ionization of dopants
→ Mobility model

Modelling silicon VIS-NIR-MIR optical properties

M. Amara et al. In preparation (2022).
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Current 
density &

Opto-electro-thermal modelling

§ Simulation flow chart in a nutshell
→ Finite-element method

Start

Optical

Solving Maxwell’s
equation in the 
frequency domain

Voltage ?

Temperature 
@

Electrical

Solving Poisson and 
drift-diffusion equations

Thermal

Solving steady-state 
heat equation

E.m. heat 
source

Photogeneration 
rate

Temperature

Heat source

Temperature

Operating 
temperature 

'

6

10 :n

D. Dumoulin, E. Drouard, M. Amara  et al. Under submission IEEE-JPV  (2022).
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§ What is the impact of the different layers and 
surface structuration on emissivity?
→ T(V) should be large for V >4 !R
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D. Dumoulin, E. Drouard, M. Amara  et al. Under submission IEEE-JPV  (2022).

Opto-electro-thermal modelling
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§ What is the importance of having a fully coupled OET model?
→ Comparing different coupling scenarios

ET coupling has the largest impact 
on the operating temperature...

... but a full coupling is 
required to (1) describe the 

increase in short-circuit 
current with temperature (2) 

accurately predict the 
operating temperature
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D. Dumoulin, E. Drouard, M. Amara  et al. Under submission IEEE-JPV  (2022).

Opto-electro-thermal modelling
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CONCLUSION AND OUTLOOK

11

§ Conclusion

Developpement of an OET model for silicon solar cells in real operating 
conditions

Highlighting the importance of a fully coupled simulation for accurate output

§ Outlook

q Fine-tuning of the underlying physics and experimental validation
q Many numerical challenges: upscaling from 2D to 3D, and from a solar 

cell to a solar module
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https://solairepv.fr

https://solairepv.fr/
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Questions



Merci pour votre attention.

Institut des Nanotechnologies de Lyon – UMR 5270
Bâtiment Blaise Pascal
7, avenue Jean Capelle
69621 VILLEURBANNE Cedex – France
http://inl.cnrs.fr/

http://inl.cnrs.fr/

