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Study of the Photo thermal Response of a Mono fa-

cial Solar Cell in Dynamic Regime under a Multi-

spectral Illumination and under magnetic field 

Mame Faty MBAYE,  Martial ZOUNGRANA, Ndeye THIAM, Amadou DIAO,Gokhan SAHIN, , Mor 

NDIAYE, Moustapha DIENG, Grégoire SISSOKO 

 

   Abstract: In this article, we present the study of the photo ther-

mal response of a  monofacial silicon solar cell illuminate by a 

multispectrallightforaconstantmodulatedfrequencyandundermag

neticfield.aftertheresolutionoftheequationofcontinuityoftheminor

itycarriersofloads,weestablishwiththehelpofsomejustifiedapproxi

mations,theequationsofheat  in  the  presence  of  an  optical  

sourceofheatandthenewboundaryconditionsallowingtosolvethose. 

Thedensityofminoritycarriersinexcess,theamplitudeofthevariation

oftemperatureandtheheatfluxdensitywerestudiedandanalyzedfordi

fferentangularpulsesandfordifferentvaluesofthemagneticfieldand

ratesofrecombinationatthejunction.RepresentationsofNyquistand

Bodeplotsofthethermaldynamicimpedanceresultedinanequivalent

electricalcircuitofthephotocell. 

   Keywords: solar cell- frequency modulation- magnetic field -

Capacitive effect ,inductive effect, photo thermal.  

I. INTRODUCTION 

Wewillmakethestudyofaphotovoltaiccellmonofacialtosilicon

litbyaconstantmultispectrallightinfrequentialdynamicmodea

ndundertheeffectofamagneticfield.Inthispresentarticle,weinit

iallywillmakeashortdescriptionofthephotovoltaiccellbifaciala

ndthenwewillseetheevolutionofthecoefficientofdiffusionacco

rdingtotheintensityofthemagneticfield,thedensityofminorityc

arriersaccordingtothedepthandoftheintensityofthemagneticfi

eld.Wethenwillstudythethermalbehaviorofthephotovoltaiccel

l.Wealsowillstudytheinfluenceofthepulsationontheseparamet

ers. 

THEORY 

Photovoltaic response (minority carriers’ density in excess): 
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We consider solar silicon with a Back Surface 

Field(B.S.F)for the structure n+pp+ 

(LeQuangNametal.,1992). 

Given that the contribution of the base to the Photocurrent is 

larger than that of the emit-

ter(Barroetal.,2001;Lemrabottetal.,2008),the univariate 

analysis will only be developed in the base region. In addi-

tion, we consider the hypothesis of Quasi-Neutral 

Base(Q.N.B)neglecting the crystal field with in the solar 

cell. InFig.1, wepresentaschematicsketchofa 

multicrystallinesiliconsolarcellwithaBackField(BSF)typicall

yn+-p-p+inamagneticfield. 
 

 
 

Fig.1:Amonofacialsolarcellunderamultispectralilluminati

onfromamodulatedfrequencyandundermagneticfield 

 

Whenthephotovoltaiccellreceivesasolarradiation,thetransfor

mationisdoneinthreestages: 

 absorption of the photons by material 

 creationofpairselectron-

positronpairwhichwillbeseparatedbyanintenseelectr

icfieldonthelevelfromthezoneofspacecharge 

 collection oftheparticlesinanexternalcircuit 

Thesolarcellissubjectedtoaconstantmultispectralillumination

fromasourceofamodulatedfrequencyandundermagneticfielde

ffectandthephenomenaofgeneration,diffusionandrecombinati

onofphotogeneraedcarriersinthebaseareconsidered.These 

phenomena are governed by the continuity equation: 

 
(1) 

),( tx
thedensityoftheminoritycarriersinthebasewhichcanbewritteni

ntheform: 

(2) 
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),( txg
theopticalrateofgenerationgivenbytheexpression: 

(3) 

)(x
and

)(xg

representrespectivelythespatialcomponentsofthecarrierdensit

yandtherateofgeneration. 

Andtheterm
i te 

representsthetimecomponentforthecarrierdensityandtherateo

fopticalgeneration. 

Comparingtheaboveequationsforwhichincidentopticalbeama

ndthedensityofphotogeneratedcarriers,theEq.(1)issimplifieda

ndbecomesasfollows: 
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(4) 
ThecoefficientDwhichdescribesthediffusivecharacterofthemi

noritycarriersinmaterial,isfunctionofthefrequencyofmodulati

onandtheintensityofthemagneticfieldandisgivenbytheexpress

ion: 

(5) 

 

And )1(
1
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1
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Where ),( BL  isthecomplexscatteringlength.The spatial 

componentg(x)isarateofopticalgenerationofelectronholepairs

foramultispectralilluminationfromaconstantmodulatedfreque

ncyandasitreflectstheentirespectrumofusefulradiationinciden

tonthesolarcell,itisthusgivenbythefollowingexpression: 

)())(1)(()()( ))(()(
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(7) 

Where
)(

and
)(R

representrespectivelytheabsorptioncoefficientandthereflectio

ncoefficientofthematerialforagivenwavelength; 

)(
Isthefluxofincidentphotons. 

  :Wavelengthofcutofthesemiconductorestimatedat1,12µm 

  :Theminimalwavelengthofthesource 

luminousisequalto0,3µm[36]; 

H:thesolarcellbasethickness. 
 Istheaveragelifetimeoftheminoritycarriersofload. 

Thedensityofminoritychargecarriersinexcess 

(electrons)isgivenbytheexpression: 

 
(8) 

With 

))(),(1(),(
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Usingtheboundaryconditions(Diengetal.,2007) 

presentedinEq.(10)and(11),thecoefficients ),( BA  and

),( BB  aredetermined. 

Attheemitter-basejunction(x=0)ofthesolarcell: 

)(

)0()(
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 (10) 

Attherearsideofthecellbase(x=H): 
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
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SfandSbarerespectivelytherecombinationvelocityatthejuncti

onandattherearsurfaceofthebase. 

TherecombinationvelocitySfisimposedbyavaryingimpedance

ofanexternalloadandbytheinterfacestatesatthejunction: 

Sf=Sf0+Sfm(12) 

Indeed,Sf is thesumoftwocontributions: 

Sf0istheintrinsicrecombinationvelocity(dependingonlyonthei

ntrinsicparametersofthesolarcellandisinducedbytheshuntresis

tor), 

Sfmreflectstheleakagecurrentinducedbytheexternalloadandfo

rtheoperatingpointofthesolarcell(Dialloetal.,2008;Dèmeetal.,

2009). 

Photothermalresponse(excesstemperatureacrossthesolar

cell): 

Whenasolarcellissubjectedtoamultispectralopticalexcitationf

romaconstantmodulatedfrequencyandundermagneticfield,the

minoritychargecarrier(electrons)is generated 

inthebase.Themovementofsuchcarriers(diffusionandmigratio

n)inthesolarcellgeneratesaheatfluxandanexcessivetemperatur

edifferentfromtheequilibriumtemperatureofthematerial.Foras

malltemperaturechangecomparedtotheinitialtemperatureTo,t

heheatfluxinthesolarcellcanbedescribedbythisequation: 
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(13) 

a Isthethermaldiffusivityofmaterial,ρ 

thedensityandCitsspecificheat. 

ThetermsΔT(x,t,B,)andGH(x,t,B)whichrepresentthechangein

temperaturefromtheinitialtemperatureToandtherateofheatgen

erationwithtimewritten: 
tieBxTBtxT  ),(),,( (14) 

ti

HH eBxGBtxG  ),(),,( (15) 

ΔT(x,B)andGH(x,B)arethespatialcomponentsofthetemperatu

reandrateofheatgeneration. 

Theterm
ti

e


representsthetimecomponentofthetemperatureandrateofheatg

eneration. 

Thistimecomponenthasthesamepulse f  2

astheincidentopticalbeamateachtimet. 

Equation(13)canberewritten: 

0
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With 

k=a.ρ.cisthethermalconductivityofthematerial 

2
1

)( 






 


a

i 
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isthecomplexthermaldiffusioncoefficientofthematerial. 

ThespatialcomponentGH(x,B)of therateofheat 

generationisgivenbytheequation: 
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With gE is the energy gap of the semiconductor material 

EghE  .
istheenergythermalizationresultingfromtherelaxationofoptica

llyexcitedcarrierswasduetoabsorptionofphotonsofenergygrea

terthantheenergygapEg. 

TheheatEquation(13)canbeexpressedas: 
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Theexcesstemperatureofthemovementofminoritycarriersinth

ematerial,solutionoftheaboveequationisoftheform: 
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TheconstantsC1(ω,B,m)andC2(ω,B,m)aredeterminedbythef

ollowingboundaryconditions: 

Attheemitter-basejunction(x=0) 
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Attherearofthebase(x=H): 
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II. RESULTS 

Photovoltaicresponse(profileofthedensityofminoritycarri

ercharge): 

 
Fig.2Minoritycarrierdensityversusthebasedepthfor 

differentvaluesofthemagneticfield. 

H=0.03


m; D=26cm2/s 

Whenthephotovoltaiccellissubjectedtoanillumination,theden

sityoftheminoritycarriersincreasesuntilreachingamaximumva

luefromwhichitstartstodecreaseindepth.Wedistinguishthreez

ones: 

-

Firstzone:Thegradientofthedensityofthecarriersispositive;thi

sistranslatedbyapassageoftheminoritycarriersthroughthejunct

ion 

-

Secondzone:thegradientofthedensityofthecarriersisnull;nocar

riersminoritycrossesthejunction:itthereisstorage 

-

Thirdzone:thegradientofthedensityofthecarriersisnegative,w

hichtranslatesareductionincrossedminoritycarriersthroughthe

junction involvingareductioninthephotocurrent. 

Inadditiontothevariationswithdepthxinthebase,theDensityoft

heminoritycarriersincreasessignificantlywiththemagneticfiel

d.Moreover,withtheincreaseintheintensityofthemagneticfield

,themaximumofdensitymovestowardsthejunction:thatreprese

ntedastorageofthecarriersclosetothisjunction.Thustheeffectof

themagneticfieldonthephotovoltaiccellsupportsthefastestabli

shmentoftheopencircuit. 

Profileofthecoefficientofdiffusionoftheminoritycarriersin

excess 

 
Fig.3:Moduleofthecoefficientofdiffusionaccordingtothelo

garithmofthepulsationforvariousvaluesofthemagneticfiel

dH:0.03  m;D:26cm
2
/s 

Intheabsenceofmagneticfieldappliedtothephotovoltaiccelli.e.

B=0,onedistinguishestwozonesonthecurveobtained: 

-

afirstzoneintheintervalofpulsation[0rad/s;2.10
4
rad/s]inwhich

thecomplexcoefficientofdiffusionremainspracticallyconstant

(quasi-static mode) 

-

secondzoneintheinterval[2.10
4
rad/s;10

8
rad/s[inwhichthecom

plexcoefficientofdiffusiondecreaseclearly(strongfrequencyre

sponseofmodulation) 

Theapplicationofamagneticfield,makesleaveathirdzonewhere

thecoefficientofdiffusionincreaseinaremarkablewayuntilobta

iningofa peak:itisthephenomenonofresonance.Thislast 

isobtainedwhenthefrequencyofmodulationis 

equaltothefrequencycyclotron(frequencyofthe 

electrononitsorbitinthepresenceofamagneticfield)which,initst

urn,isalinearfunctionofthe 

intensityofthemagneticfieldapplied 

Photothermicanswer(profileofthetemperaturevariation) 
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Fig.4:Moduleofthetemperaturevariationaccordingtodept

hxinthebasefordifferentvaluefromthemagneticfield 

 

Thecurvesoffigure4showthatthetemperaturevariationdecreas

eswiththedepthofthebase.Itis maximum with the junction. 

Ineed,closetothejunction,theshortwavelengthsofthespectrum

ofsolarradiationusefulofsilicon,absorptiveinvolveanimportan

tgenerationofcarrierswithgreat ener-

gies(higherthantheenergyofthegapof silicon). 

Thesestrongsurplusenergiesofthecarriersphotogeneratedclos

etothejunctionarelostbythermalization;whatjustifiesthehighv

alueoftheexcessoftemperatureobservedtothejunctionoftheph

otovoltaiccell.Inaddition,insituationofshortcircuit,thejunctio

nistheplaceofconvergenceof carriers 

ofloadphotogeneratedinsidethebaseofthephotovoltaiccell. 

Itresultsthepresencefromitfromahighnumberofcarriersinthear

eaclosetothejunctionandconsequentlyanumberofhighshockso

urceofanimportantheatemissionthusofanimportantexcessofte

mperature.Andjustlikethedensityofminoritycarriersofload,th

etemperaturevariationisstronglyinfluencedbytheintensityofth

emagneticfieldclosetothejunction. 

Profileofthetemperaturevariationaccording 

tothespeedofrecombination to the junction 

 
Fig.5:Moduleofthetemperaturevariationaccordingtothes

peedofrecombinationtothejunctionforvariousvaluesofthe

magneticfield.D=26cm2/sH=0.03µm,a=1cm
2
/s,k

’
=1,54W/

cm.°C 

Thecurvesofthefigureshowthatthetemperaturewiththejunctio

nofthephotovoltaiccellisanincreasingfunctionthespeedofreco

mbination tothejunctionforagivenpulsation.The 

temperaturevariesslightlywiththelowvaluesthespeedofrecom

binationtothejunction.Then,itincreasesgraduallyandreachesit

smaximumwith thegreatvaluesthespeedofrecombinationtothe 

junctioni.e.in short-

cicuit.Theapplicationofthemagneticfielddecreasestheamplitu

deofthetemperaturevariation.Indeed,withtheintensityofthema

gneticfield,themaximumofdensitymovestowardsthejunction.

Thuswiththegreatvaluesthespeedofrecombinationtothejuncti

on,thetemperaturevariationdecreaseconsiderably. 
Profileofthedensityflux 

Theexpressionofthedensityfluxofheatisgivenbythefollowingr

elation: 

x

mBxT
kmBx






),,,(
),,,(


  

 
Fig.6:Moduleofthedensityofheatfluxasafunctionofdepthfo

rdifferentva-

luesofthemagneticfieldD=26cm2/s,H=0.03µm,a=1cm2/s,k=

1,54W/cm.°C)Thedensityfluxofheattakesthesameformasthet

emperaturevariation.Indeed,itismaximum withthejunctionof-

thephotovoltaiccellandisa decreasingfunctiondepthoftheba-

seandangular pulsationofthesignal. 

Justlikethedensityoftheminoritycarriers,thedensityfluxofheat

increasessignificantlywiththemagneticfieldbecauseofthestora

geoftheminoritycarriersofloadclosetothejunction. 

Inadditionitsamplitudedecreaseswiththeintensityofthe mag-

netic field. 

Thebehaviorofthechargecarriersdescribeddecreasesatthetime

ofthestudyofthevariationinthetemperaturemakesitpossibletoa

lsoexplaintheshapeofthecurvesofdensityfluxthermal. 

Profileofthethermalimpedance 

Theexpressionofthethermalimpedanceisgivenbythefollowing

relation 

),,,(

),,,(
),,,(

mBx

mBxT
mBxZ
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
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
  

 

 
Fig.7:Moduleofthethermalimpedanceaccordingtotheloga

rithmofthepulsationforanullmagneticfield 
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Fig.8:Moduleofthethermalimpedanceaccordingtotheloga

rithmofthepulsationinthepresenceofthemagneticfield 

 

 
Fig.9:Moduleofthethermalimpedanceaccordingtotheloga

rithmofthepulsationinthepresenceofthemagneticfield 

 

Thecurvesoffigures 7, 8and9showthat the 

moduleofthethermalimpedanceisadecreasing function of the 

pulsation. Theincreaseinthepulsation 

involvesareductioninthedensityoftheminority 

carriersandconsequentlyareductioninthe temperature.In this 

field, the capacitive effects appear there. 

Moreo-

ver,theapplicationofthemagneticfieldincreasesthevalueofthe

moduleoftheimpedance.One can note that in the vicinity of 

resonances i.e.forfrequencieslowerorequalto resonanc-

es,thediffusionoftheminoritycarriersiscarriedoutinaconsidera

blewayandthathaslike 

corollaryalightreductionintheimpedance. 

DiagramofBodeoftheimpedanceforanilluminationbythefr

ontface:phaseofzph 

),,,(arg(),,,( mBxZphmBx  
 

),,,( mBx 
Is the phaseofthethermal 

Impedance 

 
Fig.10:Phaseofthethermalimpedanceaccordingtothelogar

ithmofthepulsationwithoutmagneticfield(D=26cm2/scm/s

H=0.03µm,a=1cm
2
/s,k=1,54W/cm.°C) 

 
 
Fig.11:Phaseofthethermalimpedanceaccordingtothelogar

ithmofthepulsationinthepresenceofamagneticfield
(D=26c

m2/scm/sH=0.03µm,a=1cm
2
/s,k=1,54W/cm.°C) 

Intheabsenceofmagneticfield(fig.10),whenthepulsationislow

erthan10
4
Hz,thephaseofthethermalimpedanceisalmostconsta

nt. 

Forthepulsationsrangingbetween10
4
Hzand10

4.5
Hz,thephased

ecreaseandremainsnegative;inthisfieldthecapacitiveeffectsov

erridetheinductiveeffects.Forthefrequencieshigher 

than104.5Hz,thephaseincreasesandremainsalwaysnegative;i

nthisfieldtheinductiveeffects overridethecapacitiveeffects. 

The applicationofthemagneticfield(fig.11),watchthat: 

Forthebeachesofthepulsationgoingof10
3
Hzwith10

4.2
Hz,theca

pacitiveeffectsoverridetheinductiveeffects; 

When thepulsationisequalto10
4.2

Hz, 

thephaseincreasesquickly,inthiscasetheinductiveeffectsoverri

dethecapacitiveeffects. 

Forthevaluesofthe pulsation ranging 

Be-

tween10
4.2

Hzand10
5
Hz,thephasedecreaseandremainspositive

,inthisfieldthecapacitiveeffectsoverridetheinductiveeffects.A

ndbeyond10
5
Hz,thephaseincreasesandremainsalwayspositiv

e,infacttheinductiveeffectsoverridethecapacitiveeffects.Thus

onecannotethatthemagneticfieldsupportsafastalternationofth

epredominanceofthecapacitiveandinductiveeffects. 
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Fig.12Circuitareequivalentofthethermalimpedancewitho

utmagneticfieldapplied 

Thediagramoffigure12representstheequivalentelectricalcircu

itwhichcharacterizestheeffectsobservedstartingfromthediagr

amsofBode(fig7.8and9).CisthecapacityandRPparallelresista

nce 

Fig.13:Circuitareequivalentofthethermalimpedancewith

magneticfieldapplied 

 
Theelectricalcircuitrepresenteddescribesthetwophenomenaca

pacitiveandinductiveoftheimpedance(figure10and11)whereC

isthecapacityandRPparallelresistance. 

III. CONCLUSION 

Theresolutionoftheequationofcontinuityoftheminoritycarrier

sinthebaseofthephotovoltaiccell,allowedthestudyofcertainph

enomenologicalandelectricparametersaccordingtothefrequen

cyofmodulationandtheeffectofthemagneticfield.Adegradatio

noftheintrinsicpropertiesofthephotovoltaiccell, through 

thesevariousparameters,wasnoted.Thankstotheuseofphenom

enologicalparameterslikespeedsofrecombinationtothejunctio

n,thebehaviorofthe photovoltaiccellcanbestudiedthroughthe 

densityofthecarriers,theexcessoftemperaturecomparedtothete

mperatureofbalanceofmaterial andthedensityfluxofheat. 

ThediagramsofBodeofthethermalimpedancemadeitpossiblet

oestablishtheequivalentcircuitofthephotovoltaiccellundermul

tispectral illuminationandtheeffectofthemagneticfield. 

 
NOMENCLATURE 

 

B(Tesla)Intensityofthemagneticfield(rad.s
-

1
)Angularfrequency nD

(cm2.s-

1)Coefficientofdiffusionoftheminoritycarriersinthebase 

D*(cm2.s-1)Complexcoefficientofdiffusion 

δ(cm3)Densityofthephotominoritycarrierscreatedinthebaseac

cordingtodepthxandoftimet 

G(x,t)(cm-3.s1)Rateofgenerationaccordingtodepthxandtimet 

g(x)(cm-3.s-1)Rateofgenerationaccordingtodepthx 

H(µm)Thicknessofthebase nL

(cm)Diffusionlenghtoftheminoritycarriersinthebase
L

(cm)Complexdiffusionlenghtoftheminoritycarriersinthebase

accordingtothefrequencyandofthemagneticfieldK( )Consta

ntintheexpressionofthedensityof 

thecarriers 

  thewavelengthofcutofthesemiconductorestimatedat1,12µ

m 

  theminimalwavelengthofthesourceoflightisequalto0,3µm 

α( )(cm-1)Absorptioncoefficienttothewavelength  

R( )Coefficientofreflectionofmaterialtothewavelength  

To(°C)initialtemperatureofthephotovoltaiccell 

ΔT(°C)temperaturevariation 

Z(°C/W)thermalimpedance 

Φ( )(cm-2/s)Incidentalflow 

k(W/cm/°C)thermalconductivity 

Φ(W/cm2)isthedensityfluxofheat 

Eg(ev)energyofgapofsilicon 

)(
Thermalcoefficientofdiffusionprocess 


(g/dm3)Densityofvolumeofsilicon 

C(J/g/°C)Specificheatofsilicon 
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