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ABSTRACT

The aticle describs therealizationand teaching application of the raspberry solar céie
presentts componentaindthe electron transportef theraspberry solar cellThe description
usesthe same far steps the excitation,the charge separationthe diffusion andthe
regeneration,as the single 4p junction solar celland as the lightlependent reactianof
photosynthesis. To strethgn the similarities between these solar energy converters, we
underline analogies in energy levetsxd bands These analogies offer an interdisciplinary
approachin teaching applicationsThe real situationthe construction of theaspberry solar
cell, allows the science teacherptace the notion of energgnd thesdar energy conversion
into an interdisciplinary contexfor this reason, werganizel student activities around this
versatile tool Here we expose theesults of a test realized byhomemade solar cgll
sensitizedy three organic dyegxposedo different light sources.

RASPBERRY SOLAR CELL

A raspberry solar cell is a digensitzed solar celcomposed of an anoda cathode and an
electrolyte.The construction of a raspberry solar cell is an interesting project work, but it
requires special coatedagsplates laboratory materialsspecialequipment and preparations
for thephysics teacher. See needed materials and steps to vatllownore references [1].

The anode consists of a transparent giéest®covered by a serdonductor layer (Fluorine
doped TinOxide orFTO). Onthis plate we stabilizeda porouswide bandgap semiconductor
(titanium-dioxide or TiO,) layer.According toits wide bandgap, the semiconductor |layems
insensitive to visible light. To prepare a ligggnsitive anode, weixied raspberry dyes
(anthocyanin molecules) on tA&O, layer. On one hangthis combination of semiconductor
layers and raspberry dye layer allows increasing the effective surface of solar cell. On the
other hand, the difference betwaér conduction bads of FTO andof TiO, results electrons
on the FTO glass plate The energ of the captured photons excgethe electrons (of
anthocyanin moleculgswvhich follow the energetically suitable way tioee FTO layer.

As cathode, we useanother transparefiTO coatedglassplate covered with acarbon
layer. This layeracts asa photareflectinglayer anda catalystof the electrolyte regeneration
Between these two electrodesregenerative electroly{eodide/trriodide) solution closes the
circuit. The solarc e | | is ready to c[gnvert the photonos

The left panel of Fig.1shows the simplified structure of a raspberry solar cell. The right
panel presents a homemade raspberry solar cell. The anode side is beige, becaisse TiO
white, the aspberry juice is red, thaectrolyte is brown and mixing these colours result
beige. The carbon on the cathode side is black.
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Fig.1 Structure of a raspberry solar c&€lomponents of a homemade raspberry solar cell

HOW IT WORKS
Due to the interrastructure, the unit is a galvanic cell, and it works in dark as wellelf

exposethe anode sideo light, first a ground state raspberry dywlecule absorba photon
The excited dye molecule injects an electron intoTid@ grain (crystal), at thegnt where
the TiO, adsorked the raspberry dyeThis step isthe charge separatiomifter that, the
electrons diffuse to th&TO from the TiO, layer. Connecting a voltmetebetweenthe
electrodesit measurea voltage Seetheleft panel of Fig.2.

If we cnnectthe electrodes usingnaammeterit measures aalectric current. The electron
travels through the outer circle, reaches the cathode, and regenerates the electrolyte and the

dye in two steps, as thight panel of Fig.2 show3].
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Fig.2 Photovdtaic effect  Electric current

Onecan follow the energy of an electron on the left panel of Fig.3, where we represent the
relative energy levels and bandj.[On the abscissdhere are the components of a cell in
spatial orderstartingwith the place othe photon absorptiorDfe). Here the excited state
level (EX) is energetically the highest lev@he four main steps of an electroycle are
numberedon the figure. e right panel of Fig.3representsthe components as they are in
space. Thenost absdred photonsabsorbedy thepair TiO, i raspberry dye, are the photons
of 2.3 eV. See the main steps of an electoyclein Table land [f].
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Fig.3. Raspberry solar celRelative energy levels and bands Actual order in space

Table 1.Main steps of melectroncycle of the raspberry solar cell

Steps | Raspberry Solar Cell GRDye = ground state dye
GRDye + h-v — EXDye EXDye = excited state dye
- EXDye — eqp,cp + Dye? I- =iodide /173 = tri-iodide
' €1102.c8 = €FT0.CB €rioa.cp= clectron in the conduction band of
Eleetrolyte: [; +2¢” - 31 eg = e{iftion in the conduction band of
¥ = FTO.CB n e
Dye: 2Dye™ +31 — 2GRDye+ I, FTO

ANALOGIES AND SIMPLI FICATION I. 7 TEACHING SOLAR CELLS

In practice most solar cells use semiconductorghia form of an n-p junction which is
formed by joining an 1type anda ptype semiconductor. &ar the junctionin the depletion
regon a photonds absor phole pain Bothehe eléctros and the halea e |l e
can participate in conductiorfter the diffusion to the #type semiconductor, the electron
travels throub the outer circle and will recombine with a hole, which travels in the opposite
direction and diffuse to the-fype semiconductdisee Figd.).

In a single mp junction solar cellan electron follows the same four main steps as in the
raspberry solar ¢le In theraspberry solar celthe excitation and the charge separastaps
are spatiallydivided, which simplifiesthe descriptionHere aly the electron mowe because
the positivedyes (Dye+) areadsorbed on th&iO, layer. These facts resuiih a simplified and
localizableelectroncycle Applying this analogyto the electron and hole-cycle of a solar
cell, the studentsanunderstand the baf solar cells physicsSee Fig.5andTable 2.

O OFo

Fig.4. Raspberry solar cell: electrarycle n-p jundion solar cell: electron/ hole cycle
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Table 2. Main steps of an electrbnle pair cycleof then-p junction solar cell

Steps | n-p junction solar cell ¢ =celectron in the depletion
- - h® = hole in the depletion
. epg +h-v —e I _
o v5 _CB - VB = valence band of depletion
' eyp + AC - ecp+ hyp CB = conduction band of
@ e~ Depletion— n-typeSCcr QQP.L@_EQIA
h* Deoleti SC AC = atomic core
- Depletion — p-typestvp SC = semiconductor
- I - - .
e-/ h* recombination: €cz + hvs — eyp + ACyp n /p = n- /p-type semiconductor

The comparison ahe energy bands ttie two types of solar cells shows that the raspberry
solar cellhas a simplifiedenergy bandtructure because of the immobility of the dyes of
thelocalized steps of a cycle on the differentnponents of the celDn the np junction solar
cell, the student has to follow the energy of the electron and of theamolénas to understand
the ddéormed energy structure of the depletion regton.
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Fig.5 Raspberry solar celtelative energy bands-p junction solar cellrelative energy bands

TEST OF AHOMEMADE RASPBERRY SOLAR CELL

After the realizationwe used the raspberry solar cellagalvanic cejland we measured
the voltagen dark.In use, the current supplied by the solar cells is important, and determines
the electric power taken from theM/e useddifferent light sources (bulb, neon, halogen,
LED, UV) and different dyes (rasplry-, blueberry and mangodyeg to measure the

generatedurrent.
nl o osc @
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Fig.6.Solar cell as current source

For acomparative analysis @aspberry and np junctionsolar cels, we used illuminated
cellsas current source theelectricalcircuit of Fig.6 where we connectealvariable resist.
We measuredts voltage (V) and current(l) at same timeWe found a linear dependence
according to Ohutd\&VelRaMml 10)f, weteermmedrthe internal
resistances (jRand the electromotesforces Yo) of the cells.For exampleappling an UV
light-source for raspberry celive measured a dependent@gnV)=60- 0.171(mA), by which
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Ri=170W, V(,=60 mV. For acommercial garden lamgomposed of #p junction solar cells
we measurel (mV)=2472307 I(mA),by whichRi=307W, V(=2471 mV.

We determinedhe maximalpoweroutputof the cellso n

one

hand

wfghe n g

circuit (P=(Vo-Ri. L)) on the otherhandanalysng powercurrent functionsWe definedthe
nm asthe relative powererror. The testof the raspberry cellsing
an UV light-source gives 7% optimal power relative errors. With the same light squtee

g u ot iorPuhction

relativepowererror forsolar cell garden lampag12%. Sed-ig.7 andmoretestresultsin [6].
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ANALOGIE SAND SIMPLIFICATION

The raspberry celluses thesame basic principle as plant photosynthesis to generate

t

Poweras function oturrent
Fig.7. Solar cells as current sourdduminated byUV light-source

- TEACHING PHOTOSYNTHE SIS

electricity from sunlight. Both processes require the absorption of the energy of ohnton

the cycle of light dependentreactions of the photosynthesis, the electron follows the four

main stepswice: excitation, charge separation, diffusion and regeneration.

The right panel of Fi@. presentdhe absorptions of two photons of different frequencies
andthatthelinearelectrontransportchainconnects the two parts bifht dependent reactions
the photosystens | and II. Photolysis, lhe regeneration process in this gasih the electron

replacementesults ina cyclic operation.

Fig.8. Electroncycles: Raspberry cell

Light dependent reactiomd photosynthesis

Oh n

From he point of view of physics teaching, a comparative analysis of relative energy bands
and levels underline the similarities of the two processes, in spite of the elegtten
repeaing twice. On Fig9, we compared howlifferent parts ofa raspberry celbnd of light
dependent reactionsse the energies of the photo(fr more detailsee[4], [5] and [7].)
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