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ABSTRACT

A model for an ideal bulk heterojunction solar dedis been developed . The
model is compared with measurements fraomo : PPV / PCBMsolar cells .
The performance of the cell is found to be govermgthe offset of the highest
occupied molecular orbital of the electron donod déhe lowest unoccupied
molecular orbital of the electron acceptor . lalso governed by the offset of
the lowest unoccupied molecular orbital of the atoe and the lowest
unoccupied molecular orbital of the donor . Theultssalso show that the
performance depends strongly on the work functibrthe anode and the
thickness of the solar cell . Material developmisntequired for development
of low — band gap cells to optimize the utilizatioh solar radiation . The
optimum band gap is abouteV .
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INTRODUCTION

Photovoltaic devices prepared from blends of caated) polymers and
fullerene derivatives are promising candidatesstdar energy conversion , due
to their mechanical flexibility, lightweight, anadtential low cost of fabrication
.The efficient photo- response of these devicegirates from the ultra fast
electron transfer from the conjugated polymer (abntw the fullerene
(acceptor)™. Over the last few years, a sustained effort heenbmade to
improve the performance of these solar cells.

In the ongoing attempt to maximize the efficiency polymer-based
photovoltaic devices, many research effort havenbdene. That included
improvement of the device structure, as well aspitogper choice of electrode
materials?¥, and blend layerd .

The ongoing research include also development of pelymers. Low-band
gap polymers are especially attractive as they @®nto increase the
absorption of solar photons , especially near trekwf solar emission .

The first organic solar cells were based on sintjlermally evaporated
molecular organic layers , sandwiched between twetaimelectrodes of
different work functions. The behavior of these ides can be explained by the
metal-insulator-metaivim) modef!. The photoactive region is often very thin
(less than the diffusion length of the excitor§jnce both positive and negative
photo-excited charges travel through the same mgteecombination losses
are generally high. Results from single layer orgaolar cell show that the
typical conversion efficiency is belogv14%™.

Double layer devices ,were introduced in many coions ,to replace the
single layer cell8.In such devices only excitons created within trstatice of
10-20nm(diffusion length of the exciton )from the dorawreeptor interface,can
reach the interface,where the excitons are dis®atiato free charge carriers.
This leads to the loss of absorbed photons fudiey from the interface, and
leads to low quantum efficiencié&s

Recently,most of the work has been on the blendrocgsolar cell.It consists of
a blend of an electron donor and an electron aocdpexhibits a donor-
acceptor phase separation ,that each donor —accepésface is within a
distance less than the exciton diffusion lengtieath absorbing site. The bulk
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heterojunctionBHJ) concept provides a large interfacial area betwherdbnor
and acceptor phases, where charge separation &écurs

Optimization of bulk heterojunction solar cells

Photo-excitations in organic materials do not letcectly to free charge
carriers,as in inorganic materials,but to boundted@-hole pairz (excitons).
The excitons can be dissociated at interfaces ¢éniads with different electron
affinities.Usually the polymer ,electron donor, bfended with the electron
acceptor,®®-phenylci6-butyric acid methyl este(;PcBM) ,due to its high
electron affinity.After dissociation ,a pair of alé in the donor and an electron
in the acceptor is formed across the interface .ifternal electric field
separates the pair into free charge carriers .Té¢® Hole and the free electron
are then transported through the donor and accdptdhe electrodes.The
lifetime of the separated charges in such blendtbdse sufficiently long in
order to be transported to the electrodes .Thigdithe thickness of the blend
to aboutioonm 107,

The power efficiency i , is given by

n=FF)l<Ve P™ @

whereFF is the fill factor | « is the short circuit current o is the open circuit
voltage , ancp is the solar power incident on the cell .

The short circuit current is determined by the photbsorption and the
internaktonversiorfficiency.Theamounbfabsorbeghotongarbe increased by
increasing the thickness. As the thickness inceeadee possibility of
recombination losses increases, due to the lowgelsamobility . The electron
mobility in poly(3-hexylthiophene)P3HT):PCBMat 300°K is about 10°m?v s+
and that of the hole is even lower , by a factorabbut 5000 *" . The
recombination losses decrease the fill factor .

When the cell is illuminated, the open-circuit agle (\b¢) is given by

gqVoc = F— Fp (2
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whereF, and F, are the electron and hole quasi-Fermi levels, ands the
elementary charge. The upper limit for thg is given by the potential offset of
the highest occupied molecular orbital of the dog@wmo), and the lowest
unoccupied molecular orbital of the acceptarmo), ¥ .This indicates thak,
aligns with thgLUMO), and K aligns with thgHOMO), .

q Voc =(HOMO) — (LUMO)a (3)

Effect of the positive electrode

The cell was prepared at the Polymer LaboratorthefUniversity of Addis
Ababa. Indium tin oxid@TO) was used as a transparent anode. A solutios, of (
4,-ethylenedioxy thiophene/poly (styrene sulafona®¥DOT :PS$ with
concentration o6 mg/ml, was spin coated on top of the. The blend consists
of poly[2-methoxys-(3,7- dimethyloctyloxy)-p-phenyleneviylene](MDMO :
PPV)as electron donor arrtBM as electron acceptor, inta weight ratio. The
blend was spin coated on top of theDOT: PSS The aluminum electrode was
evaporated over the blend at a pressure of abal@®mb . The cell was

illuminatedwith ao.3wm?lamp. The measurements were takers@’k . The
area of each solar cell wasmm?-
Measurements for the current and voltage were téietwo identical cells ,
except for the anodes . In one of them the anoda™@eand in the other it was
PEDOT: PSS(coated oniTO) . The work function of the’EDOT. PSS (5.2 eV)
matches theiomo level of theMbMO : PPV (5.2 eV) 2 which results in ohmic
contact for holes . The work function of th® is (4.3 ev)*®. Figa shows the
(HOMO) and the(Lumo) of the donor and acceptor , and the work functioins
the electrodes .
The results of the measurements are shown ir FihePEDOT:PSSnakes an
ohmic contact withiHOMO)p. It is seen that theEDOT:PSdayer has increased
the current significantly. The short circuit currdras increased by more than
four times, Table. The open circuit voltage has decreased ftanv to about
0.7 V. It seems that the ohmic contact resulted in ltkage drop ofo.3 v.
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Similar results has been obtained by Scharber ét'alThe voltage drop could

be due to band bendif{ .
For ohmic contact , Eq.3 can be written as

g Voc =(HOMO) - (LUMO)a - 0.3 (4)
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Fig.1 Energy —band diagram of theHBJ) solar cell .
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Fig. 2 Effect of the work function of the anode orthe current-voltage characteristics .
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Table .1 The work function @) of the anode , open circuit voltage (M), and short -
circuit current (I &) .

anode D, (eV) Voc (V) lsc (A)
PEDOT:PS: 5.3 0.7 1.34x1(7
ITO 43 1.0 2.95x19

Open circuit voltage

The absorbed photons generate excitons which déteaat the heterojunction
interface.

The exciton binding energy is about ev ™ .This requires that the offset
between theLUMO) A and thgLUMO)p to be aboub.5 ev. Then we can write

(LUMO), - (LUMO)p = (HOMO), -(HOMO),
=05eV %)

The band-gap of the donor is given by
(HOMO)p - (LUMO)p = (6)

Subtracting Eq (6) from Eq .(4)
(LUMO)A - (LUMO)D = %' q VOC -0.3eVv (7)

When substituting the value of thli®/MO)4 - (LUMO)p offset in Eq.(7),
0.5 iEﬂI Voc -0.3
qdé=E;-0.8eV (8)

Eq. (8)gives thev,: of an ideaBHJsolar cell in which :

a- The electrodes make ohmic contact with the blend

b- The difference between the electron affinitytled acceptor and that of the
donor is0.5 eV.

It has to be noted that th#®MO of the MDMO: PPVis 5.2 eV, and theLumoO of
thePCBM is 4.1 eV, Eq.3gives an open circuit voltage ofi vfor these values.
This is approximately similar to the measured vadfiehev,. when thelTo
was used as an anode.

The measurements gave open—circuit voltage of abbutand an efficiency of
2.8 %, when thePEDOT : PSSwas used as an anode . From thevis

absorption spectrum the band-garp of th\e blend aasd to be about1 eV.
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By substituting the value of the band-gap in.B8ywe obtain a value of 1.3
for Voc .This is0.6 Vhigher than the measured value @fcVEq(8)is based on
the assumption that theumMO). - (LUMO); offset is0.5 ev. TheLUMO level of
MDMO : PPVis 3.0 eV | while that of thePCBM is 4.1 eV. The (LUMO), -
(LUMO),, offset is1.1 ev. This energy is more than the ene(@y ev)needed for
the exciton dissociation and the electron tranfsten the donor to the acceptor.
Abouto.6 evwould be dissipated as heat.

If the LUMO level of thePCBM could be raised to thes eV level, the V¢
would increase by.6 ev, Eg(4). The possibility of variation of theumo of the
PCBM has been proven experimentall/,. A change of theLum0), by 0.6 ev
would increase the efficiency to a value®# %.

Fill factor

The effect of thickness on fill factor was studiedtaking measurements from
three solar cells with thicknesses nm 40 nm ande60 nm. Fig3 shows the
variation of the fill factor with thickness . Thdl ffactor decreases as the
thicknessincreasesChargerecombinationseemsto increaseasthe thickness
increases, while photons absorption increases athitknesancreasesThe
thicknessieed$obeoptimizedor maximum efficiency .

Fig.4 shows the short—circuit current and the opecuit voltage for blend
thicknesses 085 nm , 40 nm andeé0o nm. The \bc seems to be approximately
independent of the blend thickness. The short witiotirrent is maximum ato
nm thickness.

Band gap

In order to generate an electron-hole pair , th@qhenergy has to be greater
than the band-gap . If the band-gap is decreagdgmtons of lower energy (
from the visible and.R. ) can be utilized, and hence the current will be
increased . Since the open circuit voltage is pridgual to the band-gap , Eq.
(7), the voltage decreases when the band-gap is decred he band-gap has to
be optimized according to the spectral distributddsolar radiation .

It has been shown that, at air mass onezandk temperature, the optimum
band-gap is about.5 ev[18] . The efficiency of a&8HJ solar cell with 1.5 ev
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band-gap is aboutstimes that with band-gap af.1 ev. Material development
is required to produce a BHJ solar cell withiev band-gap
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Fig.3 Variation of fill factor with thickness .
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Fig.4 Current-voltage characteristics for three cts with thicknesses : 25 nm , 40 nm and 60 nm .
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CONCLUSION

A model for an ideaBHJ solar cell has been proposed . The model has been
compared with measurements frsmbMO : PPV /PCBMsOlar cells .

The maximum limit for Voc is given by the offsgft(HOMO), - (LUMO), . It

is noticed that small voltage drop (abawd V) has to be sacrificed when the
anode makes an ohmic contact witloMO), . The ohmic contact is a necessity .
It has increased theclby about four times ( when a layer REDOT:PSSwas
coated on thero) .

The electron acceptor is preferably to have a lbweasccupied orbital which
makes(LUMO),-(LUMO),, offset of abouto.5 e v. Higher values of the offset
results on the reduction of the,V. Lower values of the offset may not be
sufficient to break the excitons into free charggiers .

The thickness of the cell has to be optimized faximum efficiency . As the
thickness increases , the photons absorption isesea but the fill factor
decreases .

Material development is required to produce lowdbgapBHJsolar cells . The
optimum band gap is about e V.
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