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ABSTRACT

The Nanoscale morphology has been shown to be a critical parameter
governing chargetransport properties of polymer bulk heterojunction (BHJ)
solar cells. Recent results on vertical phase separation haveintensified the
research on 3D morphology control. In this paper, we intend to modify the
distribution of donors and acceptorsin aclassical BHJ polymer solar cell
by making the active layer richer in donors and acceptors near the anode
and cathode respectively. Here, we chose [6,6]-phenyl-C61-butyric acid
methyl ester (PCBM) to bethe acceptor material to be thermally deposited
ontop of [poly(3-hexylthiophene)] P3HT: the PCBM activelayer to achieve
avertical composition gradient in the BHJ structure. Here we report on a
solar cell with enhanced power conversion efficiency of 4.5% which can be
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directly correlated with the decrease in series resistance of the device.
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INTRODUCTION

Organic Photovoltai cshave generated significant
interest because of their several inherent advantages
over other formsof solar cells. They offer acheap,
light-weight and flexibletechnology to harvest sun’s
energy. A remarkableimprovement inthe device per-
formance has been achieved since photo-induced
electron transfer from conjugated polymer tofullerene
was first reported in 1992M, The most important
breakthrough on which most of today’s device struc-
tures are based was the introduction of bulk
heterojunction (BHJ)® wherein the p-type (donor) and
the n-type (acceptor) materials are blended together
inthefilmto create an interpenetrating network at a
nanoscal e and hence alarge surface areafor donor—

acceptor interface.

Thedevicemorphology playsacritical roleinthe
power conversonefficiency of organic solar cdlls. Ther-
mal annealing, solvent annealing’® 4 and greater
regioregularity’® have shown toimprovethe morphol-
ogy of polymersto enhance chargetransport and mini-
mi ze charge recombination. Thisnanosca e morphol-
ogy inturn controlsthe exciton diffusion and charge
transport properties. It is agreed that the optimum
nanoscale morphol ogy must be abalance between a
largeinterfacia areaand continuous pathwaysfor car-
rier transportationt®. The recent researches shown the
evidence of the nanosca e phase segregationin vertical
direction (perpendicular to the electrodes) for the
poly(3-hexylthiophene): [ 6,6]-phenyl-C61-butyricacid
methyl ester (PSHT-PCBM) blends and its dependence
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on severd processing parameters. Now, itispretty clear
that the spin-cast filmisnot exactly auniform blend of
donor and acceptor.
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Figurel: Abulk heterojunction with composition gradient:
spin coated polymer BHJ sandwiched between theacceptor
rich and donor rich layersnear the cathodeand anoder espec-
tively, for anideal solar cell.

The structurefor solar cell would be onewhere
the active layer is sandwiched between adonor (p-
type) rich layer near the high work function anode and
an acceptor (n-type) rich layer near thelow work func-
tion cathode (Figure 1) to maximize charge extraction
efficiency. But thisin fact isnot true. Werecently re-
ported that the ‘solvent annealed’ P3HT: PCBM film
has significantly higher P3HT (donor) onthetop of
the filmi®. To correct this, in this paper, we want to
artificially achieveapolymer layer, withavertically
graded distribution of the BHJ composition. This
unique approach to modulate the distribution of do-
nor—acceptor at such a nanoscale in the spin coated
layer issimilar to the p—i—n-type solar cells for inor-
ganic devicesor small molecule (organic) solar cells.
However, thiskind of control for spin coated layers
hasprovento bedifficult. Here, we achieve enhanced
power conversion efficiency (PCE) by demonstrating
thevertically graded distributionin BHJ structurefor
spin coated films.

Theinterface problems or energy lossesfor trans-
port of free electronsto the cathodeare minimizedin
these structures. Thiswill also reduce recombination
losses at contacts. Thiswork isfundamentally unique
from previousapproachesof usngalow LUMO leve/
work function materia between theactivelayer and the
cathode’® 1% because here we modify the gradient in
the BHJrather than add aseparate materia toimprove
charge extraction at the cathodes.

In our research we choose PCBM to be the ac-
ceptor material (puren) to bethermally evaporated
between the BHJ and the cathode. The thickness of
thisacceptor layer can be easily modul ated to opti-
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mizethe position of active layer with respect to the
maximaof theoptica field distribution. Playinganes-
sential rolein charge transport near the cathode, it
provides an ohmic contact for electronsfor transport
between the BHJand PCBM. But thereisa Schottky
barrier for theinjection of photo-generated holesinto
PCBM asminority carriers. In thisway, the PCBM
rich top interface actsasa‘filter’ allowing only the
‘right’ type of charge carriers (electrons) to leave the
photoactivelayer.
EXPERIMENTAL DETAILS

We choose the device structure of ITO/poly(3,4-
ethylenedioxythiophene) poly (styrenesulfonate)
(PEDOT:PSS) / P3HT:PCBM (1:1ratio)/PCBM/Cal
Al (deviceA). Thereferencedevicefor al the experi-
mentshad thestructure TO/PEDOT:PSS/P3HT: PCBM/
CaAl (deviceB). For devicefdbrication, PEDOT:PSS
was spin coated (and annealed at 130°Cfor 20 min) on
pre-cleaned and 15 min UV—ozone-treated ITO glass
substrates. RR-P3HT and PCBM were separately dis-
solved in 1,2- dichlorobenzene, then blended together
with 1:1wt/wt ratiotoform a2 wt% solution. ThisRR-
P3HT/PCBM solutionwas spin coated at 700 rpm for
405, and thewet filmwasdried in acovered glass Petri
dishasin. Thedriedfilmwasthenannededat 110°C
for 10min. Theactivefilmthicknesswas210t0230nm
measured by aDektak 3030 profilometer. The cathode
was 20 nm Caand 80 nmAl. For deviceA, different
thicknessof PCBM wasthermaly evaporated ontop of
the BHJ active layer at arate of 0.2-0.3A°s-1 ata
pressureof 2 X 10-6 Torr.
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Figure?2: Effect of PCBM thicknesson device per for mance:
plot showspower conver son efficiency (open squar es, curve
i) and seriesresistance (fill circles, curveii) for different
thicknessesof PCBM layer annealed at 110°C for 30minin
deviceA. Deviceareawas0.12cm2.
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A second annedling step inthe glovebox (N2 at-
mosphere) is performed after the deposition of the
PCBM layer. Thedevicesweretested in the glove box
under smulatedAM 1.5G irradiation (with anintensity
of 100mW cm-2) by using asolar smulator. Theillu-
mingtionintensty wasdetermined by aNREL cdibrated
Si detector with KG-5 color filter, and the spectral mis-
match was correctedY.

RESULTSAND DISCUSSION

The PCE data (curvel) for deviceA correspond-
ingto different thicknesses of PCBM layer annedled at
110°Cfor 30 min. areshownin Figure 2. It showsa
maximum in efficiency va ue (gpproximatey 4.5%) at 7
nm PCBM thickness corresponding to aminimumin
the seriesresistance of thesedevices(curvell inFigure
2). The seriesresistance was derived from the d ope of
the J-V characteristic curve under dark closeto 2 V.
Although thetransport of electronthrough PCBM is
not energetically unfavorablebut till thereshould bean
increased seriesresistance on increasing the PCBM
thickness.

A possibleexplanation isthat asthe coverage of
PCBM increases, the charge collection efficiency a the
cathodeincreasesdueto avail ability of better conduc-
tion pathsfor the electrons. Thisoffsetsthe possible
increase in series resistance until a point where the
PCBM coverageisamost complete. After thistransi-
tion point seen at 7 nm of PCBM, the coverageismore
or less complete and deposition of any more PCBM
leadsto anincreasein seriesresistancevaueasshould
be expected. Prior works onanneding of P3HT:PCBM
deviceshaveshowntoincreaseitsPCE significantly!,

The Annealing has shown to enable
nanocrystallization, diffusion of the componentsin the
blend™>4 and improve the nanoscale morphol ogy
which can strongly affect the transport pathwaysfor
free charges® 8. DeviceA with different thickness of
PCBM on BHJ, all show improved performance on
annedlingfor just 10 minat 110°C. For al thicknesses
of deposited PCBM, when thetop PCBM layer isnot
anneded it showsafdl in efficiency dueto adecrease
infill factor. We suspected that theimprovement inde-
viceefficiency with anneadlingtimeto berelated tothe
top PCBM layer. To understand the effects of thermal
annealing, morphological studies were done using
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atomicforcemicroscopy (AFM) asshowninFigure 3.
PCBM has been shown to have a high tendency to
crystallized,

Hence, we expected that thereason for improved
performance after annealingwasrelated to crystaliza
tion of thetop 7 nm of PCBM layer and theresulting
improvement in chargetransport.

Height imagesof theunanneded (Figure 3(a)) and

el
o 100

Figure3: Effect of annealing on mor phology of top PCBM
layer: AFM height imagesof deviceA showing a 500 nm X
500 nm surfacearea. (a) Unannealed 7nm PCBM layer; (b) 7
nm PCBM layer annealed at 110 °C for 30 min. Scaleon z
axis=5nm.

annealed (Figure 3(b)) devices showed that the
unannea ed layer had amean square root roughness of
2.05nmwhichreducedto 1.28 nmon annedling. Hence,
PCBM layer smoothesthetop surfacesinceit hasbeen
shownthat the P3HT:PCBM layer hasaroughness of
9.5 nm. Figure 3(a) of the unanneal ed device shows
largemoundsand valleysof approximatdy 20 nmwidth
on the surface. On annealing, these smoothened out
givingananotexturetothefilmwithfesturesizeswithin
acoupleof nanometer width.

Thisresulted in smoother films but with ahigher
effective areaof contact between the cathode and the
electron transporting PCBM layer, which lead to better
electron transport characterigtics.

Thiscan beexplained by thefollowing scenario: af-
ter deposition of PCBM onaBHJlayer, weinfact have
aPCBM layer on top of the BHJ with asharp BHJ
PCBM interfacewhichisnot preferred for thedevice.

Whenweannedl at extended time, thesharpinter-
face disappearswith diffusion of PCBM intothe BHJ
introduced by thermal energy, making thetop few na-
nometersof theBHJrichin PCBM (acceptor) which
hel psdevice performance. Thiscan bedirectly related
tothedecreasein seriesresistancethat we observeon
the macroscopi ¢ scalefrom the current—voltage (J-V)
characteristics, asshownin Figure4.
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Figure4 : Effect of donor layer (PCBM) on per for mance of
polymer solar cells: current-voltage (J -V) char acteristics
of referencedeviceB (black circle) with thestructurel TO/
PEDOT-PSSP3HT: PCBM/Ca/Al and for deviceA (red up-
triangle) withthestructurel TO/PEDOT-PSSP3HT:PCBM/
Ca/Al. I nset showsthe EQE measur ementsfor deviceA and
referencedeviceB.

An optimized deviceA shownin Figure4 which
was annealed at 110 °C for 30 min showing an im-
provement in PCE as compared to reference device
B from 3.8% to 4.5%. Thereis an increase in Jsc
from 9.52 mA cm-2 for the reference device B to
10.92 mA cm-2for thedeviceA. Thisincreasein Jsc
ismainly attributed to the decrease in seriesresistance
from 2.06 _cm2for deviceB to 1.33 _cm2for de-
viceA. The PCBM richtop layer increasesthe elec-
tron collection efficiency of the cathodes. Thedecrease
in seriesresistanceis attributed to better conduction
path availableto the el ectrons between the BHJ and
the cathode. Theinset of Figure4 showsthat the EQE
maximum for thedeviceA is 70% whilethat for refer-
ence device B was approximately 64%. Theintegral
of the product of this absolute EQE and the global
reference spectrum yieldsaJsc of 9.2 mAcm-2 for
device B and 10.2 mAcm-2 for device A, which
matches closely to the EQE measured for theseindi-
vidual devices.

Thereisauniformincreasein EQE for deviceA as
compared to B inamost the entire wavelength range.
Thisiscong stent with our reasoning that PCBM ontop
of theP3HT:PCBM activelayer formsabetter inter-
faceleading to better charge extraction. To check re-
producibility, multiple batcheswith the same conditions
asreported above weremade. Theaverage device ef-
ficiency was4.4%. Thisisanincrease of goproximately
15% over reference devices.
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CONCLUSIONS

Thestudied devicearchitectureshowsanincreased
efficiency. The spin coated BHJ structurewith graded
compositionincressestheefficiency. Thisincreasein ef-
fidency duetoimproved transport and extraction of eec-
trons near the cathode. Thethermal annealing stepin-
creasesthe PCBM concentration inthetop few nanom-
eter of theactivelayer dueto PCBM diffusionand hence
thisimproved vertica morphology contributestothein-
creaseinefficency. TheBHJarchitecturefor spin coated
filmshaveaP3HT rich zone between theBHJand the
anodewill showsfurther improvementinefficiency.
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