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We report the effects of layer thickness, interface morphology, top contact, and polymer—metal
combination on the performance of photovoltaic devices consisting of a fluorene—bithiophene
copolymer and nanocrystalline TjO Efficient photoinduced charge transfer is observed in this
system, while charge recombination is relatively sl¢w100 us—10 m$. External quantum
efficiencies of 13% and monochromatic power conversion efficiencies of 1.4% at a wavelength of
440 nm are achieved in the best device reported here. The device produced an open-circuit voltage
of 0.92 V, short-circuit current density of about 4Q@Acm™2, and a fill factor of 0.44 under
simulated air mass 1.5 illumination. We find that the short-circuit current density and the fill factor
increase with decreasing polymer thickness. We propose that the performance of the indium tin
oxide/TiO,/polymer/metal devices is limited by the energy step at the polymer/metal interface and
we investigate this situation using an alternative fluorene-based polymer and different top contact
metals. © 2004 American Institute of Physic§DOI: 10.1063/1.1638614

I. INTRODUCTION connectivity to be combined with large interfacial area,
which is needed for effective charge separation, and has been
Solar cells based on organic electronic materials are @xploited in dye sensitized devicé$®More recently, sen-
subject of increasing interest. The possibility of manufactursitization of metal oxides by conjugated polymers has been
ing devices directly from solution offers the prospect of verystydied for several materials combinations, including
low cost manufacture of plastic solar cells on flexible sub-poly(2-methoxy-5¢2’-ethyl-hexyloxy paraphenylene
strates. Additional advantages are small material requirepinylene(MEH—PPW/TIO,,** 18 poly(N-phenylimino-1,4-
ments, low weight, choice of color and a wide range ofphenylene-1,2-ethenylene-1(25-dioctoxy-phenylene-1,2-
applications:~’ Power conversion efficiencies exceeding 3%ethenylene-1,4-phenylefPA—-PPV/TIO,,*® MEH-PPV/
have now been achieved in several organic devicgsn, 1520 gng polyalkylthiophen@®AT)/TiO, 25?2 In this
configuration$~°All of these are based on a heterojunction approach, the conjugated polymer serves two purposes, ab-
between an electron transportit@rceptor and a hole trans-  sorption of light and transport of holes, thus removing the
porting (donop component, combined in either a planar need for a separate light absorbing component, such as dye
structure or a blend. Factors which limit performance atyglecules.
present include poor photostability of the active layers, phase  ppgtovoltaic devices made from Tiolymer combina-
segregation, and low mobl_llty of (_:harge carriers, particularlytions sandwiched between indium tin oxidd0) and Au
electrons. One approach is to us@rganic semiconductor  gjactrodes have been reported by several groUp&22Al-
nanoparticles or nanorod$as the electron transport compo- though reported peak quantum efficiencies reach ¥5te
nent. Nanostructured metal oxides such as,|a@d ZnO are  ,ir mass(AM) 1.5 power conversion efficiency is still low
particularly interesting because of the ease c_>f fabr|gat|on(<1%)_ In most cases these were planar structures where
good .czlr;trol of film morpholquy and interfacial  cpharge separation occurs only at the flat Fi@lymer inter-
properties,” mechanical and chemical stability, and 10w ¢yce “ang performance was limited by poor hole mobility of
cost. Simple procedures allow the fabrication of rigid, (e nolymer and low interfacial area. Attempts to increase
connected porous metal oxide films which can be sensitizeg,o interfacial area using dispersed nanocry&tfshave
with light absorbing dyes and/or filled with a hole- paen |imited by poor electron transport between separate
transporting material. This approach allows good eleCt”CahanocrystaIs, and attempts to use nanocrystalline fifA<5
have been limited by poor polymer penetration into the po-
dElectronic mail: pr2@imperial.ac.uk rous film. An alternative approach using insitu growth of
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tation in acetone and isopropanol. The cleaned substrate was
then covered with a dense TjQayer, about 50 nm thick
using spray pyrolysid? This dense layer prevents direct con-
tact between the polymer and the substrate, and is referred to
as a “hole-blocking layenHBL).” In some cases, a thin
porous layer of nanocrystalline Ty®f thickness about 100
nm was deposited by spin coating a diluted aqueous colloidal
paste onto the HBL. The layers were then sintered at 450 °C
for 30 min in air. The polymer was applied by spin coating a
Hi7Cs CgHyy solution(10—15 mg/ml of polymer in toluene at 2000—4000
Ho Ho rpm resulting in polymer thicknesses of about 50—100 nm.
The porous layer substrates were dip coated by immersing in
FIG. 1. Chemical structm_’es o8 poIy(9,9-di_octylfluorene-co-bithioph_ehe a solution of F8T2 in toluené& mg/m) at 50 °C for several
(F8T2) and (b) poly (9,9-dioctylfluoreneso-bis-N,N'-(4-butyl phenyk-bis- oy, o rior to spin coating the polymer. The thickness of all
N,N’-phenyl-1,4-phenylenediaminéPFB). . .
the films was measured by a Tencor Alpha-Step 200 profilo-
meter. For electrical characterization, gold, platinum, or alu-
) , ) - minum electrodes were deposited onto the polymer film by
the TG, network fro_m_an organic precursbiis Promising parmal evaporation though a shadow mask. There were six
but appears t.o be limited by poor electron transport in thedevices per substrate to check reproducibility and the active
amorphqus T,'Q' ) area of each device was about 0.045°cRor optical mea-
In this article, we study structures based on a high hOIe'surements, uncontacted samples on ITO substrates were

mobility fluorenefbi.thiophene copolymer, pO- used. Samples composed of the HBL and a polymer layer
dioctylfluorene-co-bithiophene=8T2), and TiG, substrates will be referred to below as bilayer samples, while those

of different morphology. We have recently reported thatcontaining an extra porous TiOlayer with both dip- and

F8T2 polymer penetration mtq thick porous Hi@Ims can ___spin coated polymer layers will be referred to as multilayer
be controlled by melt processing and treatment of the, TiO samples

surface€?’ Here, we show that penetration into thin porous
films is achieved simply by dip coating, and we study the
device characteristics as a function of device design. We

show that(i) interface morphologyii) layer thickness, and ¢ optical measurements
(iii ) matching of the polymer ionization potential to the elec-

trode work function are all critical to device performance.  Photoinduced charge transfer yield and recombination
kinetics were measured for the TiF8T2 system using

nanosecond—millisecond pump—probe transient optical spec-

Il. EXPERIMENT troscopy, as described in Ref. 35. A nitrogen laser pumped
dye laser was used as the excitation sourepetition rate 4
Hz, pulse duration<1 ng and a tungsten lamp with a stabi-

Two hole-conducting polymers have been used in thigized power supply as the probe light. The probe wavelength
work, poly(9,9-dioctylfluorene-co-bithiophengF8T2 and  was selected with monochromators both before and after the
poly(9,9-dioctylfluorenezo-bisN,N’-(4-butyl phenyl-bis-  sample. This minimized the amount of probe light incident
N,N’-phenyl-1,4-phenylenediaminéPFB). These materials on the sample and the amount of scattered light/
were synthesized by the Dow Chemical Company and cargshotoluminescence emission reaching the photodetector. A
fully purified to remove catalyst residues and other inorganitigh gain photodiode equipped with appropriate low- and
contaminants. F8T2 has a broad optical absorption in th@igh-pass filtering was employed as the detection unit and
visible spectrum peaking at about 470 nm, highwas coupled to a GOULD 475 digital storage oscilloscope
hole-mobility?® and possesses a liquid crystal phase abovend a computer for signal analysis. The pump wavelength
265 °C?° The other polymer, PFB, absorbs less strongly inwas chosen to be 500 nm, close to maximum absorption of
the visibl€® and has a lower ionization potentigd [5.1 eV F8T2 polymer, and the probe wavelength 720 nm. The tran-
(Ref. 3) compared to 5.5 eV for F8T2ZRef. 32]. The  sjent optical spectrum, which peaks at 725 nm, is assigned to
chemical structures of both polymers are shown in Fig. 1the positive polaron in F8T2 after comparison with the ab-
Nanocrystalline TiQ films (15 nm diameter TiQ particles,  sorption spectrum of chemically oxidized polymer samples,
50% porosity were prepared by spin coating a diluted ague-as shown in Fig. 2. We have performed detailed transient
ous TiG, colloidal paste. The colloidal paste was prepared agibsorption studies on pristine F8T2 films as control experi-
described in Ref. 33, using chemicals purchased from thenents(excitation at 500 nm and probe at 720 nrithese
Sigma-Aldrich Company. studies reveal no evidence of any absorption feature, which
could be assigned to the triplet, for instance, on a time scale
of charge recombination dynami¢8.1 us—100 mg There-
fore, the decay in absorbance as a function of time after the

All samples were prepared on ITO-coated glass subexcitation is attributed to recombination of F8T2 polarons
strates(~1 cnf), which were first cleaned by ultrasonic agi- with electrons to the Ti@by photoinduced charge transfer.

(a)

(b)

A. Materials

B. Sample fabrication
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FIG. 2. F8T2 cation absorption spectra recorded following chemical oxida-

tion with FeC} (solid line) and following photoinduced charge separation FIG. 3. Transient absorption kinetics following the positive polaron state

(dashed ling The former was measured in soluti¢tlueng and in the  absorption of F8T2 on top of a Tithanocrystalline layer. Inset shows the

presence of Fe¢l counterions. sample structure ITO/HBL/porous TOF8T2Y/F8T2% where superscript
“d” indicates dip coated and “s” is spin coated. The excitation density was
about 30 pwJd/pulse/crh (corresponding to 1810% incident

D. Electrical measurements photons/pulse/cRy and the decay is assigned to recombination between
electrons donated to the TjGollowing photogeneration and positive po-

Photovoltaic performance of the devices was studied byarons in F8T2. Solid lines indicate front surface illumination and solid lines

measuring photocurrent spectra and current density—voltagéth symbols correspond to back-surface illumination.

(J—-V) characteristics under light illumination. For electrical

characterization, the devices were housed in a home built QUCEV X (Vo \/ This all to determine th
sample holder with a quartz window. The sample holder Wa%ﬁi)lt-?r? votha (e gc mszla)s.uringTa/lTOZlV:aufingtio?l (e;;;nln;[ a €
evacuable to a pressure ¢f10” ! mbar and all the measure- d val gfv y Ref. 36A | de ith
ments were taken under vacuum. The light source was a 1(@('\3 1 1\6ar$1?)r?ocﬁ(;(§?neaet,o?.\?v.és Eée?j asxtehneorl]igﬁ;nsomceaThe
W xenon lamp, which was driven by a Bentham 505 stabi-; o . L
lized power sﬂpply The light from t}r/1e lamp was dispersea“ght was incident on the device through the ITO side, re-
by a CM110, 1/8 m monochromator, which was controlledﬂeCted back from the top contact of the device, and detected

by computer. Current and voltage measurements were také?’y a Si photodiode. The modulation frequency was 5 kHz,

using a computer controlled Keithley 237 high voItage;:’md V{?‘ﬁ Waﬁ \J:a;le::i ”t1 thizhrar:ge 0.2.t;1 V. The dc respo(;\se
source measure unifSMU). External quantum efficiency rom the photodetector, the transmittantewas measure

spectra were calculated from short-circuit photocurrent spect-’y a BlackStar 4503 digital voltmeter while the modulated

tra by comparison of the photoresponse with that of a Ca”_change in ransmittanc&T was measured by an EG&G

brated silicon photodiodéNewpor). MonochromaticJ—V 5210_ I_ock-m amplifier, equipped with a high gaifV pre-
measurements were taken at the wavelength that gave tﬁﬁnp“f'er(EG&G model 5182

highest photocurrent. Reverse and forward bias measure-

ments were carried out separately with a voltage step size dH- RESULTS AND DISCUSSION

0.02 V. Forward bias corresponds here to ITO biased negax. Charge separation

tively with respect to the counterelectrode:V characteris-

tics in the dark were measured both before and after the Trlan3|en':T%)sorptt|%n ITmetlcs forhb|lay<_ar Ié:l.nd :T u[I:tlla{)erth
measurements of the illuminatdd-V characteristics in or- >21PIES ON coated glass areé shown in Fg. 5. FOr bo

der to confirm that the device behavior was not changed b am;i:?skthe HELStBICkneﬁ_Sh'S Sf? n;n and lthe eﬁ;actlvetﬁo:()/-
ilumination. J-V characteristics were also taken under "¢ |cdness '_T_. nm. i etedefc |vetrp1)o {JT/eerg/er i ICI )
simulated sunlight using a home built computer controlled €3S 0N dense {was estimated from the UV— optica

potentiostat measurement unit and a halogen lamp calibrat sorption of the layer and the known absorption coefficient
to AM 1.5 equivalent intensity100 mW cm 2) of the polymer, measured on spectrosil. The interfacial area

of the multilayer device was increased relative to the bilayer
device on account of the-100-nm-thick porous Ti@layer.
The strong transient optical signal indicates high charge
The electroabsorption technique was used to find theeparation efficiency, estimated, from polaron absorbance, to
built-in voltage,Vg,, of the single polymer layer devices. In be of order unity for the multilayer sample. The stronger
this technique, the absorption of the device is modulated bgignal for the multilayer compared to the bilayer sample is
an externally applied ac voltag¥,. and the relative change entirely consistent with higher charge separation efficiency,
in its transmittance AT/T, which is proportional to the due to the larger interfacial area of the multilayer sample.
change in absorption, and is measured as a function of th€omparison of signals for illumination from the bagoly-
wavelength\ of the incident light and dc bias voltagé,.. mer side and front (TiQ side allows us to estimate the
The electroabsorption signal at the resonance wavelength aktent of polymer penetration into the film, since poor poly-
the frequency of modulating ac voltage is proportional to themer penetration would leave a layer of polymer on the back-

E. Electroabsorption measurements
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FIG. 5. Proposed electronic energy-level diagram for ITOATO
polymer/metal solar cell. HOMO and LUMO levels of F8T2 and PFB are
shown by solid lines and dotted lines, respectively.
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FIG. 4. Quantum efficiency spectra of TiB8T2 bilayer devices with dif-
ferent top contacts. Absorbance spectra of F8T2 polymer film of thickness
50 nm on ITO(dashed ling and dense Ti@ of thickness 50 nm on ITO
(solid line) are also shown for comparison. The absorption spectrum of TiO

has been scaled by a factor of 10 so that it can be more readily seen. (see, e.g., Ref. 40those values are measured on carefully

cleaned(or atomically flaj surfaces in high vacuum. It is

side of the film and lead to a lower charge separation yiel§'€ar that the interface between a polymer and an evaporated
due to the filtering of pulse light by that layer. Similar signals Metal film is far from ideal, as chemical reactithsr for-

for back- and frontside illumination for the multilayer Mation of a damage lay&r can occur. It has been shown
sample in Fig. 3, therefore, indicate effective penetration ofat for example, the work function of Au on top of conju-
the polymer into the porous TiO The decay of the signal is gated polymers may be smaller than the expected value of
relatively slow, with a half time of-100 us, indicating slow ~ >-1 €V by as much as 0.2-0.3 €see, e.g., Refs. 43 and@4
polaron—electron recombination. This figure compares welfor this reason, we have performed electroabsorption studies

with values reported for polymer—fullerene blends-100  ©N single-layer polymer-only devices with the aim of deter-
49,5 and dye sensitised solar cells00 us—1 m3.35:3839 mining the work functions of evaporated Al, Au, and Pt elec-

For the thin porous TiQfilms used in this work, additional trodes at the contact with F8T2. The bottom electrodes were

melt-processing or surface modification steps were evidenti§ithér ITO (#~4.5 eV) or ITO/PEDOT:PSS[®~5.2 eV
not needed to achieve penetration of the polymer into théRef- 49]. Electroabsorption spectra of devices with Al top
pores, unlike the case of thick porous filfs. contacts exhibited a single strong peak at a wavelength of

514 nm, which scaled linearly with the dc bias voltage. This
implied that the sample was free of traps and the signal was
due to the bulk of the polymer film. The built-in voltage

Figure 4 shows a comparison of external quantum efficould be reliably measured yielding a value of about 4.4 eV
ciency (EQE) spectra for ITO/HBL/F8T2/metal bilayer de- for the work function of the Al electrode, close to the value
vices with 50 nm HBL, 50 nm polymer, and different top for clean Al of 4.3 e\#° On the other hand, devices with Au
electrodes. Comparison with the optical absorption spectra adnd Pt electrodes exhibited additional peaks, the number and
the dense Ti@ layer (solid line) and polymer layefdashed shape of which varied from sample to sample. Moreover, the
line) on their own shows that the photocurrent is predomi-amplitudes of these peaks did not always scale linearly with
nantly due to absorption in the polymer for the case of highthe dc bias voltage. In this case a reliable measurement of the
work-function electroddAu or P9 devices and due to ab- built-in voltage, and correspondingly the work function of
sorption in TiQ in the case of the Al electrode. The peak the top electrode, is not possible as there is apparently a
guantum efficiencies at wavelengths near the absorptiostrong contribution to the measured signal from interfacial
maximum of the polyme¢470 nn) for devices with both Au  regions in addition to that from the bulk. The origin of this
and Pt contacts are about two orders of magnitude greatedditional interfacial contribution to the signal is not clear
than for the Al contacted device. We note that the directiorbut could be due to several reasons such as morphological
of the short-circuit current flow in the Al contacted device is changes in the polymer during the evaporation process, or
opposite to that in the Au and Pt devices: electrons travel t@hemical reaction between the polymer and the metal due to
the ITO in the Pt and Au devices, while holes travel to thea strong affinity between noble metals and sulfur, present in
ITO in the Al device. the polymer. Therefore, we tentatively assumed that the work

This result can be understood by considering the appeafunction of Au on F8T2 wasb,,~4.9eV, similar to other
ance of the built-in voltage inside the polymer film due to thepolymer system&**while the work function of Pt on F8T2
difference in work functionsb between the ITO and the top was higher by 0.4 eVaccording to the differences in litera-
metal electrode. The work function of the ITO substrates wasure values ofbp, and® 5, (Ref. 40], i.e., ®p~5.3 eV (Fig.
found to be about 4.5 eV, as measured by the Kelvin prob&). Based on the proposed work functions for the metals,
technique. The question of the work function of top metalthere is a positive built-in voltagé/g,=® meta— P70, IN-
electrodes requires a more careful approach. While the workside the polymer film in Au and Pt devices, and a negative
function values for the metals can be found in the literaturébuilt-in voltage in devices with Al top contact.

B. Effect of top electrode
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Under illumination at short circuit, excitons generated in 16 ' ' ' ' ]
the polymer layer near the Tilpolymer interface transfer 14 - AAI\ Multi-layer devices
negative charge to the TijOand positive polarons form < f AL A,AA“.A.A.&
within the polymer. The electrons flow through the Ji®@ < 12y o *&
the ITO electrode and positive polarons through the polymer § 10+ / g Pt 4 .
to the Au or Pt electrode, assisted by the built-in voltage. In % 8- /A ]
the case of the Al electrode, the sign of the short-circuit 3 s_l\DA A
current (i.e., the polarity of the devigewas reversed, as E 4_&/ o 1
would be expected from the opposite sign\af;. In this & " ; G Em e
case positive charges will be attracted to the ITO and elec- 2'!:5 _ﬂzzlizgiﬂﬁﬂﬂﬁ’&&ﬂ-ﬂ:&&& ]

trons to the Al contact, reversing the direction of the current. 300
While the shape of the EQE spectrum of the Au device re-
sembles the absorption spectra of both polymer and, TiO
the EQE of the Al device resembles only the Jig@bsorption  FIG. 6. Quantum efficiency spectra of TiCF8T2 devices with different
spectrum. This suggests that the electron transport in thi@Yer structures and top contacts, fiangles and Pt(squares
polymer is better than hole transport in the Fid@The hole
mobility in the porous Ti@ was too low to be measur&. ) o , . )
TiO, is known to trap holes at surface states, and this will bd!!umination) The highest quantum efficiency of the bilayer
an important effect in nanocrystalline THOA second factor ~J€Vices was only 2.7%. The improved quantum efficiency in
is the relatively high background doping of the Weak|ytr_1e multilayer devices may be attributed to m_creased interfa-
n-type TiO, (Ref. 4§ compared to the intrinsic polymer, cial area due to the presence of_the porous, TéYer, as z_also
which will tend to reduce the magnitude of the built-in elec- SUPPOrted by the transient optical measurements discussed
tric field in the TiG, layer. Therefore, the built-in voltage in fabove. High resolution scanning electron microsctpkzM)
the Al device helps the photogenerated electrons inZTiOImages of densg a.nd porous Iaﬂé@plearly show thaF sur-
travel through the polymer to the Al electrode, while photo-fac,e roughness is increased by adt_jlng the porous m@r' )
generated holes in F8T2 do not reach the ITO electrodé_h's effect enhances the area available for exciton dlls.soua—
through TiQ, due to the very poor hole-transport in the tion. The_ best monochrqmatlc power conversion efficiency
TiO,. Therefore, the EQE of the Al device only resembles®f @ multilayer device with an Au electrode is 1.4% at 470
the absorption of the TiQ On the other hand, in the Au MM With a light intensity of 4.7 mW cn. The device
contacted device, the built-in voltage, hole mobility of poly- Yielded an open-circuit VOItagVQZC of 0.92 V, short-circuit
mer, and electron mobility of Tig all favor hole transport current Qen5|tylsc of flOO,uA_cm ,.and afil faftor of 0',44
through polymer and electron transport through JTi@ith under simulated sunl!ght of intensity 100 mW chisee Fig.
the result that the EQE spectrum resembles the absorptiof}- HOWever, the device photocurrent starts to fall off before
spectrum of both materials. The very low quantum efficienC)}he Open—.CII"CUIt voltage is reached.. This I,"nk in th]g—V )
observed for the Al contacted device implies poor hole transcharacteristics was also observed in our bilayer devpes with
port in TiO, and/or poor electron transport in F8T2. A_u as a top contact, and has b_een seen beforeléqgother
These results support the fact that good hoIe—transmittini}oZ/P()lymer/Au systems [ITO/TIO,/MEH-PPV/Au,™
contacts between the polymer and the top electrodes are 4.0/ T1I02/PA-PPV/Au;™ and ITO/TIG,/BFB/Au (Ref. 48],
sential for efficient charge collection. Note that because, Tio Where the polymer has ionization potential of at least 5.3 eV,
is deposited on top of ITO in these structures, the polarity iroducing a significant energy ste=0.4 eV) at the
reversed compared to most other organic photovoltaic det_)olymer/Au interface. The kink id—V characteristics has
vices, where holes flow towards the ITO. For efficient charge
collection in our devices, high-work-function materials must

350 400 450 500 550
Wavelength (nm)

be used for the hole collecting contact. The performance 200+
limitations caused by the energy step at the F8T2/Au contact NE 100 (;3126 ZteV /
are discussed in Sec. Ill D below. g ) t
z o0
C. Influence of interface morphology g 100,
Figure 6 compares external quantum efficiency spectra % 200 (A:E’_Ts’sA:v)
for bilayer and multilayer devices with different top contacts. 5 im
For all samples the HBL thickness was about 50 nm and the © 3001
effective polymer thickness 50 nm, while the multilayer de-
vices contained an additional 100 nm porous Ji@yer, '4000_0 02 04 06 08 10 12
which was dip coated before spin coating. The multilayer Pt Voltage (V)

contacted device shows a peak quantum efficiency of about

11% at 440 nm and about 14% at 370 nm, while the AuF!G- 7. J-V characteristics of ITO/HB(50  nm/porous

contacted device shows a peak quantum efficiency of abo%{'oz(loo an)/F8T2d/F8T25(50 nﬁnz’\)/metal solar cells under illumination
y a solar simulatof100 mW cm 4, air mass 1.b Data are shown for Pt

13% at 440 nm and about 15% at 340 nffihe response ang Ay metal electrodes\E; refers to the estimated energy step at the

below 387 nm, which is due to TiQ is not useful for solar polymer-metal interface.
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FIG. 8. J-V characteristics of ITO/Tigpolymer/metal devices in the dark. FIG. 9. J-V characteristics of ITO/Tigpolymer/Au devices under mono-
Data are shown for PFB/Au, F8T2/Pt and F8T2/Au polymer/metal combi-chromatic illumination at wavelengths corresponding to the maximum short
nations. circuit currents of the corresponding devices.

also been observed in molecular thin film solar cédsy., Figure 9 compares theJ-V characteristics of
|TO/CuP0/C60/A], where there is an energy step to h0|e|TO/TIOZ/F8T2/AU and |TO/T|Q/PFB/AU bilayer devices
injection from ITO to CuPc but disappears when PEDOTunder monochromatic illumination at Wavelengths corre-
(P on=5.3€V) is inserted between ITO and CuPwe  sponding to the maximum short-circuit currents of the corre-
have studied this effect under monochromatic illuminationsponding devices. The absence of a kink in drev curve
using different wavelengths with the same photocurrent genfor the PFB device further confirms that the kink in theV
eration rate(data not ShOW)] and as a function of ||ght in- curve of the |TO/TIQ/F8T2/AU device is related to the Sig-
tensity. The feature persists under different wavelengths, indificant energy barrier at the F8T2/Au interface. The origin
dicating that the kink is not a result of the spatial distributionof the kink in theJ—V curve is discussed in Ref. 49.

of photogeneration. Moreover, the feature grows rather than

diminishes with increasing light intensity, indicating that it is E. Effect of polymer thickness

not due to charge trapping. However, the kink is not visible Figure 10 shows thd—V characteristics of ITO/HBL

when the Au electrode is replaced with Pt, indicating that the ) . .
kink is not due to the bulk properties of the polymer or the(50 nm/porous TIQ layer (120 nm/F8T2/Au devices with

photogeneration profile but due to physical properties of the &Yng effective polymer thicknesses from 50 to 105 nm

. . . . _2 . _
polymer/metal interface. Thus, the kink -V characteris- gir':de\/rvzlg:tlii:(;?ezotlsé 'Q?frenégsgono?fnﬁgs trr:\é\lir:;nss I(?rgenorous
tics of the Au device may be due to the energy steyg( Y- poly b

—lp—®) at the F8T2 (p="5.5e\)/Au(Pd=4.9eV) inter- TiO, by comparing the optical absorption of the polymer

face. We have further investigated this behavior using anE:Oated TiQ electrode with the known absorption coefficient

. , N e
other fluorene-based polymer, PFB, as discussed below. of the polymer on _spectrosn, assuming the_;ﬂ@ 50%
porous. Short-circuit current densitidgc are highly depen-

dent on the polymer thickness, increasing from 185 to 310
D. Effect of the energy step at the polymer  /metal A cm~? when the polymer thickness is decreased from 105
interface to 50 nm, whileVc remains approximately the same at a

In order to examine the effect of the interfacial energy
step,AE;, on theJ-V characteristics of the solar cell, we
first reduced the energy barrier at the polymer/metal interface
by replacing F8T2 polymer with PFB polymer, which has an
ionization potential of 5.1 eV close to the work function of
gold. Figure 8 compares dark—V characteristics of
ITO/TIO,/F8T2/Pt, ITO/TIGQ /F8T2/Au, and
ITO/TiO,/PFB/Au bilayer devices. All these devices had
about 50 nm HBL and a similar polymer thickness. The very
small dark current values in the ITO/TJOF8T2/Au device
compared to the other two devices can be attributed to a
larger energy barrier for hole injection at the polymer/metal

Current density (uAcm™2)

interface, illustrated by the energy level diagrams in Fig. 5. 00 02 04 06 08 10 12 14
Since the open-circuit voltage of a solar cell is limited by, Voltage (V)

among other factors, currents injected from the electrodes
opposing the photocurrent, we would expect a higher open'%'g' (1
circuit voltage in the ITO/TIQ/F8T2/Au device compared  icknesses under ilumination by the solar simulatb®0 mW cni’?, air
to the other two devices. mass 1.k

10. J-V characteristics of ITO/HBL (50 nm)/porous
20 nm)/F8T2YF8T2YAu with different spin-coated polymer layer
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