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Bulk heterojunction photovoltaic devices based on blends of a conjugated polymer poly[2-methéxg-5-(3
dimethyloctyloxy)-1,4-phenylenevinylene] (MDM&PPV) as electron donor and crystalline ZnO nanoparticles
(nc-ZnO) as electron acceptor have been studied. ComposiZanO:MDMO—PPV films were cast from a
common solvent mixture. Time-resolved purgrobe spectroscopy revealed that a photoinduced electron
transfer from MDMG-PPV tonc-ZnO occurs in these blends on a sub-picosecond time scale and produces
a long-lived (milliseconds) charge-separated state. The photovoltaic effect in devices, made by sandwiching
the activenc-ZnO:MDMO—PPV layer between charge-selective electrodes, has been studied as a function of
the ZnO concentration and the thickness of the layer. We also investigated changing the degree and type of
mixing of the two components through the use of a surfactant for ZnO and by altering the size and shape of
thenc-ZnO particles. Optimized devices have an estimated AM1.5 performance of 1.6% with incident photon
to current conversion efficiencies up to 50%. Photoluminescence spectroscopy, atomic force microscopy,
and transmission electron microscopy have been used to gain insight in the morphology of these blends.

1. Introduction

The high costs of materials and production associated with
multicrystalline silicon solar cell modules spurs the development
of thin-film photovoltaic devices based on organic and polymer
materials that can be manufactured by roll-to-roll technologies.
In contrast to silicon and most conventional inorganic semi-

conductors, photoexcitation of organic semiconductors does not

directly result in free charge carriers. Instead, a strongly bound
electron-hole pair, or exciton, is generatéhis exciton can
be separated to form free charge carriers at the interface betwee
an electron-donorpttype) and electron-acceptar-fype) mate-
rial. The exciton lifetime and its diffusion length in organic and
polymer semiconductors are limited by radiative and nonradia-
tive decay, and therefore only excitons generated in close
vicinity of the p—n interface can give rise to charges. To boost
charge generation, the interface area can be enlarged b
intimately mixing thep- andn-type materials into a single layer
or bulk heterojunction. The challenge in making bulk hetero-
junction solar cells is to find a balance between a high interface
area for effective photogeneration of charges and an appropriat
phase separation into continuops and n-type domains for
effective transport of charges (holes and electrons) toward the
electrodes. So far, organic bulk heterojunction solar cells have
been made using polymer/fullerefi€, polymer/polymeg-10
and molecular blends; 6 with maximum efficiencies of 34%
under simulated solar light (AM1.5).

Conjugated polymers can also be combined wittype
inorganic semiconductors. Such hybrid polymerorganic

€,

bulk heterojunction polymer solar cells have been reported
including CdSe nanodoig;'®nanorods? and tetrapodd-2*and
TiO, nanoparticled? We recently described the successful
combination of ZnO nanoparticlesn¢ZnO) and poly[2-
methoxy-5-(37-dimethyloctyloxy)-1,4-phenylenevinylene] (MD-
MO—PPV), leading to solar cells with an estimated AM1.5
performance of 1.6%? This efficiency is comparable to the
highest efficiencies reported for hybrid-conjugated polymer
devices. In fact, thec-ZnO:MDMO—PPV devices surpass the
other hybrid devices in terms of open circuit voltaye ) and

il factor (FF),2* and therefore the challenge is to improve the

short-circuit currentJsc) compared to the best devices made
using MDMO—-PPV and acceptors such as fullererfesr
Cdse!o2t

For all bulk heterojunction solar cells, the morphology of the
active layer is crucial in the performance of these deiee%.

¥This paper aims at providing a deeper insight in the parameters

that determine the performance of hybrid bulk heterojunction
solar cells based onc-ZnO and conjugated polymers such as
MDMO—PPV. First, transient photoinduced absorption is
applied to investigate the kinetics of charge separation and
recombination across tme-ZnO:MDMO—PPV interface. Then,
photoluminescence spectroscopy, transmission electron micros-
copy (TEM), and tapping-mode atomic force microscopy (TM-
AFM) are employed to study the morphology of the composite
layers as a function of the amount of ZnO. We also change the
mixing of the two components by using a surfactant for ZnO
and by altering the size and shape of thezZnO particles.
Finally we address the stability of these devices in the presence

nanocomposites may combine the advantages of both materi- itraviolet (UV) light.
als: solution processing of polymer semiconductors and the high

electron mobility of inorganic semiconductors. Several hybrid o Synthesis and Characterization of ZnO Nanoparticles

* To whom correspondence should be addressed. E-mail: r.ajjanssen@ ZNO nanoparticles were synthesized by hydrolysis and
tue.nl. condensation of zinc acetate dihydrate by potassium hydroxide
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1c) confirm the formation of a wurtzite-type ZnO crystalline
0 phase®
20[degree]
Figure 1. ZnO nanoparticles prepared with aZrOH- ratio of 1.7. 3. Photoinduced Charge Transfer in

(a) TEM image. (b) UV-vis absorption spectrum in a chloroform:  nc.ZnO:MDMO —PPV
methanol (v:v= 90:10) mixture. (c) Powder XRD pattern.
To investigate photoinduced charge separation in mied

in methanol using a ZA:OH" ratio of 1:1.7 according to Weller ~ ZnO:MDMO—PPV layers, we have performed photoinduced
et al30 This procedure resembles methods previously describedabsorption experiments from the sub-picosecond to the mil-
by Henglein et af! and Meulenkam@? The resulting ZnO lisecond time domain. Thin film samples for these studies were
nanoparticles are insoluble in pure methanol, but by addition made by spin casting @ac-ZnO:MDMO—PPV (35 vol. %nc
of suitable amounts of less polar solvents such as dichlo- ZnO) mixture from chlorobenzene:methanol (wv95:5) on
romethane, chloroform, or chlorobenzene, stable solutions arequartz.
obtained. No additional surfactants or ligands are needed to The near-steady-state photoinduced absorption (PIA) spec-
disperse the ZnO nanoparticles in these solvent mixtures to reachtrum of a nc-ZnO:MDMO-—PPV thin film, recorded with
solubility up to 75 mg mE®. TEM indicates that particles of 5 modulated (275 Hz) photoexcitation at 488 nm, exhibits a
nm in diameter were obtained, which appear rather monodis- bleaching band of neutral MDMOPPV at 2.2 eV and the
perse (Figure 1a). characteristic absorption bands of the polymer radical cation

Because the extension of the electronic wave functions of around 0.4 and 1.3 eV (Figure 28)The intensity ratio of these
semiconductor quantum dots is confined to the particle, their bands is different from usual, and we attribute the higher
energy levels are size-dependent and-t¥i6 spectroscopy can  intensity of the 0.4-eV band to an additional signal from
be used to determine the diameter of semiconductor nanopar-electrons injected in Zn®. The simultaneous observation of
ticles such as ZnO. Figure 1b shows the UV absorption spectrumradical cations in MDMG-PPV and conduction band electrons
of ZnO nanoparticles in a chloroform:methanol mixture. Ac- in ZnO provides direct spectral evidence of a photoinduced
cording to Meulenkam@ the observedi; -3 of 360 nm electron-transfer reaction between these components. The PIA
corresponds to a particle diameter of 4.9 ¥y, levels off at spectrum ofnc-ZnO:MDMO—PPV shows strong resemblance
approximately 365 nm after the nanoparticles reach a diameterto spectra of InP:MDMG-PPV and CdSe:MDM© PPV blends
of 6 nm32 This indicates that quantum confinement and its effect observed by Pientka et @ Also in these spectra, the low-energy
on the UV absorption onset is only present in smaller particles. absorption band has been attributed to injected electrons in the
Therefore the UV onset is not a measure for the size of bigger nanocrystals.
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a e : : . : Nanosecond photoinduced spectroscopy measurements on
0.0 135 - ZnO:MDMO-PPV blends were performed to monitor the
i

P | i recombination of the photogenerated holes and electrons. Films

o WM*"‘*“*” ] were photoexcited with 4-ns pulses at 450 nm (2.76 eV). Figure

-04F ‘ 3b shows that the intensity of the photoinduced bleaching band
cofe B oo at 2.2 eV decays with time following a power lawaT/T O

06 @?&?@%@ﬁﬁ%&%&%ﬁﬁ 8% t7953 from nanoseconds to milliseconds after excitation. This
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'FP' recombination kinetics are analogous to those in fullerene:

o . polymer (PCBM:MDMO-PPV) blends, measured under identi-

o 6. a00 B0- aon. 000 cal conditions* For the latter blends, it is assumed that
Time [ps] recombination is limited by detrapping of the cationic charge

b _ _ , carriers in MDMO-PPV#4

0t In summary, imc-ZnO:MDMO—PPV blends, a fast forward
and slow backward electron-transfer reaction occur upon excita-
tion with visible light. These photophysical properties are

beneficial for operation in photovoltaic devices.
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4. Photovoltaic Performance and Morphology of
nc-ZnO:MDMO —PPV Blends

In this section, we discuss the effect of the amounhof
ZnO particles in the blend on the performance of the solar cells.
N e e e UV —vis absorption spectroscopy has been used to confirm that
Time [ns] the amount of ZnO used in solution correlates with the amount
Figure 3. (a) Time-resolved pumpprobe PIA spectroscopy measured of Zn_O in the blend. The e_ff|C|_ency of charge separatlon_ as a
at room temperature, monitoring the intensity of the MDMEPV function of ZnO concentration in the blend has been monitored
radical cation band at 0.56 eV (2200 nm) after excitation at 2.43 ev by photoluminescence quenching and by the collection of
(510 nm) with 200-fs pulses. The inset shows the transient absorption charges in photovoltaic devices. The morphology of the active
at short time delays. (b) Decay of the photobleaching band incan  |ayers has been studied to correlate the ZnO concentration with
ZnO:MDMO—PPV blend (26 vol. % ZnO) as a function of time.  he performance of the devices.
Excitation 2.76 eV (450 nm), pump fluence 1 mJém 4.1. UV-vis Absorption SpectroscopyUV —vis absorption
spectra were recorded to investigate the relation between the
This assignment is further corroborated by PIA experiments @mount of ZnO added to the solution used for spin coating and
and near-infrared (NIR) absorption spectroscopy following Uy the amount of ZnO in the resulting film. Addition of ZnO
illumination of a film containing only ZnO nanoparticles. After nanoparticles to the solution results in an increase of the ZnO
exposure of a pure ZnO nanoparticle film to light from a xenon absorption (below 400 nm) in the spectrum relative to the
lamp in an inert atmosphere, a weak NIR absorption is observedMPMO—PPV signal fmax = 505 nm) (Figure 4a). The
(Figure 2b)?° Katoh et al. observed the same NIR absorption @Psorption spectrum of MDMOPPV does not change, and the
of ZnO nanocrystalline films after electron injection by sensitiz- ©OPtical density at the maximum stays roughly the same because
ers or UV exposuréd? In the absence of oxygen, the NIR signal the MDMO_—PPV concentration was constant and only the ZnO
associated with conduction band electrons is stable for minutes.concentration varied. )
The PIA spectrum recorded with modulated UV excitation of a _ [N @ first approximation, the relation between the amount of
ZnO nanoparticle film also shows a strong signal in the NIR ZNO in the blend and the ratio of the optical density of ZnO
region. Interestingly, the strong PIA signal is only observed upon &nd the optical density of the MDMEPPV is given by
exposure of the ZnO particles to oxygen (from ambient air). off
The role of oxygen in the near-steady PIA experiment is to allow ODzno _ %zno X L™ 200 - vol. % ZnO )
for a modulation of the concentration of conduction band ODppy  oppy x LM, 100— (vol. % ZnO)
electrons between on and off illumination time intervals by
quenching these electrons. In the absence of oxygen, the longwhere Lef is the effective path lengthg. the absorption

lived conduction band electrons would remain undetected in coefficient, and vol. % ZnO the expected volume percentage
the lock-in detection scheme used in this PIA technique. The of ZnO in the film based on the composition of the solution

results confirm that, with direct UV excitation, the conduction used for Spin Castin@ The data in Figure 4b show a good
band electron in ZnO has a |0ng |ifetime, most ||ke|y as a result correlation between the amount of ZnO in the solution used
of trapping of the corresponding hate??The result is am-type for spin casting and the amount of ZnO in the film. By use of
doped ZnO nanoparticle. the absorption coefficient of MDMOPPV (1.3x 10" m~1)46

The kinetics of charge generation has been studied with sub-and the slope of the plot in Figure 4bA40/appy = 0.58), the
picosecond pumpprobe spectroscopy (Figure 3a) by monitor- absorption coefficient of the ZnO nanoparticles can be estimated
ing the intensity of the low-energy radical cation absorption to beoz,o= 7 x 10® m~L. This absorption coefficient is higher
band at 2200 nm (0.56 eV). Upon excitation at 510 nm (2.43 than the value reported for ZnO crystats{o ~ 10° m~1)*7in
eV) of MDMO—-PPV with 200-fs pulses, the PIA signal rises accordance with the fact that for quantum-confined nanopatrticles
within one picosecond, demonstrating an ultrafast forward the absorption coefficient shows a strong increase compared to
electron transfer towandc-ZnO. Similarly fast-electron injection its bulk value?®
(<300 fs) has been observed for Ru(dckf)MsC), dyes on 4.2. Photoluminescence Spectroscopgefore addressing the
nanoparticulate ZnO electrodes by Hagfeldt etial. effect of the ZnO concentration on the performance of the

1E-3
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Figure 4. (a) UV—vis spectra ohc-ZnO:MDMO—PPV films bends Fi ; . _
2 : gure 5. (a) Photoluminescence spectrarafZnO:MDMO—PPV
spin cast at 1500 rpm (3 mg mk MDMO—PPV) on PEDOT:PSS-  y0n4 excitation performed at 505 nm. The intensities are corrected

covered ITO substrates. (b) Ratios of the optical density of ZnO (335 ¢, the onti ; : : :
. . ptical density of the films. (b) Time-resolved photolumines-
nm) and MDMG-PPV (505 nm) as function of the ratio of the vol. % e of the emission at 580 nm recorded with excitation at 400 nm.

ZnOo. The data have been normalized at 10.000 counts.

Time [ns]

photovoltaic devices, it is useful to see how this affects charge
formation. Because of the fast, sub-picosecond forward electron-
transfer reaction, mixing of ZnO and MDMEPPV will result
in a quenching of the photoluminescence of the polymer. Indeed,
the spectra (Figure 5a) show that the photoluminescence of
MDMO —PPV is increasingly quenched upon addition of ZnO.
At 35 vol. % ZnO, 85% of the original MDMEGPPV
photoluminescence intensity is lost. Because energy (exciton)
transfer from the polymer to ZnO is highly endergonic, we
attribute the fluorescence quenching to electron transfer, al-
though a contribution from increased nonradiative decay (e.g.,
intersystem crossin nnot be rul t. From th results, ; .
weeir?f)f/:; tehat(;crz"Sleir%)u(r:}?of gS‘E}fo?tﬁg gtl)Jsorbgd phgt?)?]selzggdzlh'gher amounts OT Zn0 (47 vol. .%) appear to have their optimal
to charge separation. Addition of more ZnO does not lead to a performance at higher layer thickness.
further quenching. The residual photoluminescence can be Fora meaningful evaluatiod;-V characteristics of devices
explained by assuming that phase separation between MBMO With the same layer thickness should be compared. Parts ¢ and
PPV and ZnO occurs on a length scale larger than the excitond of Figure 6 show thel—V characteristics for cells with
diffusion length (approximately 10 nm for MDMEPPV). The different vol. % of ZnO and a constant layer thickness of
time-resolved photo|uminescence traces (Figure 5b) show aapproximately 100 nm. Several characteristics can be noted.
decrease of the fluorescence lifetime of the residual MDMO  Figure 6c shows that open circuit voltagést) decreases with
PPV emission with increasing amount of ZnO in the film. The increasing amount of ZnO. This might be related to the
reduced lifetime can be explained by assuming that at higher formation of shunts; relatively well conducting pathways of ZnO
concentrations (up to 42 vol. %) more photoexcitations in particles from electrode to electrode, whose likelihood increases
MDMO—PPV are generated close to the interface with ZnO when the amount of ZnO increases. In accordance with this
and therefore require less diffusion before charge separation carexplanation, an increase in layer thickness results in an increase
occur. of Voc when the amount of ZnO is constant (data are not
4.3. Photovoltaic DevicesTo study the effect of the ZnO  shown). The short circuit currenddc) initially increases when
concentration in the film on photovoltaic performance, hybrid the amount of ZnO in the blend is increased. This trend can be
nc-ZnO:MDMO—-PPV devices with different amounts at- explained by the increased formation of charges inferred from
ZnO were prepared and investigated by recording th&/ the photoluminescence quenching (Figure 5a). An additional
characteristics under illumination. The devices were made by effect might be the formation of more percolation pathways of
spin castingic-ZnO:MDMO—PPV from solution into thin films ZnO nanoparticles that improve the transport of electrons and
on a transparent hole collecting electrode consisting of a glassincrease the photocurrent. Keeping the layer thickness constant
substrate, coated with indium tin oxide (ITO) and poly(3,4- but increasing the amount of ZnO leads to a decrease of the
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS). absorption of light by MDMG-PPV, which rationalizes the

The devices (0.1 chrarea) were completed by thermal evapora-
tion of a 100 nm thick aluminum layer and characterized in
inert atmosphere nitroger< ppm HO, < 1 ppm Q). The
experiments were performed in a short period of time to rule
out variations in performance due to changes in the surrounding
atmospheré? The effects of the ZnO concentration and layer
thickness on the maximum power point (MPP) under white light
illumination are shown in Figure 6. The maximum performance
is observed for devices containing-285 vol. % ZnO and a
layer thickness between 100 and 150 nm. Devices containing
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Figure 6. The MPP value ohc-ZnO:MDMO—PPV solar cells, as a function of vol. % ZnO and the thickness of the active layer. (a) Three-
dimensional representation and (b) a top view of the same image. The bottom graphs shdw (®yWoc (c), FF (d), and MPP (d) depend on
the vol. % ZnO fornc-ZnO:MDMO—PPV solar cells with a layer thickness of 100 nm.

decrease of the short circuit current at higher vol.-% of ZnO halogen lamp, is shown in Figure 7a. Under these conditions
nanoparticles. Jsc = 2.40 mA cn1?is obtained, together withloc = 814 mV

The FF ranges from 0.3 to 0.6 depending on the amount of and FF= 0.59, leading to an estimated overall power conversion
ZnO in the blend. The observed maximum can be explained by efficiency ;) of 1.6% at this light intensity.
reasoning that the FF is a measure for the balance between hole 4.4. Morphology of nc-ZnO:MDMO —PPV Composite
and electron transport. At low ZnO concentrations, electron Films. In virtually all bulk heterojunction devices, the morphol-
transport is poor; at high ZnO concentration, the polymer phase ogy of the phase separation is one of the key parameters in
is highly diluted and hole transport is poor. The low FF at a achieving an optimum performance. The optimum morphology
high vol. % of ZnO can also be related to a low shunt resistance, is a critical balance between a well-dispersed system for efficient
which was also used to explain the trendigc. The overall charge separation and a phase separation on a large scale to
trend, when all parameters are combined into the MPP is thatimprove charge transport. Here we study the morphology of
the optimal amount of ZnO is approximately 30 vol. % (or 70 the nc-ZnO:MDMO—PPV blends with TEM and TM-AFM.
wt. % ZnO). This is less than the optimal amounts required for ~ 4.4.1. TEM. Thin layers of thenc-ZnO:MDMO—PPV blends
fullerenes (PCBM) in PCBM:MDMG-PPV blends (80 wt. %) have been investigated with TEM. The specimens were prepared
and 90 wt. % for CdSe nanoparticles and fd¥ blended with by spin coating the photoactive blend on top of PEDOT:PSS
rr-P3HT and MDMGO-PPV. as in normal device preparation and subsequently separating

Current density-voltage (§—V) characteristics of the best the active layer from the PEDOT:PSS layer by flotation on water
devices are shown in Figure 7a. These exhibit a good diode and transfer to a TEM grid.
behavior (rectification ratio is % 10* at4 2 V). Light intensity The higher electron density of the ZnO nanoparticles com-
dependentJ—V measurements, performed with white-light pared to MDMO-PPV gives rise to contrast in the TEM images,
illumination and a set of neutral density filters, reveal a sublinear and hence the dark regions in Figure 8a indicate the presence
relation ofJsc with light intensity () (Jsc O I", with n = 0.93) of ZnO nanopatrticles. At 100 nm thickness, the 26 vol. % ZnO
(Figure 7b), an increase ¥b¢c with | (ultimately reaching more  blend shows no coarse phase segregation and appears rather
than 800 mV), and an increase of FF up to values close to 0.6.homogeneous. However, in a 100 nm thick film, the transmis-
The incident photon to current conversion efficiency (IPCE, sion may be obscured by shadowing effects of ZnO nanopar-
Figure 7c) measured with white-light bias illumination resembles ticles. Therefore a thinner film (50 nm) was investigated (Figure
the absorption spectrum of time-ZnO:MDMO—PPV layer on 8b). The corresponding TEM image (Figure 8b) reveals that
glass and reaches 40% at the absorption maximum MBMO phase separation on a nanometer scale exists, because regions
PPV. Integration of the spectral response with the solar spectrumcan be observed where almost no ZnO nanopatrticles can be
(AM1.5G, normalized 100 mW cn?) provides an estimate of ~ detected. The presence of pure MDM®PV regions, some
the short-circuit current densitydc = 3.3 mA cn1?) under bigger than 10 nm (the approximate exciton diffusion length in
AM1.5 (1 sun) conditions. Thd—V curve, measured dt= PPV), is consistent with the residual photoluminescence ob-
0.71 sun equivalebftwhite-light illumination using a tungsten served in these blends ZnO (Figure 5a).
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8 1 3 that it is possible to detect Si(particles 5-7 nm beneath the
& 104 5 surface of the PVP filng*
2 The TM-AFM phase image recorded for a blend with 8 vol.
'_0'2 % ZnO (Figure 9) shows a strong, reversible dependence on
0ho . ) , B tar oot oD tapping force. Because the pha_se_shift of_ the cantilevgr o_sciI-
400 450 500 550 600 650 700 lation is related to the power dissipated in a nonelastie tip
Wavelength [nm] sample interactioP5%%a hard material generally shows a positive
Figure 7. Photovoltaic device characterization ofi@ZnO:MDMO— phase shift with respect to a soft material, and therefore the
PPV (26 vol. % ncZnO) solar cells with 4.9- and 3.7-nm ZnO  bright areas in Figure 9 are interpreted as the harder material
nanoparticles (sizes based on UV absorption onset)J<&) charac- and the dark areas as the softer material.

teristics in the dark (solid symbols) and under illumination with white The TM-AFM phase images in Figure 9 show the effect of

light from a tungsten halogen lamp estimated at 0.71 sun equivalent . . . ;
intensity (open symbols) for 4.9 nm (squares) and 3.7 nm (circles) the tapping force on the phase image. Soft tapping (Figure 9a)

particles. (b) EvolutionJsc (squares) with least-squares fit of power- SNOWs a mostly soft material. Upon increase of the tapping force
law behavior (solid line)Voc (open circles), andFF (triangles) as a  (parts b and c of Figure 9), more hard material becomes visible.
function of light intensity. (c) IPCE as function of the wavelength of The images can only be interpreted by assuming that there is a
monochromatic irradiation for 4.9- (solid squares) and 3.7-nm (open soft layer of MDMO-PPV on top of a harder material. Upon

circles) particles, co-plotted with the fraction of photons absorbed by jycrease of the tapping force, this surface layer is penetrated

the blend. and the harder underlying material is observed as a positive
phase shift.
4.4.2. TM-AFM. The TEM images ohc-ZnO:MDMO—-PPV In the height images, the “disappearance” of the top layer by

blends indicate that the blends are phase segregated on &arder tapping can also be observed. In Figure 10a (soft tapping),
nanometer scale. Studying the surface morphology of thin films the surface appears partially “wetted” with a thin film. Part of
can reveal further information on the distribution of phases. TM- this wetting disappears with an increase in the tapping force
AFM can give information about the height differences and, (Figure 10b) and is no longer visible in the height image. The
via the phase image, also about the composition of the materialspart of the “wetted” surface layer that remains visible in the
at the surface. However, interpretation of height and phase height image appears dark in the phase image (see the inset in
images is not straightforward, because they are influenced byFigure 10b), i.e., this appears to be a soft material. From the
parameters such as tapping force, tip shape, and quality,height cross sections, the thickness of the top layer was estimated
humidity, and the nature of the sample itself (e.g., hydrophobic, to be -2 nm, and we infer that it must be pure MDM®PV
hydrophilic, tacky)?* 52 Because hard nanoparticles can easily because the 5 nm sized ZnO nanoparticles cannot be imbedded
be distinguished from the soft polymer, hybrid mixtures seem in this 1—2-nm thin film. We note that these effects on the height
ideally suited to study with TM-AFM. However, there are only and phase images were completely reversible; decreasing the
a few examples of TM-AFM on blends from nanoparticles and tapping force restored the top layer.

(conjugated) polymer%.In one study on Si@nanoparticles in The surface layer appears to be more pronounced in the blends
a PVP (polyp-vinyl-2-pyrrolidone]) film, it has been reported  with large amounts of MDMGPPV. This might add up to the
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Figure 10. TM-AFM height images (500 nnx 500 nm) ofnc-ZnO:
MDMO —PPV blends with 4 vol. % ZnO, the vertical scale bar indicates
40 nm. (a) soft tappind/ lo = 0.6 and (b) harder tapping, whelfé,

= 0.4. The inset shows a phase image of the section bound by the
dotted line.

Blends with low amounts of ZnO (8 vol. %, Figure 11a) show
a smooth surface (root-mean-square roughness is 2 nm, maxi-
mum height difference 12 nm), with a faint appearance of
spherical aggregates. Parts b and c of Figure 11 show that with
increasing ZnO content these faint structures are replaced by
more spherelike structures. Increasing the ZnO content above
26—42 vol. % results in coagulation, growth of the spherical

MDMO PPV biends wih & vol. % ZnO. Vertical scale bar is00.  —uuclures, and a significant increase n surface roughness. For
The tapping force has been varied from I{&) = 0.6 (lowest force) to enas with more than vol. % 2n0, the suriace

(b) o = 0.5 and (c)l/l, = 0.45 (highest force), werk is the free ~ topography gives the impression that the film consists of an
amplitude and the cantilever amplitude during image recording. agglomerate of these spherical structures. It is possible that these
have already been formed in solution prior to spin casting and
that upon removal of the solvent the remaining polymer chains
observation that these blends show a smaller photovoltaic effect.in solution adhere to the outside of the spherical structures.
The presence of a polymer layer between the active blend andjnterestingly, the rough phase, formed in blends with high
the tOp electrode will act as a bIOCking Iayer for electron amounts of Zn0O, appears homogeneous because no phase
injection into this electrode and therefore leads to lower currents contrast could be observed. This would imply that in the
under illumination. We also observed that the polymer layer spherical features MDMOPPV is (homogeneously) mixed with
increases in thickness when the blend is stored (in a glovebox),the ZnO nanoparticles or, alternatively, that at high vol. % ZnO
probably because of diffusion of the polymer toward the tOp pure ZnO partides are present at the surface.
surface. We note that, although the TEM and TM-AFM studies give
Although intriguing, this surface layer makes interpretation some important insights, they are not completely decisive. The
of the phase images challenging. Soft tapping is required to getTEM image of a thin film clearly shows the presence of
a proper view on the actual surface morphology of these blends,MDMO —PPV domains without ZnO (Figure 8b) consistent with
because the topography of the samples is in some cases disturbeithe fluorescence experiments, but this phase-separated system
when larger tapping forces have been applied. The effect of is not clearly identified with TM-AFM. In the same way, the
the ZnO content on the surface morphology of the blends is spherical aggregates observed with TM-AFM are not observed
shown in Figure 11. The height images in partdeof Figure in the TEM images. TM-AFM shows that small amounts of
11 (under soft tapping conditions) are independent of the tapping ZnO can be rather homogeneously blended with MDMPV
force (/1g), apart from the effects related to the “wetted” surface and that the size of the features and the roughness of the films
layer. The corresponding phase images do not show any phaséncrease when the amount of ZnO is increased (Figure 11). The
contrast other than due to the surface layer. In parts e and f oftrends observed for the photovoltaic effect as a function of the
Figure 11, no surface layer has been observed, and the materialol. % ZnO in the blend can partially be related to the
appears to consist of a single homogeneous phase. morphology observed with TM-AFM. Upon addition of more

Figure 9. TM-AFM phase images (500 nmt 500 nm) ofnc-Zn0O:
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Figure 11. TM-AFM height images (500 nnx 500 nm): (a-c) 50 nm height bar and {ef) 100 nm height bar. (a) 8 vol. % ZnO, 70 nm thick,

3 vol. % MeOH, roughness 2 nm (rms). (b) 15 vol. % ZnO, 90 nm thick, 2.2 vol. % MeOH, roughness 1.6 nm (rms). (c) 26 vol. % ZnO, 140 nm
thick, 4 vol. % MeOH, roughness 4.0 nm (rms). (d) 42 vol. % ZnO, 220 nm thick, 5 vol. % MeOH, roughness 11 nm (rms). (e) 49 vol. % ZnO,
240 nm thick, 7 vol. % MeOH, roughness 19 nm (rms). (f) 64 vol. % ZnO, 350 nm thick, 10 vol. % MeOH, roughness 12 nm (rms).

TABLE 1: Summarized Results on Solar Cells Made Usingh-Propylamine (PA), ZnO Nanoparticles, and ZnO Nanorods

no. solventt spin speed (rpm) vol. % ZnO vol. % PA  Jsc(mA cm?) Voc(V) FF MPP (mW cnT1?)
1 CB 1500 26 0 2.46 0.78 0.58 11
2 CB 1500 26 0.5 2.1-2.2 0.6-0.7 0.50 0.7
3 CB 1500 8 2 11 0.78 0.48 0.4
4 CB 1500 26 2 15-1.6 0.6-0.7 0.59 0.6
5 CB 1500 35 2 19-21 0.64 0.55 0.7
6 CB 1000 26 rods 4 14 0.54 0.58 0.4
7 CB 1500 26 rods 4 11 0.52 0.62 0.4
8 CB 1000 35 rods 4 16 0.50 0.59 0.5
9 CB 1500 35 rods 4 1.2 0.47 0.61 0.3
10 CHCE 1500 26 2 1.6 0.65 0.52 0.5
11 CHCE 2000 26 2 1.3 0.64 0.51 0.4
12 CHCE 1500 26 rods 2 17 0.56 0.53 0.5
13 CHCE 2000 26 rods 2 16 0.56 0.53 0.5

a Solvents used: CB-= chlorobenzene, CHEE chloroform. The vol. ¥%n-propylamine is the amount added to the stock ZnO nanoparticle
solution.

ZnO, spherical features are formed and these appear interconand the conductivity of the percolating nanoparticle network.
nected. Increasing the ZnO amount further eventually results Becausen-propylamine is such a small molecule, effects such
in very rough films, i.e., the 64 vol. % ZnO blend (350 nm as these may be negligible. As shown in the previous sections,
thick) has a surface height difference of approximately 100 nm. the homogeneity afic-ZnO:MDMO—PPV blends is limited and
Solar cells made from these films show poor behavior becausevery sensitive to the conditions during spin coating. We found
the absorbance of light (at constant thickness) is decreased andhat, upon addition ofi-propylamine to the ZnO nanopatrticle
because thin films likely contain pinholes leading to shunts. solution, films appear completely smooth by eye. This major
improvement of film quality and reproducibility might provide
5. Effect of Surfactant, Shape, and Size of Nanoparticles improved photovoltaic devices. Table 1 summarizes experiments
in Hybrid Devices performed on several cells made usimgropylamine (entries

In the previous sections, it was shown that both morphology 1—5) and shows thalsc andVoc decrease when the amount of
and performance are strongly dependent on the amount and thd-Propylamine in the ZnO sol is increased from 0.5 to 2 vol.
dispersion of ZnO in the MDMOPPV film. Here we address ~ %- Jsccan be slightly restored by increasing the amount of ZnO
three methods to influence the dispersion of ZnO in the blend: but results in a concomitant loss ¥vc. Even though addition
(i) the use of surfactants to disperse the ZnO particles, (i) the Of n-propylamine improves the film-forming properties of the
use Of ZnO nanorods |nstead of nanoparticles to enhanceblend, |t doeS not Iead to an improved performance Of the SO|ar
transport, and (iii) the use of smaller ZnO particles. cell.

5.1. n-Propylamine as Surfactant.In general, application 5.2. ZnO Nanorods.Application of nanorods can lead to an
of surfactants in photovoltaic devices based on nanopatrticles isimproved transport of electrons through the nanoparticle net-
unfavorable because they hamper the electron-transfer processvork, because less electron hopping steps between individual
over the interface between the nanoparticle and the polymernanoparticles are needed to bridge the distance to the collecting
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Figure 12. TEM images of rods prepared after heating a concentrated !
solution of ZnO nanoparticles for 20 (a) and 15 h (b). < 3r 12 T
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electrode. This approach has been successful for polymer:CdSe E / '
cells, where the use of rods and tetrapods was shown to improve ‘g 1+ ! Y
Jsc1920 Hence, the application of ZnO nanorods seems a g
plausible approach to improve-ZnO:MDMO—PPV devices. fg
Weller et al*® described that ZnO nanorods can be grown from 3 i
the nanopatrticles by heating a concentrated nanopatrticle solution. ;
The length of the rods can be tuned varying the heating time. Y I—— 05 5 15

Nanorods prepared at 8C for 20 h are up to 60 nm in length
(Figure 12a) while heating for 15 h gives nanorods of ap- o
proximately 25 nm (Figure 12b). The rods synthesized after 15 Figure 13. The effect of UV illumination on the performance o

. o : - ZnO:MDMO—PPV solar cells. (a)¢-ZnO:MDMO—PPYV cell spin cast
and 20 h both give a similar UV absorption witfi.g, value of from chloroform as solvent, with 35 vol. % ZnO, indicating the effect

365 nm corresponding to bulk ZnO. Compared to nanoparticles, of consecutive measurements on the short circuit curaenieft axis)

the solubility of ZnO nanorods rods is rather low and they can and open circuit voltage, right axis). (b) Annc-ZnO:MDMO—PPV
only be dispersed in organic solvents with the aid of a small solar cell with a 600 nm thick active layer containing 64 vol. % ZnO
amount of n-propylamine. In chlorobenzene, 4 vol. % of in MDMO—PPV. Curve 1 shows the injtial solgr cgll pgrformance.
n-propylamine is necessary to give barely stable solutions. ZnO Curve 2 shows the same cell aﬁer short time UV illumination and curve
nanorods can be dissolved in chloroform with smaller amounts 3 &ftér €xposure to air for 1 min.

of n-propylamine (2 vol. %), and these solutions show an
improved long-term stability.

Voltage [V]

in MDMO —PPV, these nanoparticles gave very nice photovol-

. taic devices. IPCE values up to 50% (at 500 nm) have been
Solar cells made from ZnG nanorods (entriesX Table 1) measured. By use of the IPC& 1 sun equivalent short circuit

from chlorobenzene do give a photovoltaic effect, byg and . . .
Voc are reduced compared to the best nanoparticle basedCurrent density of 3.9 mA cnf was obtained (Figure 7c).

devices. Photovoltaic devices, prepared from rod and nanopar-Commed Wlt.h thé/oc = -0'80 Vand '.:F: 0.50 (measured at .
ticle soiutions in chloroform ,With the same amount of 0'71- sun.equwaler)t's, Figure 7a) this leads to a photo_voltalc
propylamine, have been compared to investigate the influencedeyl.Ce with an efficiency of_1.56%, (_:Iose to the maximum
of the shape’of the particle more directly. Table 1 (entries 10 efﬁmency fou_nd_for 4.9 nm S|zeq| particléThe remarkable_
13) reveals only minor differences in.the performance of hlgh current indicates that 'ghg size of the nanoparticles might
photovoltaic devices made using rods and nanoparticles Thisbe Important for fyrther optimization of the solar cell perfor-
demonstrates that photovoltaic devices with ZnO nanorod.s Canmance and that increasing the size of the nanoparticles or
P o application of nanorods might not necessarily be the only way
be prepared but that, for a full utilization of the advantages of to im h
S : : 2 prove charge transport.

these rods, solubility in organic solvents without the application
of surfactants seem to be required.

5.3. Smaller ZnO Nanoparticles.The size of the nanopar-
ticles can be increased by raising the precursor concentration

in the starting solution and by increasing the reaction fifme.  When ZnO nanoparticles are directly excited across the band
The size of the particles also strongly depends on th&:Zn  gap by UV excitation, they produce a mobile electron in the
OH-™ ratio used in the synthesis. The ratio of 1:1.7 used in this conduction band (see Figure 2b) and a deeply trapped hole. This
work gives stable colloidal solutions with 5-nm particles. effect is the origin for the photoluminescent behavior in the
Increasing the Z#:OH~ ratio from 1:1 to 1:1.75 results in  visible region of ZnO nanoparticlé$#2The sensitivity of ZnO
larger particles, while a further increase of the ratio leads to toward UV light is a disadvantage of hybnid-ZnO:MDMO—
smaller particles, and at a ratio of 1:2.5, the sol becomes ppV blends in solar cells because it deteriorates the performance.
unstable’ Figure 13a shows that, in absence of UV light, by placing a

Solar cells have also been made with nanoparticles made420 nm cutoff filter between the cell and the light tungsten
using a ZA™:OH™ ratio of 1:1.85 to decrease the size of the halogen lamp, theJ—V characteristics are stable in time.
ZnO nanoparticles. The size of these nanoparticles determinedHowever,Voc decreases in consecutive measurements when a
from UV spectroscopy was 3.7 nm. TEM images of these 380-nm cutoff filter is used to block UV light (Figure 13a).
particles were inconclusive, indicating that very small, but not Longer illumination times, even with small amounts of UV light,
nicely monodisperse, particles were formed. When introduced lead to a complete loss &foc.

6. Effect of UV Light on nc-ZnO:MDMO —PPV Solar
Cells



9514 J. Phys. Chem. B, Vol. 109, No. 19, 2005 Beek et al.

The effect of UV illumination has also been investigated for in the blend, the morphology, and the photovoltaic performance.
a device containing a thick layer of a blend with 64 vol. % A deeper understanding and, especially, control over the
ZnO in MDMO—PPV (Figure 12b). For this device, tlJe-V complex morphology ofic-ZnO:conjugated polymer blends will
curve before UV exposure (curve 1) is characterizeddy—= aid in improving the photovoltaic effect of this combination of
0.7 mA cnt2 andVoc = 0.62 V. lllumination using a tungsten materials.
halogen lamp without any UV filter results within seconds in a
complete loss o¥/oc, Jsc, and diode behavior (curve 2). Instead, 8. Experimental Section

the layer acts as a conductor. Surprisingly, exposure of this . . . .
y P gy P Materials. MDMO—PPV, synthesized via the Gilch route,

device to air for one minute restorgsc and even slightly . . .
improvesVoc. This remarkable recovery can be related to the WaS provided by Philips Research Eindhoven. MDMRPV
hasM,, = ~1 x 10° g mol~* and a polydispersity of about 7 as

observations for ZnO nanoparticles in Figure 2b. Exposure to . . . . .
oxygen removes the electrons from the conduction band angdetermined by size-exclusion chromatography calibrated against

restores the semiconducting properties of the ZnO phase.  Polystyrene. PEDOT:PSS was purchased from Bayer AG
(Baytron P VPAI 4083) and aluminum wire (99.999%) from

Engelhard-Clal.

ZnO Nanopatrticles Synthesis.ZnO nanoparticles were

Blends of crystalline ZnO nanoparticles and a conjugated prepared using an adapted procedure based on the work of
polymer (MDMO-PPV) have been considered as the active Weller et al*® The general procedure used for the preparation
layer for hybrid polymer solar cells. Transient photoinduced of nanoparticles was as follows: zinc acetate dihydrate (Acros,
absorption (PIA) spectroscopy on mixed-ZnO:MDMO—-PPV >98%, 2.95 g, 13.4 mmol) was dissolved in methanol (125 mL)
films reveal the formation of MDMG-PPV radical cations and  at 60°C, a solution of KOH (Merck, 87%, 1.48 g, 23 mmol) in
conduction band electrons inc-ZnO after excitation of the  methanol (65 mL) was added in 10 min to the zinc acetate
polymer with visible light. The photoinduced charge separation dihydrate solution under vigorous stirring. Zinc hydroxides
occurs within 1 ps and provides long-lived charge carriers that precipitated but dissolved again. After 5 min, the solution
can be detected up to milliseconds after excitation. The became translucent and remained translucent. After 1.5 h, the
photoluminescence quenching of MDM®PV maximizes at nanoparticles started to precipitate and the solution became
85% for blends containing 35 vol. % ZnO or more. We conclude turbid. After 2 h and 15 min, the heater and stirrer were removed
that, under these conditions, most, but not all, absorbed photonsand the nanoparticles were allowed to precipitate for an
provide charges. From TEM and fluorescence lifetime studies, additional 2 h. Precipitate and mother liquor were separated,
we infer that phase separation is responsible for the incompleteand the precipitate was washed twice with methanol (50 mL).
charge formation. As expected, the performance ohth&nO: After the washing steps (5 min), the suspension was left unstirred
MDMO—PPV solar cells depends on the concentration of ZnO for a minimum & 1 h to reach full precipitation. The washed
and the thickness of the active layer. The best performance isprecipitate was treated with chloroform or chlorobenzene (10
found for a blend with 30 vol. % ZnO and thickness~100 mL) to dissolve the nanoparticles. This solution was only slightly
nm, sandwiched between a transparent (PEDOT:PSS on ITO)translucent, almost transparent, and was stable for more than
and a metal (aluminum) electrode. These devices provide atwo weeks. The amount of methanol in the resulting solution
photovoltaic effect with an estimated efficiency of about 1.6% was determined wittH NMR. Replacing the last washing step
under AM1.5 conditions. The morphology of the-ZnO: with a centrifugation step (4300 rpm, 5 min) decreased the
MDMO—PPV blends has been examined with TEM and TM- amount of methanol with a factor 2.
AFM. With TM-AFM, a thin layer covering the surface has ZnO Nanorods SynthesisThe synthesis for the nanoparticles
been identified as MDMGPPV. was followed up to the point of the precipitation step. After

Improving the solubility, stability, and miscibility of the reaction fo 2 h and 15 min, the reaction mixture was
nanoparticles by the addition ofpropylamine does not enhance concentrated 10 times by solvent evaporation atG0 The
the photovoltaic effect, which is rationalized by a loss in electron precipitate dissolved again, and the clear solution was heated
transport across the surfactant interface layer. Replacing nano-at 60 °C for 15 or 20 h. During heat treatment, the nano-
particles with nanorods does not improve the performance, mostrods started to precipitate. After heat treatment, methanol
likely because ZnO nanorods are more difficult to disperse in (50 mL) was added and the ZnO rods were allowed to

7. Conclusions

organics apolar solvents and require the additiom-pfopyl- precipitate. This precipitate was washed as mentioned above.
amine. Smaller ZnO particless@ nm based on U¥vis) give Stable nanorods solutions were obtained after addition of a
higher currents but a lower FF value in devices, making the chloroformn-propylamine mixture (10 mL, 2 vol. %-propyl-

over all performance similar to the larger particles. amine).

One drawback of these devices is that small amounts of UV~ ZnO:MDMO —PPV Blends.Blends of MDMO-PPV and
light (<420 nm) result in a rapid degradation of the photovoltaic ZnO were prepared starting by dissolving MDM®PV in
effect. Formation ofi-doped ZnO nanoparticles by direct band chlorobenzene. The exact amount of the ZnO nanoparticle stock
gap excitation and trapping of the hole is responsible for this solution needed to reach the desired amounts of ZnO in the
effect. Fortunately, the electrons in the conduction band of the blends was determined from the ZnO concentration in the sol.
nanoparticles can be removed by exposure to oxygen, whichThis ZnO concentration was determined from the solid residue
restores the photovoltaic effect. after solvent evaporation. The ZnO solution was used within

In summary, our studies have provided a deeper understandthree days after synthesis, because this led to the best cells with
ing of the photovoltaic properties aic-ZnO:MDMO—PPV the highest reproducibility. On average a ZnO concentration of
blends and demonstrate that reasonably efficient photovoltaic65 mg mL had been obtained. In a typical procedure,
devices can be obtained with ZnO nanoparticles of different MDMO—PPV (3 mg) was dissolved in chlorobenzene (0.5 mL).
size and shape. TEM and TM-AFM have provided the first For a 26 vol. % ZnO:MDMG-PPV blend (an MDMG-PPV:
insights in the morphology afc-ZnO:MDMO—PPV blends and ZnO mass ratio of 1:2), 410L of a chlorobenzene:methanol
show that a subtle interplay exists between the amount of ZnO mixture (v:v= 95:5) was added, followed by 90 of the ZnO
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solution. The solution for spin coating contains approximately nm (25 mW, beam diameter of 2 mm) and monitoring the
4 vol. % methanol, calculated using a 20 vol. % methanol resulting change in transmissioAT) of a tungster-halogen
concentration for the ZnO solution. This procedure was followed white-light probe beam after dispersion by a triple-grating
because it led to a better dispersion of the ZnO in the polymer: monochromator, using Si, InGaAs, and (cooled) InSb detectors.
chlorobenzene solution. Without the addition of methanol, prior For PIA experiments, the UV lines (363 and 350 nm) of the
to the addition of the ZnO solution, the nanoparticles could Ar-ion laser were used.
partially precipitate. The amount of methanol in the ZnO Femtosecond Pump-Probe Spectroscopy.The femto-
solution could be decreased down to 10% by centrifugation second laser system used for purgpobe experiments consisted
(when the amount of solvent added after centrifugation was keptof an amplified Ti/sapphire laser (Spectra Physics Hurricane),
constant to 10 mL). Lowering the amount of methanol led to providing 150-fs pulses at 800 nm with an energy of 780
unstable solutions because the ZnO nanoparticles precipitatedand a repetition rate of 1 kHz. The pump pulses (510 nm) were
Preparation of Photovoltaic DevicesGlass plates covered created via optical parametric amplification (OPA) of the 800
with patterned ITO resulting in 4 different device areas (0.095, nm and frequency doubling. The probe beam (2200 nm) was
0.116, 0.37, and 1.02 cnwere used for device preparation. generated in a separate OPA. The pump beam was linearly
Photovoltaic devices were fabricated by spin casting a mixed polarized at the magic angle (58)#vith respect to the probe
solution in chlorobenzene (unless mentioned otherwisacof beam to cancel out orientation effects in the measured dynamics.
ZnO and MDMO-PPV on a PEDOT:PSS film, which had been The temporal evolution of the differential transmission was
deposited on a UV ozone cleaned ITO coated glass substraterecorded using a cooled InSb detector by a standard lock-in
nc-ZnO:MDMO—PPV composite films were spin cast between technique at 500 Hz.
500 and 3000 rpm for 2 min to vary the film thickness. All Nanosecond Transient Spectroscopyl:hin films of thenc-
cast films were additionally dried at 2500 rpm for 1 min. Blends zZnO:MDMO—-PPV composite material were obtained by spin
deposited from chloroform were spin cast for 1 min. The back coating from chlorobenzene solution on a quartz substrate.
electrode, consisting of 100 nm Al, was evaporated in high Transient spectra were recorded by exciting the sample with
vacuum. Film thickness measurements were performed with apulses at 450 nm (pulse width 4 ns, repetition rate 10 Hz)
Tencor P10 surface profiler. obtained from an optical parametric oscillator, pumped by the
Current —Voltage MeasurementsJ—V measurements were  third harmonic of a Nd:YAG laser. The excited area was 1.8
performed in a Matmosphere at room temperature. In forward mmn?, and the sample was held at 295 K in a flow cryostat in a
bias, the ITO electrode was positively biased. The devices wereNz atmosphere. An intensified charge-coupled device camera
illuminated at the transparent ITO electrodeV characteristics ~ was used to record the transmission of a tungskextogen probe
were measured with a computer-controlled Keithley 2400 Source light through the sample after dispersion by a spectrograph. The
Meter in the dark or under85 mW cnt?2 illumination from a signal acquisition by the camera was electronically gated. To
100-W tungsterrhalogen lamp filtered by a Schott KGO1 and obtain differential transmission spectra, the probe light was
GG420 filter providing a spectral range of 42000 nm. recorded at the delay time of interest and then the reference
IPCE. Measurements were performed on a home-built setup, fransmission at a 25 ms delay. For short acquisition delay times,
utilizing a xenon lamp and a Spex Minimate monochromator. the transmission spectra were corrected for a very small residual
The monochromatic light was focused on a diaphragm (2 mm fluorescence.
diameter) to create a small light spot. Light power intensity at ~ TEM. A 1000x diluted solution of the nanoparticles or rods
500 nm was 1 mW cr? as determined with a calibrated Melles-  in dichloromethane was drop cast on a carbon-coated copper
Griot silicon diode. Currents were recorded using a Keithley TEM grid. Films for TEM were prepared by flotation onto the
2400 Source Meter. Light intensity modulated data were surface of deionized water and picked up by a 400 mesh copper
recorded with a chopper at 80 Hz using a lock-in amplifier. grid. The TEM observations were conducted on a JEOL JEM-
Experiments with backlight were recorded by illumination of 2000FX transmission electron microscope operated at an
the solar cell with a continuous backlight of 30 mW ¢hand acceleration voltage of 80 kV.
intensity modulated monochromatic light. TM-AFM. TM-AFM measurements were performed on a
UV —vis Absorption and Photoluminescence Spectroscopy. ~ Veeco MultiMode with a NanoScope IV controller, using TM-
UV —vis spectra were recorded on a Perkin-Elmer Lambda 900 €tched silicon cantilevers with a spring constant of 11.5 N/m
spectrophotometer. Photoluminescence spectra were recorde@nd an apex radius of 10 nm.
on an Edinburgh Instruments FS920 double-monochromator
spectrometer with a Peltier-cooled red-sensitive photomultiplier. ~ Acknowledgment. We thank Edwin Beckers and Ton
Time-correlated single photon counting photoluminescence Offermans for performing the time-resolved pufigrobe
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