-
™
<
[
-l
wd
=
™

Makies

www.afm-journal.de

www.MaterlalsVIews.com

Compositional and Morphological Studies
of Polythiophene/Polyfluorene Blends in Inverted

Architecture Hybrid Solar Cells

Yana Vaynzof, Thomas J. K. Brenner, Dinesh Kabra, Henning Sirringhaus,

and Richard H. Friend*

This work investigates the composition and morphology of films of poly(3-
hexylthiophene) (P3HT), polyfluorene co-polymer poly((9,9-dioctylfluorene)-
2,7-diyl-alt-[4,7-bis(3-hexylthien-5-yl)-2,1,3-benzothiadiazole]-2’,2"-diyl)
(F8TBT) and blends thereof that are used in efficient all-polymer solar cells.
Ultraviolet photoemission spectroscopy (UPS) and X-ray photoemission
spectroscopy (XPS) studies on thin polymer and blend films on ZnO
substrates reveal the existence of a 1-2 nm thick P3HT layer at the top
surface of the blend films. XPS depth profiling studies reveal a density wave
(A = 70 nm) originating from the air interface. As no preferential accumula-
tion is observed at the bottom interface with ZnO, the composition at this
interface is consistent with the original composition of the blend solution
prior to spin-coating. The morphology of this buried interface was studied by
means of atomic force microscopy (AFM) and revealed that upon annealing
the average domain size increases slightly (from 27 nm to 40 nm). It is
observed that the photovoltaic performance of such inverted hybrid device
improves upon annealing, however we believe this to mostly be a result of
increased crystallinity in the P3HT domains leading to improved charge
transport in the device, rather than changes in the blend phase separation.

In these systems, the conjugated polymer
acts as a donor material and the fullerene
derivative acts as an acceptor. Alterna-
tively, several attempts have been made to
fabricate efficient all-polymer photovoltaic
devices. Systems such as poly(9,9-dioc-
tylfluorene-co-bis-N,N-(4-butylphenyl)-bis-
N,N-phenyl-1,4-phenylenediamine) (PFB):
poly(9,9-dioctylfluorene-co-benzo-thiadi-
azole) (F8BT),”l poly(3-hexylthiophene)
(P3HT): poly((9,9-dioctylfluorene)-
2,7-diyl-alt-[4,7-bis(3-hexylthien-5-yl)-
2,1,3-benzothiadiazole]-27,2”-diyl)
(F8TBT),®l  and  poly[3-(4-n-octyl)-phe-
nylthiophene] (POPT): poly[2-methoxy-
5-(2’-ethylhexyloxy)-1,4-(1-cyanovinylene)
phenylene] (CNPPV)P! have been investi-
gated and power conversion efficiencies
(PCE) as high as 2% have been reported.
The use of a conjugated polymer as the
acceptor material in the bulk heterojunc-
tion solar cell offers several advantages
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1. Introduction

Almost two decades after their initial demonstration,? solu-
tion-processed conjugated polymer based photovoltaic dev1ces
continue to draw a great deal of attention from the scientific
community. The vast majority of the reported research focuses
on photovoltaic devices the active layer of which is comprised
of a blend of a conjugated polymer with fullerene derivatives
such as, [6,6]-phenyl-C61-butyric acid methyl ester ((60]JPCBM)
or [6,6]-Phenyl-C71-butyric acid methyl ester ([70]PCBM).13-6l
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over the widely used fullerene deriva-
tives. Firstly, conjugated polymers have
higher absorption coefficients over a large
range of wavelengths than the fullerene derivatives. Addition-
ally, the flexibility in the design of the energetic position of the
lowest unoccupied molecular level (LUMO) allows efficient
charge separation in conjunction with high open-circuit voltage
(Voc).- However, despite these advantages, the performance
of all-polymer photovoltaic devices is notably inferior to their
polymer:fullerene counterparts. It has been previously reported
that the length scale of the phase separated domains has a great
impact on the performance of these devices.’ These length
scales are affected by numerous parameters, such as: deposition
method," the common solvent!!? or solvent mixture,*?! the
molecular weight of the polymers,'Yl composition,”! substrate
surface,["” additives!'®l and more. Although attempts have been
made to adjust the typical domain size in all-polymer solar cells
to increase the device efficiency, achieving good control over the
morphology on length scales comparable to the exciton diffu-
sion length still remains a challenge.['”! Therefore, it is crucial
to gain understanding of the physical mechanisms driving the
phase separation in these systems and learn to control it.
Herein, we present a complete study of the composition
and morphology of one of the best performing all-polymer
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Figure 1. a) Schematic structure of an inverted P3HT:F8TBT photovoltaic device. Chemical

structures of b) P3HT and c) F8TBT.

photovoltaic systems, P3HT:F8TBT. The device structure along
with the chemical structures of the P3HT and F8TBT polymers
are shown in Figure 1. The device performance was optimized
empirically: using xylene as a solvent and an annealing step at
140 °C for 10 minutes were shown to lead to the best PCE of
1.8%.181 We follow the empirically optimized fabrication proce-
dure and study the composition and phase separation in the films
by means of Ultra violet photoemission spectroscopy (UPS), X-ray
photoemission spectroscopy (XPS) and XPS depth profiling. We
have recently employed this technique to study the phase separa-
tion in P3HT:PCBM blends. Here, in the case of P3HT:FS8TBT,
we observe a compositional density wave originating from the air
surface, however no such wave is detected at the substrate inter-
face, suggesting that it acts as a ‘neutral surface’. The wavelength
A of observed density wave is estimated to be 70 nm. Exposing
the interface with the substrate and imaging the bottom surface
of the polymer blend film by means of Atomic Force Micro-
scopy (AFM) reveals that films annealed at

www.afm-journal.de

are shown in Figure 2. In the case of P3HT,
a single S2p doublet is observed at binding
energies of 163.9 eV and 165.1 eV, consistent
with a S in a thiophene unit. The Cls signal
is composed of three C species at 284.8 eV,
284.4 eV and 285.2 eV, corresponding to
C-C, C=C and C-S, respectively. As expected,
no N1s signal is observed in the P3HT films.

In the S2p spectrum collected on the
F8TBT films, we clearly see the contribution
from the two species of S in the polymer.
The low energy doublet (at binding energy of
164.05 eV) corresponds to the S in the two
thiophene units in F8TBT, in agreement with
the S doublet previously measured for the
thiophene units in P3HT. Whereas the high
energy doublet (at binding energy of 165.65
eV) corresponds to the S in the benzothia-
diazole (BT) unit of the polymer, consistent
with the higher oxidation state of the S in a
BT unit. A single peak at a binding energy
of 399.45 eV in the N1s spectrum originates
from the two N atoms in the BT unit. Accord-
ingly, the Cls signal is decomposed to contributions from C-C,
C=C, C-S and C-N.

The measured composition values are in good agreement
with the theoretical stochiometric values and are summarized
in Table 1.

XPS spectra taken on P3HT:F8TBT blend film appear in
the bottom row of Figure 2. As the film thickness is similar to
the XPS electron escape depth (4-5 nm), the spectra are col-
lected from the entire film thickness and the expected average
composition of the P3HT:F8TBT blend is 1:1. The S2p spectra
consists of two S doublets (binding energies of 164.1 eV and
165.3 eV), similar to the F8TBT case. It is evident that the con-
tribution from the S originating from the BT unit of the FSTBT
is lower than that of the pure polymer film. Similarly the N1s
peak (binding energy of 399.45 eV) appears smaller than that in
the F8TBT spectrum. The atomic percentage of N in the blend
is 49.8% of the value for the pure polymer, in agreement with

140 °C show typical domain size of ~40 nm, Cis S2p N1s
approximately half of the density wave wave- 5
length. Finally we demonstrate the improved £
photovoltaic performance of the devices upon P3HT =
annealing at 140 °C, which we interpret to é -
result from improved crystallinity of the P3HT -
rather than enhanced degree of phase separa- 2
tion, as we measure the typical domain size of FSTBT >
unannealed films to be ~30 nm. g BT
£ N
2. Results and Discussion 2
P3HT:F8TBT 2
2.1. Composition of P3HT, F8TBT 5 _N thjoph BT -
and P3HT:F8TBT thin films = ik |
282 284 286 288 162 164 166 168 398 400 402

The Cls, S2p and N1s XPS spectra taken on
P3HT, F8TBT and P3HT:F8TBT thin films
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Figure 2. Cls, S2p and N1s XPS spectra taken on P3HT, F8TBT and P3HT:F8TBT thin films.
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Table 1. Calculated and measured atomic percentage composition values of C-C, C=C, C-S, C-N, S(thiophene), S(BT) and N chemical species in
P3HT, F8TBT and P3HT:F8TBT films. The calculated values were obtained using the ideal polymer structures as depicted in Figure 1.

P3HT

F8TBT P3HT:F8TBT

Atomic% measured Atomic% calculated

Atomic% measured

Atomic% calculated Atomic% measured Atomic% calculated

c—C 47.57 54.54 54.18 61.66 51.40 57.39
c=C 2133 18.18 27.27 20.0 25.72 20.00
c-s 2133 18.18 6.30 6.66 12.26 12.18
C-N 0 0 452 3.34 2.40 1.74
S (thiophene) 9.77 9.10 3.61 334 5.93 6.09
S(BT) 0 0 1.51 1.66 0.99 0.87
N 0 0 261 3.34 1.30 1.73

the 1:1 blend composition. In addition, we observe that the
amounts of N measured on F8TBT and P3HT:F8TBT films are
consistently lower than the theoretical values by approximately
20%.

Next, we investigate the layer structure of the thin polymer
blend films by means of angle resolved X-ray photoelectron
spectroscopy (ARXPS). This technique allows the analysis of
the vertical composition of thin films in the order of several
nm, and offers the advantages of being non-destructive and
highly accurate.

As it is schematically illustrated in Figure 3e, with increasing
sample tilt angle, the XPS spectra are collected from a decreased
depth. This results in a lower intensity signal overall, but allows
to calculate the atomic concentration percentage at varying

depths. The spectra collected at tilt angle of 60° are the most
surface sensitive and approach the surface sensitivity of UPS.
Figure 3a, 3b and 3c show the XPS spectra of Cls, S2p and
N1s, respectively, collected at sample tilt angles of 0°, 15°, 30°,
45° and 60°. As expected with increasing sample angle the
intensity of the collected signal decreases. However, the rate of
the decrease differs for each element. Figure 3d shows the evo-
lution of the atomic percentage with increasing sample angle,
normalized to the atomic percentage at angle 0°. It is clear that
as we probe closer to the top surface (increasing sample angle),
the N atomic percentage is significantly decreased. As the sole
contribution to the N1s signal is from the F8TBT polymer and
almost no N is detected at sample angle of 60°, we conclude that
at the top of the blend surface we find nearly pure P3HT. This
is also consistent with the observed increase
in S atomic percentage.

s - - Additionally, we performed UPS measure-
@ A A b) , oo ()~ =0 | ents on P3HT, FSTBT and P3HT:FSTBT
! o 15 TR S - .

~ n | o o~ | 2 i 30° films (Figure 4). UPS is much more sur-
< Lo 452 < It w| i 45° face-sensitive than XPS as the photoelec-
2 FA A > L. e e z # —me0 tron escape depth is only ~1-2 nm. Tradi-
g / N % :.".. .;"; & g7 LA tionally, the low binding energy edge of the
€ VTR = AR AR = ;'_ 5 polymer valence band corresponds to the

e A ), L :. .. . .
& Y IR 4 v # position of the highest occupied molecular
> . P '..,_'71" W LLH orbital (HOMO).2% The energetic difference
283 284 285 286 287 162 164 166 168 397 398 399 400 401 402 between the HOMO edge of the P3HT and
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e) Schematic illustration of the ARXPS technique.
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Figure 3. XPS spectra of a) Cls, b) S2p and c) N1s collected at sample angles of 0°, 15°,
30°, 45° and 60°. d) Normalized atomic percentage evolution with increasing sample angle.

that of F8TBT is measured to be 0.7 eV, in
agreement with what has been previously
measured by Friedel et al.?!l using cyclic
voltammetry. The UPS spectrum taken on
a P3HT:F8TBT blend film is completely
dominated by the P3HT features, suggesting
that the top ~1-2 nm of the blend film are
composed of a pure P3HT layer, in excellent
agreement with the ARXPS measurements.
This has been previously observed in the case
of P3HT:PCBM films and is attributed to the
lower surface energy of the P3HT.?2

McNeill et al.l?’l previously observed that
the top surface of P3HT:F8TBT films is P3HT
rich, in agreement with our measurements.

Adv. Funct. Mater. 2012, 22, 2418-2424
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Figure 4. UPS spectra collected on P3HT, F8TBT and P3HT:F8TBT.

Although their measurement on post annealed films shows an
increase in the amount of F8TBT at the surface, we believe this
to be an artifact of their measurement. The authors evaporated
Al electrodes on the polymer film prior to annealing and then
removed those electrodes to probe the composition with XPS.
However, evaporation of Al electrodes creates a several nanom-
eter thick intermixed layer at the top of the film as it has been
reported previously.?*#?°] Removing the Al electrode will also
remove the intermixed layer (as confirmed by no evidence of
Al2p XPS signal on films after Al electrode removal) and partly
expose the region below the original P3HT overlayer, which
accounts for the increase in F8TBT they observe.

2.2. Bulk Composition of P3HT:F8TBT Films

To probe the bulk composition of the P3HT:F8TBT films of
thicknesses comparable to those employed in photovoltaic
devices, we used an XPS depth profiling

technique. This technique combines XPS,

which is used to probe the chemical sur- 100 (@)
face composition, with ion gun sputtering
to remove thin layers of the film in order to
achieve depth resolution. In the past, this
technique was successfully used to examine
the composition profiles of other polymer
blends, such as Poly(3,4-ethylenedioxythioph
ene):poly(styrenesulfonate) (PEDOT:PSS),2¢!
polyaniline:poly(2-acrylamido-2-methyl-1-pro-
panesulfonic acid) (PANI:PAAMPSA),?”) and
most recently PSHT:PCBM.['8]

In the case of the P3HT:F8TBT blend, the
amount of F8TBT can be determined from
the N1s spectra, as P3HT does not contain
N atoms. One cannot use the S2p spectra
to calculate the composition profile directly
as both polymers have S atoms in them.
Figure 5a shows the composition profile of

P3HT %

0 20
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the sample calculated from the N signal. The signal was cor-
rected to account for the 20% mismatch between the theoretical
and measured N quantities as determined from the thin film
stochiometries. We note, however, that this does not affect the
shape of the depth profile, but solely corrects an offset placing
the average composition at 50%, as expected from the 1:1 ratio
of the blend in solution. In agreement with our observations
from the XPS and UPS measurements on thin films, the top
surface of the film is P3HT rich. Underneath the P3HT rich
surface layer, an F8TBT rich phase appears. The P3HT concen-
tration then reaches a constant value and remains constant up
to the interface with the substrate.

The composition profile we obtained shows a ~70 nm wave-
length compositional density wave originating from the air-film
interface. We do no observe such a wave originating from the
bottom ZnO electrode, as it appears to be a ‘neutral surface’,
which does not preferentially attract either of the polymers.
The presence of such a density wave might be due to several
reasons. It could provide evidence for spinodal decomposition
in the bulk of the polymer:polymer film. Alternatively, it might
be a result of the varying kinetics of solvent evaporation during
the spin-coating procedure. It has been previously shown that
xylene-processed P3HT:F8TBT films show general smooth-
ness as measured by AFM and are expected to produce a finer
morphology than that of PFB:F8BT films.?3l This observation
is consistent with the possibility of spinodal decomposition,
which would result in smooth films. Figure 5b schematically
illustrates the sample composition.

2.3. Blend Morphology at the P3HT:F8TBT/ZnO interface

Our XPS depth profiling measurements have revealed that the
composition at the bottom interface of the blend film is cor-
responding to a ~ 1:1 ratio of P3HT to F8TBT. To probe the
morphology at this interface, the films were released from the
substrate by etching the underlying ZnO film. Figure 6 shows
AFM micrographs taken on P3HT:F8TBT films that were
released from the substrate showing the once buried interface

BN P3HT
B reTBT
(b)

40 60 80 100 120 140 160 180

Thickness / nm

Figure 5. a) XPS depth profile obtained on ~180 nm thick P3HT:F8TBT film on ZnO,
b) Schematically shown sample composition.
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Figure 6. a) AFM height and b) phase images of non-annealed P3HT:F8TBT film released from the ZnO substrate (1 tm x 1 um). c) AFM height and
d) phase images of P3HT:F8TBT film annealed at 140 °C prior to the release from the ZnO substrate (1 um x 1 um). e) Histogram of the feature size
calculated for the area in the inset (500 nm x 500 nm) for the non-annealed films. f) Histogram of the feature size calculated for the area in the inset

(500 nm x 500 nm) for the films annealed at 140 °C.

with ZnO. Figure 6a and b show the height and phase images
taken on unannealed P3HT:F8TBT films. The surface consists
of small domains, which is particularly evident from the phase
image. We note that we cannot distinguish between P3HT and
F8TBT domains, however the ratio between the two polymers at
this interface is 1:1, as mentioned above. For unannealed films,
from a histogram done on the image in the inset of Figure 6e,
we find the average domain size of 27.5 nm. McNeill et al have
reported 25 nm typical domain size for P3HT:F8TBT blends
annealed at 100 °C measured by means of GISAXS.?® No sig-
nificant morphological changes are expected for an annealing
temperature of 100 °C, so we find these results to be in good
agreement with our AFM measurements.

Figure 6¢ and 6d show the height and phase images of
P3HT:F8TBT films annealed at 140 °C. We observe a small
increase in the typical feature size at the surface. The histo-
gram in Figure 6f shows that the typical domain size increases
to 40.4 nm. This is significantly smaller than the domain size
reported by McNeill et al for this annealing temperature.l'® The
authors report a typical domain size of 100 nm for annealing
temperature of 140 °C, yet this appears to disagree with their
observation of the photovoltaic performance being optimal
upon annealing at 140 °C. Since the typical exciton diffu-
sion length in polymer blends is estimated to be 10-15 nm,
it seems unlikely that a device with a typical domain size of
100 nm would perform best. We find our typical domain
size to be much more agreeable to the optimal photovoltaic
performance at this annealing temperature.

This slight increase in the typical domain size is also in
agreement with previous photoluminescence (PL) spectroscopy
measurements!?3l which show no increase in PL upon annealing
at 140 °C. This is consistent with reorganization of P3HT, rather

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

than significant changes in the degree of phase separation. This
reorganization in P3HT is confirmed by UV-vis measurements
(see Supporting Information) which show increase in the
P3HT shoulder at ~600 nm which is attributed to an increase
in P3HT crystallinity.

Interestingly, the typical domain size we measure in the AFM
images is in very good agreement to the domain size predicted
from the spinodal decomposition in the blend. Assuming the
wavelength of the spinodal decomposition in the bulk is equal
to the one we observe for the surface directed wave, the typ-
ical domain size should be ~A/2 = 35 nm, which is in excellent
agreement to the 40.4 nm value we calculated from the AFM
images.

2.4. Photovoltaic Performance

Figure 7 shows the EQE and J-V curves measured on as-spun
and annealed (140 °C) 480 nm thick P3HT:F8TBT photovoltaic
devices. This active layer thickness has been reported to result in
optimal photovoltaic device performance in the case of inverted
architecture devices.[?®! We observe an increase in the EQE of
the device upon annealing from 17.3% to 21.2% at 510 nm. The
J-V curves reveal an increase of 50% in the Jsc measured under
AM 1.5G solar simulator illumination. There is no change in
the Vo or the Fill Factor (FF) upon annealing. The photovoltaic
performance parameters are summarized in Table 2.

We interpret this improvement in the photovoltaic per-
formance to result from improved transport properties of the
annealed films. Charge transport is particularly relevant for
P3HT:F8TBT blends, as in imbalance in electron and hole
mobility is restricting their performance.l?! It has been reported

Adv. Funct. Mater. 2012, 22, 2418-2424



'a\
M“‘“\)iié

www.MaterialsViews.com

www.afm-journal.de

- (a) - (b) P3HT crystallinity in the annealed films, rather
Unanfeslsd ' unannealed than .changes in phase separ'ation. Our results
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25 | ration and morphology in this highly efficient
polymer:polymer photovoltaic system required
1 159 to further control them, for example by modi-
20 fying the substrate surface,*!l the use of solvent
. N l additives®? or by employing a solvent annealing
B § step.
w 154 X 1.0
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104 4. Experimental Section
A 0.5 Sample and Device Fabrication Procedures:
5 Patterned ITO substrates were sonicated in
. acetone (15 minutes) and 2-propanol (15 minutes)
1 consecutively. Thin films of ZnO were deposited
0 00 by means of spray pyrolysis deposition (SPD)
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Figure 7. a) EQE of non-annealed and annealed at 140 °C thick inverted architecture PV devices
with P3HT:F8TBT active layers. b) J-V curves measured under the solar simulator.

that the hole mobility in P3HT increases by an order of mag-
nitude upon annealing,?3] increasing the geminate pair disso-
ciation rate. We note that He et al.®% observe improved pho-
tovoltaic performance for devices with a typical feature size of
25 nm over those of 40 nm, yet it is important to mention that
all the devices in that work were annealed and the domain size
was mechanically imposed by a nanoimprinting process.

3. Conclusions

In summary, we have investigated the composition and morphology
in P3HTF8TBT blends that have been used for efficient photo-
voltaic devices. XPS on thin films of pure polymer and the polymer
blend show good agreement with the calculated atomic percentage
compositions. We find evidence of a thin P3HT surface enrich-
ment layer by means of UPS and ARXPS. Depth profiling meas-
urements reveal a density wave originating from the top surface
and a 1:1 P3HT:F8TBT composition ratio at the bottom interface
with ZnO. At that interface, the typical domain size as measured by
AFM is found to rise slightly upon annealing, showing only a small
change in the degree of phase separation. The photovoltaic per-
formance increase is therefore attributed to result from improved

Table 2. Vo, Jsc, FF and power conversion efficiency (PCE) of non-
annealed and annealed at 140 °C thick inverted architecture PV devices
with P3HT:F8TBT active layers under AM1.5 solar simulator conditions
(100 mW/cm?).

Jsc Voc FF PCE

(mA/cm?) V) (%) (%)
unannealed 1.01 0.66 30.9 0.206
140 °C, 10 minutes 1.54 0.67 29.5 0.305

Adv. Funct. Mater. 2012, 22, 2418-2424
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from a 80g/L zinc acetate dihydrate (Fluka) in
methanol solution.?3l The samples were annealed
at 350 °C in air for 15 minutes. For the ultraviolet
photoemission  spectroscopy  (UPS)  studies,
the P3HT (Rieke Metals, M,, = 50-60 kg/mol,
RR = 92-93%) and F8TBT (Cambridge Display
Technology, M,, = 434 kg/mol) were weighed in
air and dissolved in xylene at 70 °C to spin-coat thin films (~5 nm) of
P3HT, F8TBT and P3HT:F8TBT 1:1 wt-ratio blends. A 30 mg/mL solution
was used to spin coat a ~180 nm thick film (Dektak 6M profilometer)
for X-ray Photoemission Spectroscopy (XPS) depth profiling studies
(4500 rpm for 60 seconds) and a ~480 nm thick film for photovoltaic
devices (1000 rpm for 60 seconds).

Photoemission Spectroscopy: The PES samples were annealed at
140 °C for 10 minutes and transferred to the ultrahigh vacuum (UHV)
chamber (ESCALAB 250Xi) for UPS/XPS measurements. The PV
samples were transferred to a thermal evaporation chamber for WO;
(10 nm), Ag (30 nm) and Al (60 nm) deposition under high vacuum
(1 x 107 mbar). Finally, the samples were post annealed at 140 °C
for 10 minutes. UPS measurements were performed using a double-
differentially pumped gas discharge lamp emitting He | radiation (hv =
21.22 eV) of a He discharge lamp under UHV. XPS measurements
were carried out using a XR6 monochromated X-ray source with a
650 um spot size. Typically the hydrocarbon Cls line at 284.8 eV is
used for energy referencing. An Ar+ ion gun was used for sputtering
experiments at an ionization energy of 500 eV. The XPS spectra were
collected from an area of 300 um? on the substrate. The sputtering
rate was estimated to be approximately 1 nm/min. These experiments
were carried out at ThermoFisher Scientific, East Grinstead, UK. Angle
resolved X-ray photoemission spectroscopy (ARXPS) measurements
were carried out in a Kratos AXIS Ultra UHV system. Monochromatic
Al Kot line (hv = 1486.6 eV) was used for XPS measurements taken at
angles of 0°, 15°, 30°, 45° and 60°. This experiment was carried out at
Kratos Analytical, Manchester, UK.

Atomic Force Microscopy: AFM was performed in tapping mode
using a Digital Instruments Nanoscope lIlla microscope. Films for
AFM were prepared on ZnO-coated ITO substrates prepared in
identical fashion to those prepared for device fabrication. The films
were released from the ZnO substrate by selective etching of the ZnO
using HCI.

Photovoltaic Performance Characterization: For External Quantum
Efficiency (EQE) measurements (in air) a 250 W tungsten halogen
lamp and an Oriel Cornerstone 130 monochromater were used. The
measurements were performed as a function of wavelength at intensities
~1 mW/cm?. To measure the J-V curve of the device under AM1.5
conditions, an ABET Solar 2000 solar simulator was used. In order to
obtain reliable data, a spectral mismatch correction is carried out using
a calibrated and certified inorganic solar cell.
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