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Intraphase Microstructure—Understanding the Impact on

Organic Solar Cell Performance

Fiona H. Scholes,* Tino Ehlig, Michael James, Kwan H. Lee, Noel Duffy,
Andrew D. Scully, T. Birenda Singh, Kevin N. Winzenberg, Pete Kemppinen,

and Scott E. Watkins*

A comprehensive study of the effect of intraphase microstructure on organic
photovoltaic (OPV) device performance is undertaken. Utilizing a bilayer
device architecture, a small molecule donor (TIPS-DBC) is deposited by both
spin-coating and by thermal evaporation in vacuum. The devices are then
completed by thermal evaporation of Cg, an exciton blocking layer and the
cathode. This bilayer approach enables a direct comparison of device perfor-
mance for donor layers in which the same material exhibits subtle differences
in microstructure. The electrical performance is shown to differ considerably
for the two devices. The bulk and interfacial properties of the donor layers

are compared by examination with photoelectron spectroscopy in air (PESA),
optical absorption spectroscopy, charge extraction of photo-generated charge
carriers by linearly increasing voltage (photo-CELIV), time-resolved photo-
luminescence measurements, X-ray reflectometry (XR), and analysis of dark
current behavior. The observed differences in device performance are shown
to be influenced by changes to energy levels and charge transport properties
resulting from differences in the microstructure of the donor layers. Impor-
tantly, this work demonstrates that in addition to the donor/acceptor micro-
structure, the intraphase microstructure can influence critical parameters and
can therefore have a significant impact on OPV performance.

extremely light weight, and compatibility
with low cost manufacturing routes such
as printing. Their practical application is
still hindered, however, by technical chal-
lenges associated with reproducibility,
durability and, in particular, efficiency.

Typically, the best power conversion
efficiencies for OPVs are achieved using a
bulk heterojunction (BHJ) device architec-
ture. This approach creates an extended
interface between the electron donor and
acceptor materials, together with contin-
uous pathways to the electrodes, thereby
maximizing the generation of free charge
carriers and optimizing the efficiency of
their collection.!l. To date, BH] devices
with power conversion efficiencies of up
to 10% have been reported.l”) To improve
upon this, a detailed understanding of
how material properties and fabrication
processes contribute to the performance
of OPVs is essential.

BH] microstructure (morphology) is
well known to be a key factor in device
performance, since the segregation of
donor and acceptor phases on a sub-

1. Introduction

Low cost solar technologies are crucial to achieving the goal of
meeting growing global energy demands in a sustainable and
greenhouse-friendly manner. While solar cells based on inor-
ganic semiconductors are well known, the past decade has
seen substantial advances in thin-film solar cell technologies
based on organic semiconductors. These organic photovoltaics
(OPVs) are an exciting prospect for harvesting solar energy due
to their many beneficial features, such as mechanical flexibility,

micrometer scale has been shown in many studies to have a
large effect on efficiency.l’] The screening of candidate mate-
rials for more efficient OPVs is made difficult by the complex
dependence of BHJ microstructure on preparation condi-
tions. Planar heterojunction (bilayer) OPVs present an alter-
native device architecture, in which the three-dimensional
phase morphology of the donor/acceptor blend is no longer
relevant. In principle, bilayer devices possess a single, well-
defined planar interface between donor and acceptor, and a
direct pathway for charge carriers to the electrodes through
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both materials, making their performance less susceptible to
fabrication parameters. While bilayer OPVs generally exhibit
lower power conversion efficiencies than their BHJ counter-
parts due to reduced donor/acceptor interfacial area, they have
provided significant insights into OPV performance. Recently,
bilayers have been used to evaluate new donort and acceptor
compounds.P! Systematic annealing of bilayers has also been
used to study the effect of interfacial roughness!® and interdif-
fusion of donor and acceptor components!”#l on device perfor-
mance. Microscopic modelling of bilayer OPVs in comparison
with BHJs has resulted in an improved understanding of the
impact of charge carrier separation and recombination on
device performance.’! Furthermore, enhanced bilayer devices,
featuring a combination of doped and additional layers, have
been shown to give some of the highest efficiency devices
reported.['%11]

Experimentally, bilayer OPVs offer the opportunity to study
changes in the donor or acceptor layer, while the preparation of
all other layers in the device remains unchanged. In this paper,
we report on a comparative study of bilayer OPVs in which the
same donor material is deposited using two different methods.
In general, OPVs fall into two distinct classes: i) those in which
the active layer is deposited from solution, and ii) those in
which the active layer is deposited via thermal evaporation in
vacuum. Solution-processable materials have the greatest com-
mercial potential in low-cost printing technologies, whereas
evaporative processing offers more controlled deposition. A
comparison of solution-processed and vacuum-deposited OPVs
was recently reported by Kronenberg et al.'2l in which they
found that their OPVs performed better when prepared by
vacuum methods. However, their study involved a BH]J device
architecture, and while the merocyanine donor materials could
be processed by both solution and vacuum methods, a different
acceptor material was used for the solution-processed and vac-
uum-deposited cells (the soluble fullerene derivative PC¢,BM,
and Cg, respectively).

Here, we utilize the bilayer OPV device architecture to
make a direct comparison of a solution-processed and vac-
uum-deposited donor while the preparation of all other layers,
including the acceptor layer, remains unchanged. The com-
pound 7,14-bis((triisopropylsilyl)-ethynyl)dibenzo[b,def[chrysene
(TIPS-DBC, Figure 1a) is used as the donor material. The
dibenzo[b,deflchrysene template has been shown to be a prom-
ising candidate for use in organic electronic devices, due to its
straightforward and reproducible synthesis from inexpensive
starting materials, the ease with which it can be purified, its
stability under ambient laboratory conditions, and measured
power conversion efficiency of 2.22% in BH] devices with
PCgoBM.!3 Importantly, TIPS-DBC can be processed both from
solution and by thermal evaporation in vacuum, making it ideal
for studying the differences between bilayer OPVs fabricated
using these two different methods. In this study, the bilayer
device is completed by subsequent vacuum deposition of a
Ceo acceptor layer, avoiding potential dissolution effects at the
donor/acceptor interface by a solution-processed acceptor layer.
Using this approach, we demonstrate that it is possible to probe
the differences in bulk and interfacial properties of the TIPS-
DBC layer prepared by the two different methods, and to relate
these differences to device performance. More generally, this
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Figure 1. a) Molecular structure of the donor compound (TIPS-DBC),
and b) schematic of the bilayer solar cells. The donor layer is either spin-
coated from solution or deposited by thermal evaporation in vacuum.

study highlights how subtle differences in intraphase micro-
structure can have a significant impact on OPV performance.

2. Results and Discussion

The dependence of device performance on TIPS-DBC and Cg
layer thicknesses was investigated first, using vacuum depo-
sition for both materials. A total of 16 devices, each with a
different TIPS-DBC/Cg layer thickness combination, were pre-
pared simultaneously in order to eliminate batch-to-batch vari-
ation. The results are shown in Figure 2 and demonstrate that
optimum power conversion efficiency was reached with 30 nm
TIPS-DBC and 35-40 nm Cg,. The open-circuit voltage (V,),
short-circuit current density (J,.) and fill factor (FF) were found
to reach their maximum values at similar layer thicknesses.
Thus, in subsequent experiments these optimum layer thick-
nesses were used for both evaporated and solution-processed
devices.

2.5%
2.0%
1.5%

PCEI%
1.0%

B2.0%-2.5%
21.5%-2.0%
81.0%-1.5%
00.5%-1.0%
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Figure 2. Device efficiency as a function of TIPS-DBC (evaporated) and
Cep layer thicknesses.
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Figure 3. AM1.5 photovoltaic characteristics of TIPS-DBC (30 nm)/Cgo
(40 nm) bilayer devices in which TIPS-DBC is deposition by evaporation
(solid curve) or spin-coating (dashed curve). The corresponding solar cell
parameters are summarized in Table 1.

The trends observed also provide insight into the mecha-
nisms underlying the performance of these devices. The effi-
ciency is almost constant with TIPS-DBC thickness up to 30
nm, but drops sharply at 35 nm, particularly for Cg thicknesses
of 30 nm or more. Furthermore, efficiency is seen to improve
with increasing Cg, thickness and plateau at a maximum at
35-40 nm. Together, these trends suggest that device per-
formance is limited by hole mobility, with the optimum film
thicknesses achieving a balance between hole transport in
TIPS-DBC and the higher electron mobility in Cgy. Previous
studies of the effect of film thicknesses on charge imbalance in
bilayer OPVs have shown similar findings, with optical absorp-
tion and exciton diffusion length also playing a role.'*!%! Fur-
thermore, these results are consistent with previously reported
field-effect transistor (FET) measurements, which gave a hole
mobility of =107 to 1073 cm? V! s7! for TIPS-DBC!'® and up to
6 cm? V! 571 for Cgp.[17]

Figure 3 compares the performance measured for our
highest efficiency devices in which the TIPS-DBC layer was
deposited from solution and by thermal evaporation in vacuum.
The electrical characteristics of the devices are clearly different
(see summary in Table 1), with the evaporated TIPS-DBC device
showing higherV,, i, FF and power conversion efficiency (7).
Most notably, in the evaporated device the V,  exceeds that of the

Table 1. Solar cell parameters for optimized thickness bilayer devices.
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Figure 4. Representative photoelectron spectroscopy in air (PESA) meas-
urements of TIPS-DBC (30 nm) films on PEDOT:PSS/glass substrates.

spin-coated device by 160 mV. This represents a significant dif-
ference and demonstrates that although bilayer OPVs are sim-
pler to prepare and optimise than their BHJ counterparts, their
performance still depends critically on preparation conditions.
In order to better understand the observed differences in
device performance, bulk and interfacial properties of the
evaporated and spin-coated TIPS-DBC films were investigated.
Figure 4 shows the results of photoelectron spectroscopy in
air (PESA) measurements on TIPS-DBC films prepared on
PEDOT:PSS/glass substrates using the same preparation
conditions and film parameters as those used for the corre-
sponding OPV devices. The ionization potential determined by
PESA is clearly different for the two different films, with values
0f5.21£0.01 eV and 5.13 £ 0.01 eV obtained for the evaporated
and spin-coated films, respectively. Notably, the results obtained
were highly reproducible, with quoted uncertainties resulting
from independent measurements of 4 evaporated films and
9 spin-coated films. Since the ionization potential relates to the
position of the highest occupied molecular orbital (HOMO), the
values obtained here indicate that the HOMO is 0.08 £ 0.02 eV
deeper in the evaporated film. Thus, the position of the energy
levels in the TIPS-DBC donor layer appears to be modified by
the method of preparation.
For BHJ OPVs, it is generally proposed that V, is related to
the energy difference between the HOMO of the donor and the
lowest unoccupied molecular orbital (LUMO)
of the acceptor.’® In the case of the bilayer
OPVs prepared in this study, the position of

TIPS-DBC deposition method

the LUMO in the Cg, acceptor layer should
be the same for all devices because all Cg,
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evaporat;?d SPin-Coat)ed evaporateg SPi"-COateb? layers were prepared under identical condi-
a, E)
(best) (best) (average) (average) tions. Hence, in the absence of other influ-
Voc V] 0.80 0.64 0.79£0.00 0.61+0.04 ences, the difference observed in the HOMO
Joe [MA cm™] 5.29 4.88 512+0.19 476 +021 position of the TIPS-DBC donor layer should
F 0.53 0.57 0,52+ 001 0.50 £ 0.03 corr.elate with the difference observed in V..
While the V.. measured for the evaporated
efficiency, 1 [%] 2.24 1.58 210+0.10 1.45 +0.08

device was indeed larger, therefore corre-
lating with the deeper HOMO measured
by PESA, the measured differences in V,.

Best devices correspond to those with highest efficiency; Y Average (+ standard deviation) calculated from
6 devices.
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Figure 5. Time-resolved photoluminescence spectra from evaporated
(solid) and spin-coated (dashed) TIPS-DBC films.

(160 mV) and work function (80 meV) are not the same. This
discrepancy suggests that factors other than the position of the
energy levels contribute to the differences observed in device
performance.

In order to investigate these differences further, TIPS-
DBC films were examined using charge extraction of photo-
generated charge carriers by linearly increasing voltage
(photo-CELIV). Bulk hole mobilities of 4.0 (+1.0) x 10™* and
1.2 (£1.0) x 1073 cm? V™! s7! were obtained for evaporated and
spin-coated TIPS-DBC films, respectively. While experimental
uncertainties are large, it does appear that the mobility for the
spin-coated film is generally higher. This suggests that molec-
ular packing in spin-coated TIPS-DBC may be different and,
as a consequence, more efficient for hole transport.'”) These
bulk mobilities are somewhat different from the FET mobili-
ties reported previously,['% although it is likely that the latter are
much more sensitive to interfacial parameters.

The TIPS-DBC films were also examined by time-resolved
PL measurements. A weak, unstructured photoluminescence
band centred at =600 nm is observed for both films, which is
considerably red-shifted compared with the structured fluores-
cence from a dilute solution of TIPS-DBC in toluene (A, =
521 nm). Time-resolved PL measurements revealed that the sin-
glet exciton lifetime for the evaporated TIPS-DBC film is mar-
ginally longer than that for the spin-coated film (see Figure 5).
This implies that the mean exciton diffusion length is longer in
the evaporated TIPS-DBC layer, and therefore that the yield of
excitons reaching the TIPS-DBC/Cgy heterojunction is higher.
This may be a small but contributing factor to the higher effi-
ciency measured for the evaporated TIPS-DBC devices.

The optical absorption spectra of TIPS-DBC films prepared
by spin-coating and by thermal evaporation in vacuum are
shown in Figure 6, together with the absorption spectrum of a
dilute solution of TIPS-DBC in toluene. The pronounced red-
shift in the absorption spectra of both films compared with
that of unassociated molecules in dilute solution is indicative
of J- aggregate formation in the solid state.?] Interestingly,
the red-shift for the spin-coated film is larger than that for the
evaporated film, demonstrating a clear difference in the bulk
optical properties of the two films. Since absorption spectra are

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Optical absorption spectra of TIPS-DBC films prepared by evap-
oration (solid curve) and spin-coating (dashed curve) onto PEDOT:PSS/
glass substrates, together with spectrum from dilute solution of TIPS-
DBC in toluene (dot-dash curve).

sensitive to the nature and extent of molecular aggregation, the
observed spectral differences suggest that TIPS-DBC adopts a
different microstructure when evaporated compared with when
deposited from solution. This also correlates with previously
reported atomic force microscopy (AFM) results, in which the
topography of spin-coated and evaporated TIPS-DBC films was
shown to differ.'®l

Furthermore, differences can also be seen in the incident-
photon-to-converted-electron (IPCE) spectral profiles from the
corresponding TIPS-DBC/Cg, devices (Figure 7), with the spec-
trum for the spin-coated TIPS-DBC film exhibiting a 15 nm
red-shift in the main peak and an overall lower generation
yield. These IPCE results indicate more efficient charge carrier
generation and/or reduced recombination in devices with evap-
orated TIPS-DBC, and are consistent with the higher J,. and n
observed from these devices (Table 1). These differences likely
arise from differences in the microstructure of the two different
TIPS-DBC films.
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Figure 7. IPCE spectra of devices with evaporated and spin-coated TIPS-
DBC films.
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Figure 8. X-ray reflectivity (XR) profiles (top) and calculated models
(bottom) of TIPS-DBC/Cq bilayer films on Si wafers, for both evaporated
and spin-coated TIPS-DBC. XR profiles have been offset for clarity. Film
thickness (z) is referenced to Si at the origin.

To further investigate the microstructure of TIPS-DBC/Cqq
OPVs, the corresponding bilayers were studied by X-ray reflec-
tometry (XR). Figure 8 shows the measured data together with
their fits, as well as the SLD profiles (i.e., representing vertical
composition) obtained from fitting the XR data. The resulting
fitting parameters are summarized in Table 2. Both evaporated
and spin-coated TIPS-DBC/Cg bilayers fitted well to a two-layer
model. The calculated SLD for Cq is as expected based on its
known bulk mass density.?!! The expected SLD for TIPS-DBC
based on its bulk mass density determined from single crystal
X-ray diffraction!' is 10.5 x 107® A2, Interestingly, the SLD for
the spin-coated TIPS-DBC layer (10.3 x 107 A~?) is 18% larger
than that for the evaporated film (8.7 x 107° A~?), with the cor-
responding values also obtained in the absence of Cg, (not
shown) and the former being comparable to that expected from
the bulk crystalline state. These results confirm that there is
little, if any, interdiffusion between layers and therefore that the
bilayer architecture is maintained after preparation. Moreover,

Adv. Funct. Mater. 2013, 23, 5655-5662
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Table 2. Calculated fitting parameters from X-ray reflectivity profiles of
TIPS-DBC/Cq bilayers on Si. Numbers in parenthesis represent interfa-
cial roughness (in A).

TIPS-DBC deposition method

Evaporated? spin-coated®)
SLD [x107°A77] thickness SLD thickness
(Al [x10°A7 A
Ceo 143 330 (24) 141 327 (27)
TIPS-DBC 8.7 304 (22) 103 257 (18)
Si 20.1 inf (4) 20.1 inf (4)

2Fit statistics: x2 = 0.004; P)Fit statistics: x? = 0.002.

the results indicate that the film is more densely packed when
deposited by spin-coating, and confirm that there is indeed a
microstructural difference between the TIPS-DBC layers depos-
ited by the two different methods.

To gain further insight into charge transport properties in
these devices, the dependence of J. on light intensity, I, was
investigated and the results are shown in Figure 9. It has been
shown that the photocurrent is proportional to I* where the
exponent « = 1 in the space-charge-free limit.??l Here, it can
be seen that J, is directly proportional to light intensity, i.e.,
o = 1, for devices prepared with either evaporated or spin-
coated TIPS-DBC. This result indicates that, at short circuit
conditions, the build-up of space charge in these devices is
negligible, and shows that geminate recombination is the
dominant recombination mechanism as expected for bilayer
devices.*?3 Evidently, these factors do not contribute to the
difference observed in the efficiency of devices prepared with
evaporated and spin-coated TIPS-DBC.

In order to explore the relationship between intermolecular
interactions and performance, dark currents from the devices
were measured and analyzed in the manner described by Perez
et al.l2* The results are shown in Figure 10 and Table 3. The cal-
culated values of V, are in good agreement with the measured

® TIPS-DBC (evap) A
[J TIPS-DBC (solution) -

4x10°

JoIACm ]

0
_Ll' I I I T I
0 200 400 600 800 1000

lllumination intensity/[\W m-z]

Figure 9. The short-circuit current density, /., as a function of illumina-
tion intensity, together with linear fits to the data (lines).
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Figure 10. Current density versus voltage characteristics in the dark
(black) and under illumination (grey).

values, indicating that the model used to fit the data is valid.
While evaporated and spin-coated TIPS-DBC have very similar
values of AEp, (the interfacial energy gap corresponding to the
difference in energy between the HOMO of the donor and the
LUMO of the acceptor) as estimated from PESA measurements
(see Figure 4), the calculations show that their g, (saturation
dark current term) values differ by about an order of magni-
tude. This explains why the discrepancy in V,. is larger than
that predicted by AEp, alone (see Equation 2). Moreover, this
can be attributed to differences in intermolecular coupling at
the donor/acceptor interface.?#2°]

In previous work, Perez et al. compared Js, for tetracene and
rubrene in planar heterojunction devices with Cgy, and found
a much larger value of Js, for tetracene which they attributed
to stronger tetracene/tetracene and tetracene/Cq, coupling.
This could be explained by the planar geometry of tetracene,
which results in stronger intermolecular interactions compared
with the sterically-hindered, non-planar rubrene molecule. The
weaker interactions for rubrene result in kinetic suppression
of dark recombination and therefore an unexpectedly large
photovoltage.24

In this study, Table 3 shows that Jg, is larger for devices pre-
pared with spin-coated TIPS-DBC. This suggests that solution
processing results in a thin film microstructure in which there
are stronger intermolecular interactions between TIPS-DBC
molecules as well as between TIPS-DBC and Cg at the hetero-
junction. This, in turn, contributes to enhanced recombination

Table 3. Comparison of measured and calculated parameters based on
dark and light performance measurements (AEpp in eV, Jsp in A cm™,
Vi in V).

TIPS-DBC deposition method

evaporated spin-coated
AEon 1.7 1.63
Jso - calculated 0.34x 1072 4.7x1072
V,. - calculated 0.89 0.70
V, - measured 0.80 0.64

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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and therefore a lower V,.. This conclusion is consistent with
the IPCE spectral measurements (Figure 7), which indicated
enhanced recombination in devices with spin-coated TIPS-
DBC. It is also in agreement with XR measurements which
gave a higher SLD for spin-coated TIPS-DBC (see Table 2) sug-
gesting a more densely packed film. Finally, it also correlates
with the results of photo-CELIV, time-resolved photolumines-
cence (Figure 5) and optical absorption spectroscopy (Figure 6)
which all exhibited differences between spin-coated and evapo-
rated films attributable to differences in TIPS-DBC microstruc-
ture. Clearly, the microstructure of the donor phase itself (i.e.,
in addition to the more commonly considered microstructure
relating to donor-acceptor phase segregation in BH] devices)
can be controlled by the method by which the thin film is pre-
pared, affecting a range of properties that can have a substantial
impact on OPV performance.

3. Conclusions

A comprehensive comparison has been presented of bilayer
OPV devices in which the donor layer, TIPS-DBC, was prepared
by two different methods. The electrical performance of the cor-
responding TIPS-DBC/Cg, devices was found to differ consid-
erably, with evaporated TIPS-DBC giving higher V,, J., FF and
7N than devices prepared with spin-coated TIPS-DBC. We have
examined these devices, together with the bulk and interfacial
properties of the TIPS-DBC layers, and have provided evidence
for the dependence of performance on the microstructure
of the TIPS-DBC film. Specifically, we have shown that spin-
coated TIPS-DBC produces a more densely packed film than
that prepared by evaporation. This, in turn, has been shown to
influence the position of the TIPS-DBC HOMO, the recombi-
nation rate and, to a lesser extent, the exciton diffusion length.
Devices made with an evaporated donor layer, which results in
reduced intermolecular associations, perform better. This study
highlights the importance of the microstructure within the
donor layer itself, that is, not just the microstructure relating to
donor/acceptor phase segregation in BHJ devices. It also sug-
gests that, for some materials, it is possible to tune the micro-
structure of the donor layer in bilayer OPVs to achieve a high
AEpa and low Jg in order to produce an optimized device with
high open circuit voltage. This study also illustrates that the
simplified architecture of bilayer OPVs can provide significant
insights into the various materials properties that can influence
OPV performance.

4. Experimental Section

Device Preparation: ITO-coated glass substrates (Lumtec, 5 Q sq')
were cleaned by successively sonicating in acetone and iso-propanol
(each 10 min). The substrates were then exposed to a UV-ozone clean
(Novascan PDS-UVT, 10 min). PEDOT/PSS (HC Starck, Baytron P Al
4083) was filtered (0.2 um RC filter) and deposited by spin-coating (5000
rpm, 20 s). The PEDOT/PSS layer was then annealed on a hotplate in a
N, glovebox (150 °C, 5 min).

TIPS-DBC was synthesized as previously reported.'®l For devices with
spin-coated TIPS-DBC layers, TIPS-DBC (3.0 mg mL™") was dissolved
in chloroform (Aldrich, anhydrous) and deposited onto PEDOT:PSS-
coated substrates inside a glovebox by static spin-coating (5000 rpm,

Adv. Funct. Mater. 2013, 23, 5655-5662
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30 s). The concentration and spin speed were optimised to match the
film thickness of the best-performing evaporated TIPS-DBC device.
These devices were then transferred (without exposure to air) to a
vacuum evaporator (Angstrom Engineering Inc.) equipped with a variety
of masks and a gradient shutter. For devices with evaporated TIPS-DBC
layers, PEDOT:PSS-coated substrates were transferred (without
exposure to air) to the same vacuum evaporator and TIPS-DBC was
deposited by thermal evaporation from an alumina crucible (at a rate of
0.5 A s7). Film thicknesses for both spin-coated and evaporated films
were determined using an atomic force microscope.

Following deposition of TIPS-DBC, all subsequent layers were
deposited without breaking vacuum at pressures below 2 x 10° mbar.
Ceo (Nano-C) was deposited by thermal evaporation from an alumina
crucible (at a rate of 0.5 A s7') and with layer thicknesses as described.
Bathocuproine (BCP, Sigma-Aldrich) was then deposited from an
alumina crucible (10 nm, 0.5 A s7) as an exciton blocking layer. Lastly,
a layer of Ca (Sigma-Aldrich, 20 nm, 0.5 A s7') and Al (Kurt ]. Lesker,
100 nm, 1 A s7) were deposited through a shadow mask to make the
cathode. The area defined by the shadow mask gave device areas of
0.2 cm?. A device schematic is shown in Figure 1b.

The completed devices were then encapsulated with glass and a
UV-cured epoxy (Summers Optical, Lens Bond type J-91) by exposing
to 365 nm UV light inside a N, glovebox (10 min). The encapsulated
devices were then removed from the glovebox and tested in air within
1h.

Current-Voltage (J-V) Characteristics: The cells were tested with an
Oriel solar simulator fitted with a 1000 W Xe lamp filtered to give an
output of 100 mW cm at AM1.5. The lamp was calibrated using a
standard, filtered Si cell from Peccell Limited which was subsequently
cross-calibrated with a standard reference cell traceable to the National
Renewable Energy Laboratory. The devices were tested using a Keithley
2400 Sourcemeter controlled by Labview software. The J-V characteristics
of the solar cells were measured and device performance extracted from
the J-V data. For light intensity dependence measurements, J-V curves
were acquired as described but with a series of neutral density filters in
front of the devices ranging from 0.1% to 100% transmission.

IPCE Measurements: |PCE ratio data was collected using an Oriel
150 W Xe lamp coupled to a monochromator and an optical fibre.
The output of the optical fiber was focussed to give a beam that was
contained within the area of the device. IPCE data was calibrated with a
standard, unfiltered Si cell.

Dark Current Measurements and Analysis: Dark currents from the
devices were measured and analyzed in the manner described by
Perez et al.?l J-V characteristics were collected as described above, but
without illumination. The dark current J-V characteristics were then fitted
to a simplified Shockley equation (see Equation 2 in Perez et al.?*)) to
extract values for the diode ideality factor (n) and the saturation current
density (Js). The pre-exponential saturation dark current term (Jso) was
then calculated according to:124l

Js=JsoeXP< AEDA) M

T 2nkT

Here, the position of the HOMO for TIPS-DBC was taken from
the results of PESA (see below), and the LUMO for Cgy (3.5 €V) was
obtained from the literature.?l V,_ was then calculated using Jso, AEpa
and the measured value for J,. as previously described®l using the
following equation:

Voom PET i (L) 26
2q

q Jso
where q is the fundamental charge and the temperature T =298 K.
Photoelectron Spectroscopy in Air. Photoelectron spectroscopy in air
(PESA) measurements were recorded with a Riken Keiki AC-2 PESA
spectrometer with a power setting of 5 nW and a power number of 0.5.
Samples for analysis were prepared by either spin-coating or thermal
evaporation of TIPS-DBC onto glass substrates, using the deposition
conditions above.

(2)
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Photophysical Measurements: Optical absorption spectra of solutions
and unencapsulated films were recorded using a Hewlett Packard
HP 8453 Diode Array UV-visible spectrophotometer. Spectra were
recorded in transmission mode at normal incidence. Samples for
analysis were the same as those prepared for PESA. Time-resolved
photoluminescence (PL) from the films was measured at 600 nm using
an Edinburgh Instruments Ltd. FLSP920 time-correlated single-photon
counting spectrometer comprising a pulsed diode laser excitation
source operating at 467 nm.

Charge mobilities were obtained using the photo-CELIV technique
(photo-induced charge extraction by linearly increasing voltage) using
instrumentation described previously.?”] In brief, the measurements
were conducted using glass-encapsulated devices and a pulsed nitrogen
laser (Laser Science Inc. VSL-337) with an output at 337 nm (pulse
duration =4 ns, pulse energy =0.1 m)). The voltage ramp was generated
using a function generator (Agilent 33250), and the extraction currents
were recorded using a 500 MHz oscilloscope (Tektronix DPO3054) and
a variable resistor. The delay in the triggering of the voltage ramp after
triggering of the laser pulse was controlled using a delay/pulse generator
(Stanford Research Systems DG535).

X-Ray Reflectometry: X-ray reflectivity profiles were measured using
a Panalytical Ltd. X'Pert Pro Reflectometer and Cu Kot X-ray radiation
(A = 1.540598 A). The pre-sample X-ray beam was collimated using a
Gaobel mirror and a 0.1 mm slit, and the post-sample beam by a parallel
plate collimator. Reflectivity data were collected using a Nal scintillation
detector over the angular range 0.05° < 6 < 5.00°, with a step size of
0.070° and counting times of 10 s per step. The observed X-ray reflectivity
profiles are presented as a function of the momentum transfer normal
to the sample surface (Q, = 4n(sin6)/A). Analysis of the reflectivity
profiles was performed using a slab model and the Motofit program.[28l
The Levenberg-Marquardt least squares minimisation algorithm was
used to extract thickness, scattering length density (SLD, where SLD =
re Na p Z/M and r, is the Bohr electron radius, N, is Avogadro's number,
p is the mass density, Z is the atomic number and M is the molar mass
of the molecular species in the film), and interfacial roughness values
for each layer from a structural model based on the fitted reflectivity.
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