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ABSTRACT: In organic solar cells, photoexcitation of the donor or acceptor
phase can result in different efficiencies for charge generation. We investigate
this difference for four different 2-pyridyl diketopyrrolopyrrole (DPP)
polymer−fullerene solar cells. By comparing the external quantum efficiency
spectra of the polymer solar cells fabricated with either [60]PCBM or
[70]PCBM fullerene derivatives as acceptor, the efficiency of charge
generation via donor excitation and acceptor excitation can both be quantified.
Surprisingly, we find that to make charge transfer efficient, the offset in energy
between the HOMO levels of donor and acceptor that govern charge transfer
after excitation of the acceptor must be larger by ∼0.3 eV than the offset
between the corresponding two LUMO levels when the donor is excited. As a
consequence, the driving force required for efficient charge generation is
significantly higher for excitation of the acceptor than for excitation of the
donor. By comparing charge generation for a total of 16 different DPP
polymers, we confirm that the minimal driving force, expressed as the photon energy loss, differs by about 0.3 eV for exciting the
donor and exciting the acceptor. Marcus theory may explain the dichotomous role of exciting the donor or the acceptor on
charge generation in these solar cells.

■ INTRODUCTION

The photocurrent produced by organic solar cells depends on
the amount of light absorbed by the active layer, the efficiency
dissociating excitons into free charges, and the separation and
collection efficiency of these charges. Charge separation may
occur after excitation of either the donor or the acceptor.1 An
excited donor can transfer an electron to the acceptor in the
ground state and, conversely, an excited acceptor can accept an
electron from the donor in the ground state. The latter process
is often referred to as hole transfer. The efficiency of charge
generation depends on the electron affinity and ionization
potential of the donor and acceptor and the excited state
energy. In a simplified molecular orbital diagram description,
charge transfer from the excited donor relies on the offset
between the LUMO energy levels of donor and acceptor
(which we will term as ΔLUMO) and, vice versa, the offset
between the HOMO levels (i.e., ΔHOMO) governs charge
transfer from the excited acceptor. Empirically, it is often
assumed that these energy offsets between the frontier orbital
levels should be about 0.3 eV to ensure efficient charge
separation.2 In the physically more exact description of a state
diagram, the energetics of charge transfer are governed by the
energy difference between the interfacial charge transfer (CT)
state, ECT, and the optical band gaps or excited state energies of
the donor (ED) and acceptor (EA).

3 In this case, the sole

criterion is that ECT is less than the lowest optical band gap of
the donor−acceptor pair (ECT ≤ min(ED, EA)). If ED and EA
differ, then charge generation may be preceded by energy
transfer, which occurs from the component with the higher
optical band gap to the one with the lower gap. In addition,
energy barriers can be present that regulate the kinetics of the
charge transfer process.4 Marcus theory provides a description
of such barrier in terms of the free energy for charge separation
(ED − ECT or EA − ECT) and the corresponding reorganization
energies (λD and λA).

5 In this description, the barriers for
charge transfer originating from the excited donor or the
excited acceptor may differ, depending on differences in ED and
EA or λD and λA.
In recent years, there is an intense discussion on the role of

the photon energy on the quantum efficiency for charge
generation.6,7 This discussion mainly focuses on the question if
the interfacial charge transfer state dissociates spontaneously or
requires excess energy.8−11 In many studies, it is often tacitly
assumed that the quantum yields for excitation of the donor
(electron transfer) or the acceptor (hole transfer) are equal.
Although the impact of excitation of the donor or the acceptor
on the kinetics for charge generation has been studied in the
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past,12−14 it is only more recently that attention is growing for
the fact that excitation of the donor and acceptor can result in
quite different efficiencies for charge generation.15,16 This
difference is sometimes directly observable in the external
quantum efficiency (EQE) spectra of polymer (donor) −
fullerene (acceptor) solar cells where the absorption bands of
the two materials are distinctly different, for instance in
diketopyrrolopyrrole (DPP) polymer−fullerene bulk hetero-
junction solar cells. Several studies reported that PDPP2T-TT/
[70]PCBM solar cells have a high EQE of 0.63−0.78 in the
wavelength range of fullerene absorption (400−650 nm), while
in the region of polymer absorption (650−900 nm) the EQE is
more modest at 0.35−0.50.16−18 This is not due to large
differences in absorption of the individual components but
rather implies a difference in charge generation efficiency. On
the other extreme, recent reports on 2-pyridyl-DPP polymers
blended with [70]PCBM show EQE spectra that look
remarkably similar to the absorption spectra of the polymer
only.19−21 For these blends, excitation of the fullerene
apparently does not contribute significantly to the photo-
current. These remarkable differences prompted us to
investigate this phenomenon in more detail. The most
pronounced physical difference between these two examples
is the position of the HOMO energy level of the polymers and
therefore the magnitude of ΔHOMO.
Here we investigate the difference in charge generation

efficiency from the excited polymer or the excited fullerene in
detail and quantify the generation efficiency of fullerene
excitations in DPP polymer/fullerene systems. Specifically, we
investigate a series of 2-pyridyl-DPP polymers with varying
HOMO energy levels. By comparing the EQE spectra of solar
cells made using these polymers as donor with either
[60]PCBM or [70]PCBM as acceptor, we identify a clear
correlation between the efficiency for charge generation and
ΔHOMO when the acceptor is excited. Following the reasoning
of different generation efficiencies for excitation of either the
donor or the acceptor two, specific energy loss (Eloss) terms can
be defined, instead of the general definition that Eloss = min(ED,
EA) − qVoc, where q is the elementary charge.3,22 Hence we
introduce Eloss,D = ED − qVoc for excitation of the donor and
Eloss,A = EA − qVoc for excitation of the acceptor. We
demonstrate that, surprisingly, efficient charge generation in
DPP polymer/fullerene systems requires that Eloss,A is larger by
about 0.3 eV than Eloss,D. The possible reasons for this
remarkable dichotomy are discussed. It introduces a new
criterion when designing high efficiency polymers for polymer−
fullerene bulk heterojunction solar cells.

■ RESULTS AND DISCUSSION

The diminished EQE contribution of fullerenes to the
photocurrent in the 2-pyridyl-DPP polymer/fullerene sys-
tems19−21 sparked our interest and was chosen as a case
study to be investigated in greater detail. To this end a series of
polymers with varying HOMO energy levels were synthesized,
consisting of disubstituted 2-pyridyl-DPP alternating with
progressively stronger electron donors: thiophene < bithio-
phene < terthiophene < dithienopyrrole. This gave PDPP2PyT,
PDPP2Py2T, PDPP2Py3T, and PDPP2PyDTP in high yield
and with high molecular weight Mn > 40 kg mol−1 (Figure 1a,
see Supporting Information (SI) for details on the synthesis
and characterization).
The increasing donor strength is well reflected in the

HOMO energy levels as determined by cyclic voltammetry
measurements (Figure 1b, Figure S2c). The LUMO levels are
not much affected by the nature of the donor and lie between
−3.72 and −3.83 eV, giving ΔLUMO with PCBM of 0.41−0.52
eV. For the HOMO energy levels, however, we see that the
polymers with stronger donors are progressively easier to
oxidize, resulting in PDPP2PyT with the deepest HOMO level
of −6.05 eV, increasing to −5.96 eV for PDPP2Py2T, − 5.77
eV for PDPP2Py3T, and to −5.49 eV for PDPP2PyDTP. This
results in corresponding ΔHOMO with [60]PCBM of 0.43, 0.52,
0.70, and 0.99 eV, respectively.
Solar cells were fabricated using the four polymers by

combining them with either [60]PCBM or [70]PCBM as
electron acceptor in regular configuration solar cells. LiF/Al
was used as top contact. Instead of the conventional
PEDOT:PSS bottom contact, a 10 nm MoO3 on ITO was
used as hole extraction layer to prevent S-shaped J−V
characteristics that have previously been observed for solar
cells with active layers containing aromatic amines such as
pyridine and thiazole on PEDOT:PSS.20,22,23 MoO3 alleviates
this problem. The processing conditions of the polymer/
[60]PCBM active layers were carefully optimized in terms of
polymer to [60]PCBM ratio, type, and amount of cosolvent, as
well as layer thickness to provide the highest power conversion
efficiency (PCE). The same processing conditions were then
used for the polymer/[70]PCBM blends. Figure 2 and Table 1
show the solar cell characteristics for all material combinations.
The open-circuit voltage (Voc) decreases from ∼1.00 V for

PDPP2PyT to ∼0.98 V for PDPP2Py2T, ∼ 0.85 V for
PDPP2Py3T, and ∼0.72 V for PDPP2PyDTP and follows the
trend in HOMO energy levels of the polymers reasonably well.
Although the Voc of the PDPP2PyT cell is high, it is very similar

Figure 1. (a) Chemical structure of 2-pyridyl-DPP polymers and (b) Energy level diagram of the polymers compared to [60]PCBM as determined
from thin film cyclic voltammetry vs Fc/Fc+ (−5.23 eV).
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to the Voc of the PDPP2Py2T cell. Judging from the HOMO
energy level difference between these polymers an even higher
Voc would be expected for PDPP2PyT. The lower steepness of
the injection current at the onset in the dark J−V measurement
indicates that there might still be a suboptimal interface
between PDPP2PyT and the MoO3 interlayer, suggesting an
even higher open-circuit voltage is possible when this interface
is further improved. The fill factors for all cells are similar lying
between 0.56 and 0.64; the short-circuit current densities vary
between 7.00 and 12.6 mA cm−2. As a result, appreciable PCEs
are obtained for all material combinations, with PDPP2Py2T/
[60]PCBM giving the highest performance of 7.1%. This
represents the highest reported efficiency to date for a 2-
pyridyl-DPP polymer solar cell. The high performance of
PDPP2Py2T is attributed to the high molecular weight of the
polymer resulting in a favorable morphology and high Jsc, while
the Eloss,D of 0.76 eV is reasonably low.3,24,25

Because of its higher optical absorption coefficient,
[70]PCBM based cells generally provide higher performance
than [60]PCBM based cells.26 A closer look at the differences
between the [60]PCBM and [70]PCBM cells for each pyridine
DPP polymer reveals that, in general, a marginally lower Voc
and FF is obtained for the [70]PCBM cells. The more striking
observation, however, is that the photocurrent is not
significantly increased when replacing [60]PCBM by
[70]PCBM. For PDPP2PyT, the photocurrent of the
[60]PCBM cell is even higher than that of the [70]PCBM
cell. For PDPP2Py2T and PDPP2Py3T a similar photocurrent
is obtained, and only for PDPP2PyDTP an increase of ∼1 mA
cm−2 is measured when using [70]PCBM. Therefore, only the
PDPP2PyDTP polymer gives a higher PCE when combined
with [70]PCBM than when combined with [60]PCBM.

The EQEs of the solar cells with [60]PCBM and [70]PCBM
are virtually identical in the wavelength range above 600 nm
where the polymer is the main absorber (Figure 3a). Together
with the small differences in Voc and FF between the cells, we
therefore conclude that the [60]PCBM and [70]PCBM cells
primarily differ by the optical absorption of the fullerene. Since
the energy levels of the two fullerene derivatives are identical
(Figure S2c),12 the difference in absorption profile allows to
conveniently evaluate the efficiency of hole transfer from
fullerene to the polymer. Since the [60]PCBM and [70]PCBM
cells have very similar active layer thicknesses, the contribution
of the fullerene to the photocurrent can be determined by
comparing the EQE spectra of the [60]PCBM and [70]PCBM
cells directly. Figure 3a clearly shows that the contribution of
the [70]PCBM absorption to the photocurrent between 400
and 550 nm increases in the order PDPP2PyT < PDPP2Py2T
< PDPP2Py3T < PDPP2PyDTP, which is in the same order as
ΔHOMO (Table S1). This trend is not related to the amount of
light absorbed by the various active layers as evidenced from
the reflection spectra of the films (Figure S4). The trend is also
not related to the morphology, because this does not
significantly differ between the [60]PCBM and [70]PCBM
cells (Figure S5). Moreover, there is no clear relation between
the EQE between 400 and 550 nm and the coarseness of the
phase separation between the four blends. Since PDPP2PyT,
PDPP2Py2T, and PDPP2Py3T have an optical band gap that is
similar to the optical band gap of PCBM (∼1.75 eV), also
resonance energy transfer is an unlikely pathway for fullerene
exciton separation. Only for PDPP2PyDTP this process might
occur since the band gap of this polymer is significantly smaller.
We therefore solely relate this observed trend to the difference
in energy level between the HOMO level of the fullerene and
that of the polymer.
[70]PCBM has an absorption maximum at 480 nm in thin

films, whereas [60]PCBM does not significantly absorb 480 nm
light. Subtracting the EQE values at 480 nm of the respective
[70]PCBM and [60]PCBM cells gives a relative measure of
how efficient the fullerene phase is generating charges. Figure
3b shows this ΔEQE480 as a function of ΔHOMO and reveals that
the charge generation efficiency of fullerene excitations
decreases strongly when decreasing ΔHOMO. On the basis of
the cyclic voltammetry measurements (Figure 1b), this implies
that ΔHOMO > 0.4 eV is required for any charge generation to
occur and has to be as high as 0.7 eV for any significant
contribution (ΔEQE480 ≈ 0.1) of the fullerene excitations to
the photocurrent. This is in sharp contrast to the charge
generation from the polymer which at a ΔLUMO of 0.4−0.5 eV
already has high current generation as evidenced from the high

Figure 2. J−V curves of PDPP2PyT, PDPP2Py2T, PDPP2P3T, and
PDPP2PyDTP with [60]PCBM (open circles) and [70]PCBM (open
squares).

Table 1. Solar Cell Characteristics of 2-Pyridyl DPP Polymer/PCBM Devices

active layer (polymer/PCBM) d (nm) Voc (V) Jsc
a (mA cm−2) FF EQEmax EQE480 Eloss,D (eV) Eloss,A (eV) PCE (%)

PDPP2PyT/[60] 110 1.000 7.48 0.616 0.481 0.206 0.740 0.750 4.61
PDPP2PyT/[70] 110 0.993 7.00 0.596 0.455 0.222 0.747 0.757 4.14
PDPP2Py2T/[60] 124 0.977 11.34 0.644 0.704 0.365 0.763 0.773 7.13
PDPP2Py2T/[70] 122 0.981 11.38 0.614 0.677 0.421 0.759 0.769 6.85
PDPP2Py3T/[60] 115 0.855 11.10 0.629 0.643 0.355 0.885 0.895 5.97
PDPP2Py3T/[70] 113 0.843 11.24 0.599 0.598 0.461 0.897 0.907 5.68
PDPP2PyDTP/[60] 123 0.719 11.68 0.580 0.563 0.289 0.821 1.031 4.87
PDPP2PyDTP/[70] 128 0.711 12.61 0.560 0.544 0.427 0.829 1.039 5.02

aDetermined by integrating the EQE spectrum with the AM1.5 G spectrum.
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EQEmax (>0.45) in the polymer absorption region for each of
the four polymers.
Apart from using the HOMO energy levels to rationalize the

observed trend, the results can be presented in a more general
form by using the energy loss term Eloss,A. Eloss,A does not rely
on determining the HOMO or LUMO energy levels of the
individual components, which are generally dependent on the
chosen measuring technique and vacuum level energy. In
contrast, Eloss,A is determined by the open-circuit voltage of the
cell and the optical band gap of the fullerene acceptor. Both
parameters can be determined easily and accurately. In Figure 4

Eloss,A is plotted against ΔEQE480 for the four 2-pyridyl-DPP
polymers presented here and 12 other DPP polymers for which
data of comparable [60]PCBM and [70]PCBM cells were
available or were measured (Figure S6). In addition, Figure 4
shows the maximum EQE value in the polymer absorption
band (EQEmax) versus Eloss,D for the polymer/[70]PCBM cells.
The results clearly show that the trend seen in the 2-pyridyl-
DPP polymer series holds for all 16 DPP polymer systems and

is present in a large range (0.75−1.4 eV) of energy loss values.
Only at high fullerene photon energy losses a significant
contribution of fullerene excitations to the photocurrent is
observed. There is no apparent correlation between generation
of charges via exciting the polymer (EQEmax) and exciting the
fullerene (ΔEQE480), indicating that the two processes are
different. To give an impression of the impact on the solar cell
performance, a ΔEQE480 of 0.2 amounts to ∼2 mA/cm−2

difference in current density between [60]PCBM and
[70]PCBM cells, which in turn can result in a relative PCE
difference of >10%. Figure 4 shows that the minimum Eloss,D at
which charges are generated is smaller by about 0.3 eV than the
minimum Eloss,A.
We also considered whether the higher Eloss,A required for

efficient charge generation holds for polymer/fullerene systems
in which the polymer is not a DPP material. For this we
checked results reported in the literature. We note that the
method of determining ΔEQE480 requires cells of identical
thickness and that there should not be a significant difference in
morphology when changing between [60]PCBM and
[70]PCBM. These criteria might not always be met for the
polymer/fullerene systems considered. Nevertheless, we did
not find an example for non-DPP based polymer/fullerene solar
cells in which Eloss,A is less than ∼0.8 eV and where there is still
appreciable charge generation via excitation of the fullerene.
Representative examples are shown in Figure S7. Although the
results in Figure S7 do not show a clear relation between Eloss,A
and ΔEQE480, the graph confirms that appreciable charge
generation via excitation of the fullerene requires Eloss,A ≥ 0.85
eV. This can be compared to the lowest Eloss,D reported for a
non-DPP polymer of 0.5 eV.27 Hence, the difference between
the minimal Eloss,A and Eloss,D required for charge generation
found for DPP polymer/fullerene cells, might have a more
general footing, although this obviously requires more research.
Presently we can only speculate on the origin of the

additional (about 0.3 eV) driving force energy required for the
separation of fullerene excitons compared to excitons on the
polymer chains. According to Marcus theory the rate constant
for charge transfer is the product of the electronic coupling and

Figure 3. (a) EQE of solar cells of PDPP2PyT, PDPP2Py2T, PDPP2P3T, and PDPP2PyDTP with [60]PCBM and [70]PCBM. (b) ΔEQE480
plotted versus ΔHOMO for the 2-pyridyl-DPP polymers and PCBM. The line is a guide to the eye.

Figure 4. Eloss,D versus EQEmax (solid squares) and Eloss,A versus
ΔEQE480 (open squares) for the 2-pyridyl DPP polymers (red) and
other DPP polymers (black, blue). The red line is a guide to the eye
and separates the data for excitation of the polymer donor (left) from
those for excitation of the fullerene acceptor (right).
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an exponential term depending on the activation barrier ΔG‡.
Both terms can play a role in explaining the observed
differences. The electronic coupling between the initial excited
state (D* or A*) and the final charge-transfer (CT) state can
be expressed as ⟨ψD*|Η̂|ψCT⟩ and ⟨ψA*|Η̂|ψCT⟩ for donor and
acceptor excitation, respectively. If the wave function of the
exciton in the fullerene acceptor phase is more delocalized than
an exciton on the polymer donor, the latter term can be
significantly smaller than the first because ψA* is smaller than
ψD* at the polymer/fullerene interface. The concurrent loss in
the charge transfer rate can be compensated by reducing the
activation barrier for charge transfer ΔG‡ by lowering the
energy of the CT state ECT. The second effect that can explain
the different efficiency for charge transfer after excitation of the
donor or acceptor is a difference in the reorganization energies
for the donor (λD) and acceptor (λA). In Marcus theory the
activation barrier ΔG‡ scales with (EX − ECT − λX)

2/4λX (with
X = D or A). The term (EX − ECT) scales linearly with Eloss,X =
(EX − qVoc) because the Voc and ECT are independent of
whether the donor or the acceptor is excited. Hence if ED = EA,
or equivalently Eloss,D = Eloss,A, then a different barrier for charge
transfer can only result when λD ≠ λA. If a high barrier ΔG‡

exists for charge transfer after excitation of the acceptor, then it
can be lowered by lowering the energy of the charge-transfer
energy using a better donor, which is equivalent to reducing the
open-circuit voltage and increasing Eloss. Summarizing, both a
difference in electronic coupling and in reorganization energy,
can result in different efficiencies for charge transfer after donor
or acceptor excitation. Both can be compensated by de
lowering the CT energy, resulting in loss of Voc. Additional
research will have to point out which exact mechanism causes
the dichotomous role of exciting the donor or acceptor.
However, it is clear that it is important to not only improve
charge generation from the donor, but also from the acceptor
phase in order to achieve the highest possible performance
from bulk heterojunction solar cells.

■ CONCLUSION
Four 2-pyridyl-DPP donor polymers with varying HOMO
energy levels have been synthesized. The corresponding bulk
heterojunction solar cells were fabricated with [60]PCBM and
[70]PCBM as acceptor. By comparing the EQE spectra of the
[60]PCBM and [70]PCBM solar cells, it is possible to quantify
the charge generation efficiency via excitation of the fullerene
by comparing the EQE at 480 nm (ΔEQE480). We find that
ΔEQE480 increases with increasing energy offset between the
HOMO levels (ΔHOMO) of the two components in the cells. In
fact, charge generation via excitation of the acceptor hardly
occurs when ΔHOMO < 0.7 eV. In contrast, excitation of the
donor readily produces charges at ΔLUMO = 0.4 eV. As a
consequence, the driving force, or minimum photon energy loss
Eloss, to generate charges efficiently via excitation of the
fullerene acceptor is about 0.3 eV higher for exciting the donor.
Among 16 DPP polymers with widely different energy levels
there was no exception.
These differences in energy loss between the acceptor and

donor point toward separate pathways for charge generation
from the two components and indicates the presence of two
different energy barriers. Following Marcus theory this could be
due to a lower electronic coupling at the donor/acceptor
interface when exciting the acceptor, or to a difference in
reorganization energy of the donor and acceptor in the excited
state. Further research will be required to elucidate the

mechanism and the wider applicability of the results in more
detail. The important conclusion, however, is that both charge
generation pathways will have to be optimized in terms of
energy loss in order to achieve the highest performing solar
cells.

■ EXPERIMENTAL SECTION
The detailed synthesis and characterization of the monomers and
polymers are described in the SI. [60]PCBM (99%) and [70]PCBM
(90−95%) were obtained from Solenne BV. Cyclic voltammetry was
performed under an inert atmosphere with a scan speed of 0.1 V s−1 in
an acetonitrile solution of 1 M tetrabutylammonium hexafluorophos-
phate. An ITO glass slide covered with a thin layer of polymer or
PCBM (approximately 20 nm) was used as working electrode, a silver
rod as counter electrode, and silver rod coated with silver chloride
(Ag/AgCl) as quasi-reference electrode in combination with Fc/Fc+ as
an internal standard. Oxidation and reduction potentials were
determined at the onset of the redox waves in the first voltage cycle.

Photovoltaic devices with an active area of 0.09 and 0.16 cm2 were
fabricated by thermally evaporating a 10 nm layer of MoO3 under high
vacuum (∼3 × 10−7 mbar) onto precleaned, patterned indium tin
oxide (ITO) glass substrates (Naranjo Substrates). The active layer
was deposited by spin coating the appropriate polymer/PCBM
solutions and transferring the substrates directly to vacuum after
deposition. The PDPP2PyT and PDPP2PyDTP coating solutions
contained 6 mg mL−1 polymer, 12 mg mL−1 [60] or [70]PCBM and 5
vol % diiodooctane in chloroform. PDPP2Py2T solutions contained 3
mg mL−1 polymer, 6 mg mL−1 [60] or [70]PCBM and 3 vol % 1-
chloronaphthalene in chloroform. PDPP2Py3T solutions contained 6
mg mL−1 polymer, 12 mg mL−1 [60] or [70]PCBM and 5 vol % 1-
chloronaphthalene in chloroform. The back electrode consisted of LiF
(1 nm) and Al (100 nm) which were deposited by evaporation under
high vacuum (∼3 × 10−7 mbar). The thickness of the active layers was
determined on a Veeco Dektak150 profilometer.

J−V characteristics were measured with a Keithley 2400 source
meter under ∼100 mW cm−2 white light illumination from a tungsten-
halogen lamp filtered by a Schott GG385 UV filter and a Hoya LB120
daylight filter. Short-circuit currents under AM1.5G conditions were
determined by convoluting the spectral response with the solar
spectrum. Spectral response measurements were conducted under 1
sun operating conditions by using a 530 nm high power LED
(Thorlabs) for bias illumination. The device was kept in a nitrogen
filled box behind a quartz window and irradiated with modulated
monochromatic light, from a 50 W tungsten-halogen lamp (Philips
focusline) and monochromator (Oriel, Cornerstone 130) with the use
of a mechanical chopper. The response was recorded as a voltage from
a preamplifier (SR570) using a lock-in amplifier (SR830). A calibrated
silicon cell was used as reference
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