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a b s t r a c t
Heterojunction organic photovoltaic devices were fabricated using C60 as the electron
acceptor and several pentacene derivatives with triisopropylsilylethynyl functional groups
as the electron donor. The open circuit voltage (Voc) of functionalized pentacene-based cells
is signiﬁcantly higher (0.57–0.90 V) than for cells based on unsubstituted pentacene
(0.24 V), due to the higher oxidation potentials of these pentacene derivatives. The performance of pentacene derivative cells is limited by lower current densities than the reference
pentacene/C60 cell. The absorption spectra of ﬁlms and solutions of pentacene derivatives
closely resemble one another, leading us to conclude that these ﬁlms are amorphous in
nature. Weak intermolecular coupling in the derivative ﬁlms results in lower charge mobility and shorter exciton diffusion lengths relative to pentacene.
Published by Elsevier B.V.
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1. Introduction
Organic photovoltaics based on molecular semiconductors have attracted signiﬁcant scientiﬁc and commercial
interest due to their potential use for low cost ﬂexible solar
cells. The primary device architecture used in molecular
solar cells is a multi-layer structure where charge photogeneration occurs at interfaces between electron donor
and acceptor molecules [1,2]. Materials employed in solar
cells should ideally have strong absorption overlapping
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the solar spectrum, efﬁcient exciton diffusion to the interface and high charge carrier mobility. Fused acenes comprise a class of materials that have recently been used in
organic photovoltaics. Tetracene [3,4] and pentacene [5–
9] have been used in cells with efﬁciencies of 2% under
simulated solar illumination. Pentacene is a particularly
promising material due to its strong absorption in the visible part of the solar spectrum [10] and high ﬁeld-effect
mobility, as high as 3 cm2/V s in thin ﬁlm transistors
[11]. The performance of pentacene-based solar cells has
been limited by their relatively low open circuit voltage
(Voc), a direct consequence of the small offset between
the highest occupied molecular orbital (HOMO) of pentacene (4.9 eV) [12] and the lowest unoccupied molecular
orbital (LUMO) of C60.
Recently, Anthony and co-workers modiﬁed the chemical structure of pentacene in order to change its optical and
electronic properties [13–15]. They sought to increase the
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Fig. 1. Chemical structures of (a) TIPS, (b) TP-5, (c) EtTP-5, and (d) schematic diagram of the photovoltaic cells.

intermolecular p-orbital overlap in the crystalline form in
order to improve carrier mobility, lower the energy of the
HOMOs in order to increase the open circuit voltage of solar cells, and modify the absorption spectrum in order to
harvest more solar light. To this end, triisopropylsilylethynyl functional groups were added at the 6,13-positions of
pentacene and 1,3-dioxolane moieties were fused to the
terminal benzenoid rings of the pentacene molecule. The
chemical structures of (a) 6,13-bis(triisopropylsilylethynyl)-pentacene (TIPS), (b) 6,14-bis(tri-isopropylsilylethynyl)-1,3,9,11-tetraoxacyclopenta[b,m]pentacene
(TP-5)
and (c) 2,2,10,10-tetraethyl-6,14-bis(tri-isopropylsilylethynyl)-1,3,9,11-tetraoxacyclopenta[b,m]pentacene (EtTP5) are shown in Fig. 1. These pentacene derivatives have
been used as ﬂuorescent dopant molecules in organic
light-emitting diodes [16–18]. More recently, Lloyd et al.
investigated multi-layer, solution-processed solar cells
using TIPS as an electron donor [19]. In this study, we report on the fabrication and characterization of organic solar cells using this series of pentacene derivatives as
electron donors. Our approach differs from that of Lloyd
et al. in that all layers in our cells are formed by vacuum
sublimation. We obtain signiﬁcantly higher Voc from the
derivative-based cells than for reference pentacene-based
cells and correlate this increase with their higher oxidation
potentials. Despite the lower short circuit photocurrent
(Jsc) of the derivative-based cells, a power conversion efﬁciency of 0.74% was obtained from a dioxalane-based
pentacene with high Voc, comparable to that of a reference
cell (0.82%).
2. Experimental
The synthesis of TIPS and TP-5 was previously reported
[13]. EtTP-5 was prepared by the addition of triisopropylsilyl acetylide to the corresponding quinone [20], followed

by deoxygenation with aqueous stannous chloride/10%
H2SO4. C60 was purchased from SES (Houston, TX) while
both pentacene and 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline were purchased from Aldrich (Milwaukee,
WI). All materials were puriﬁed twice via vacuum
train sublimation prior to use. The oxidation potential
measurements were performed by cyclic voltammetry in
dichloromethane solution vs ferrocene as the internal
standard.
Fig. 1d shows the multi-layer device architecture we
employed for organic photovoltaics. Indium tin oxide
(ITO) coated by poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) was used as the anode.
The 40 nm thick PEDOT:PSS layer was spin-cast from a
pre-ﬁltered aqueous solution onto ozone-cleaned ITOcoated glass substrates (ITO thickness = 100 nm, sheet
resistance = 15 X/square) and then annealed in air at
130 °C for 10 min. Pentacene or one of its derivatives acted
as the electron donor and hole transport material and C60 as
the electron acceptor and electron transport material. A
10 nm thick layer of 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline, also known as bathocuproine (BCP), was
deposited on top of the C60 layer to prevent exciton quenching at the C60/cathode interface. The organic layers were
sequentially deposited onto the ITO/PEDOT:PSS substrates
by vacuum thermal evaporation under a background pressure of <106 Torr at a rate of 0.5–1 Å s1. The thickness of
the pentacene layer was varied between approximately 10
and 40 nm while that of C60 was ﬁxed at 40 nm. Finally, a
130 nm thick metal Mg:Ag cathode (10:1 by weight)
was co-deposited through a shadow mask from separate
evaporation sources. The active device area was 4 mm2.
Optical absorption spectra were measured with an HP
8423 UV–vis spectrophotometer.
The photovoltaic devices were spectroscopically and
electrically characterized in an inert atmosphere, N2 glove
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box (O2 and H2O < 1 ppm) at room temperature, immediately following their fabrication. The current–voltage characteristics, both in the dark and under simulated AM 1.5
solar illumination at 100 mW/cm2 (1 sun), were measured
by a Keithley multimeter. The series resistance was calculated by a linear regression to the dark JV curve above 1 V.
A good ﬁt to the Schockley equation, modiﬁed for series
and shunt resistance, could not be obtained for these devices. The solar light intensity was measured with a calibrated silicon photodiode and varied using neutral
density ﬁlters. The spectral response of the cells was characterized by incident photon-to-current efﬁciency (IPCE)
measurements.
3. Results and discussion
Fig. 2 shows the extinction spectra of (a) thin ﬁlms and
(b) dilute toluene solutions of the pentacene derivatives;
the thin ﬁlm extinction spectrum of pentacene is shown
for comparison. TIPS has a peak at k  650 nm with an
extinction coefﬁcient close to 20,000 cm1 and vibronic
side bands at 554 and 602 nm. The extinction spectra of
both TP-5 and EtTP-5 are similar to that of TIPS in the
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red and contain an intense, sharp peak in the blue;
a = 74,000 cm1 at k = 470 nm for TP-5 and a = 62,000
cm1 at k = 458 nm for EtTP-5. There is a similar, but much
weaker absorption feature in the blue for TIPS (a = 9700
cm1 at k = 442 nm). The oscillator strength of this transition is dramatically affected by the dioxolane moiety. By
comparison, the pentacene absorption spectrum is redshifted from that of the derivatives and is much stronger.
The signiﬁcant red-shift of the pentacene ﬁlm absorption
compared to its solution spectrum has been proposed to
be a direct result of strong intermolecular interactions
[5]. This coupling results in increased absorption in the
red portion of the solar spectrum, which enhances photocurrent generation. In contrast, the thin ﬁlm and solution
spectra of the pentacene derivatives are remarkably similar, suggesting that solid state interactions are relatively
weak in these ﬁlms. The solid state spectra are slightly
broader than the solution spectra and only the absorption
spectrum of TP-5 has a limited red-shift (20 nm) from
solution to thin ﬁlm. Ostroverkhova et al. [21] studied
the morphology and photoconductivity of TIPS ﬁlms prepared under different conditions and showed that it is possible to obtain larger crystalline domains, particularly by
crystallization from solution. Such ﬁlms exhibit signiﬁcantly red-shifted absorption, with an absorption edge at
750 nm. Films prepared by sublimation under vacuum
onto a heated substrate also showed evidence of crystallization. The limited red-shift and absence of new features
strongly suggest that the ﬁlms sublimed onto an unheated
substrate are essentially amorphous, though the presence
of some crystallinity cannot be completely ruled out.
Fig. 3 shows the dark current density–voltage (J–V)
characteristics for the various photovoltaic cells with a
40 nm thick layer of pentacene or one of its derivatives.
The pentacene derivative-based cells have signiﬁcantly
higher series resistance (Rs) than the pentacene-based cell.
Cells based on pentacene exhibited a low Rs of 4.0 X cm2
compared to 21.7 X cm2 for TIPS, 29.8 X cm2 for TP-5 and
26.2 X cm2 for EtTP-5. The lower current density of devices
made with pentacene derivatives vis-à-vis pentacene re-
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Fig. 2. (a) Thin-ﬁlm extinction spectra of the pentacene derivatives TIPS
(green, circles), TP-5 (red, squares), and EtTP-5 (blue, triangles). The
extinction spectra of pentacene is shown for comparison (black line). (b)
Solution extinction spectra of TIPS (green, circles), TP-5 (red, squares), and
EtTP-5 (blue, triangles). (For interpretation of the references to colour in
this ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 3. Dark current density–voltage characteristics for the pentacene/C60
(black line) and derivative/C60 photovoltaic cells [TIPS (green, circles), TP5 (red, squares), and EtTP-5 (blue, triangles)]. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)
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ﬂects the relative hole mobility in these ﬁlms. The room
temperature hole mobility of pentacene exceeds 1 cm2/
V s, [11], whereas Park et al. [22] measured a ﬁeld-effect
hole mobility of 0.02 cm2/V s for TIPS sublimed onto a substrate at room temperature. Higher ﬁeld-effect mobility
from TIPS has been observed when grown from solution
onto a functionalized substrate [23], although this structure differs signiﬁcantly from that of a photovoltaic cell.
More recently, transient THz absorption studies by
Ostroverkhova et al. have also shown that the charge carrier mobility of a crystalline ﬁlm of TIPS can be as high as
one-third that of pentacene [21]. The much lower current
densities obtained here are in agreement with the conclusion drawn from the absorption spectra – pentacene derivative ﬁlms prepared by sublimation onto an unheated
substrate have weak intermolecular coupling.
Fig. 4 shows the J–V characteristics of the various pentacene-based devices under AM1.5 illumination; Table 1
summarizes their performance. The power conversion efﬁciency g and the ﬁll factor (ff) of the cells were calculated
using

g ¼ Jsc V oc ff =P0

ð1Þ

where Jsc is the short circuit current density, Voc is the open
circuit voltage, ff is the ﬁll factor and P0 is the incident light
intensity. The ﬁll factor is deﬁned as the ratio between the
maximum output power (Pmax) and the product of Jsc and
Voc. The pentacene device shows good performance with
Voc = 0.24 V, Jsc = 7.6 mA/cm2, ff = 0.46, and g = 0.82%. The
small Voc, almost half that of the more commonly reported
copper phthalocyanine (CuPc)/C60 cell (0.45 V) [2], reﬂects the lower ionization potential of pentacene (4.9 eV)
[12] compared to CuPc (5.1 eV) [24]. The efﬁciency of the
pentacene/C60 cell is comparable to that of similar device
architectures, though the open circuit voltage is slightly
lower than that reported by Mayer et al. (0.30 V) [5] and
Yoo et al. (0.36 V) [6]. These variations arise from slightly
different structures and fabrication conditions, particularly
10

Table 1
Photovoltaic parameters of our solar cells obtained in the dark (Fig. 3) and
under AM1.5 (100 mW/cm2) solar illumination (Fig. 4)
Electron donor

Eox (V)

Voc (V)

Jsc (mA/cm2)

ff

g (%)

Pentacene
TP-5
EtTP-5
TIPS

0.100
0.217
0.180
0.390

0.24
0.57
0.69
0.90

7.59
2.32
1.68
1.42

0.46
0.37
0.29
0.33

0.82
0.50
0.34
0.42

The layer thicknesses are 40 nm for the electron donor, 40 nm for C60, and
10 nm for BCP. The oxidation potential data for the pentacene derivatives
are listed for comparison.

the use of a different cathode, Mg:Ag in our case and either
aluminum [6] or cesium ﬂuoride capped by aluminum [5]
in other studies. In comparison, the cells based on the
pentacene derivatives showed a lower performance in
terms of the overall cell efﬁciency being equal to 0.34%
for EtTP-5, 0.42% for TIPS, and 0.50% for TP-5. Lloyd et al.
achieved an efﬁciency of 0.52% from a cell using solutionprocessed TIPS [19], comparable to what we report here.
The lower efﬁciency of cells based on pentacene derivatives is mainly due to the lower Jsc, and is also affected
by the lower ﬁll factor, owing to the larger Rs of the derivative-based cells. All the cells based on the pentacene
derivatives showed a signiﬁcant increase of Voc, compared
to that of pure pentacene (0.24 V), ranging from 0.57 V for
TP-5, 0.69 for EtTP-5, and 0.90 V for TIPS. The open circuit
voltage for the TIPS/C60 cell is among the highest reported
to date for small molecule-based organic photovoltaics
[2,25]. Examples of electron donors yielding values of Voc
approaching 1 V in cells with C60 include 4,4-bis[N-1-napthyl-N-phenyl-amino]biphenyl (a-NPD) [26] and subphthalocyanines [27]. We note that the photocurrent
density and dark current density are similar above Voc for
all devices, suggesting that there is no signiﬁcant photoenhanced conductivity. Jsc is proportional to the illumination
intensity, indicating that exciton-exciton annhilation was
not a signiﬁcant loss mechanism in these cells.
Fig. 5 shows a qualitative correlation between Voc and
the oxidation potential of pentacene and the derivatives.
TIPS has the highest oxidation potential of 0.39 V while
pentacene the lowest of 0.10 V, measured relative to a ferrocene standard. Gas phase photoemission measurements
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Fig. 4. Illuminated J–V characteristics (AM1.5, 100 mW/cm2) for the
pentacene/C60 (black line) and derivative/C60 photovoltaic cells [TIPS
(green, circles), TP-5 (red, squares), and EtTP-5 (blue, triangles)]. (For
interpretation of the references to colour in this ﬁgure legend, the reader
is referred to the web version of this article.)
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Iph  V oc =Rsh
nkB T
ln 1 þ
q
I0

60
40
20
0

ð2Þ

where kB is the Boltzmann constant, q the electron charge,
T the temperature in Kelvin, Iph the photocurrent and I0 is
the reverse saturation current. Increased hole injection
from the anode would result in a larger dark current
opposing the photocurrent. The shunt resistance of the
pentacene derivative cells, determined by a linear ﬁt to
the reverse bias dark current, exceeded 105 X cm2 and thus
the leakage current will be of order lA/cm2, two orders of
magnitude lower than the photocurrent. Hence, the shunt
resistance only plays a minor role in determining the open
circuit voltage of these cells.
Fig. 6a compares the IPCE spectra of the various cells.
Pentacene cells show the highest efﬁciency of 72% at
660 nm suggesting that exciton diffusion and charge transfer are efﬁcient processes. The strong contribution of
unsubstituted pentacene is consistent with the long exciton
diffusion length (P50 nm) that has been reported [6]. On
the other hand, all pentacene derivatives have much lower
efﬁciencies, 16% or less within the longer-wavelength
absorption bands, where excitons are generated in the
pentacene layers. The IPCE spectra of the pentacene derivative cells follow the absorption spectrum of C60 with some
additional contributions in the red. It is quite surprising
that there is no evidence of the strong absorption in the
blue for TP-5 and EtTP-5 in the IPCE spectra of devices
based on these derivatives. These spectra demonstrate that
the primary charge generation pathway is absorption by
C60 followed by charge transfer at the organic heterojunction. Fig. 6b compares the IPCE spectrum of the TP-5 device
with the calculated absorption of a bi-layer ﬁlm consisting
of 40 nm of C60 and 40 nm of TP-5. The two spectra diverge
where TP-5 absorbs strongly between 400 and 500 nm. The
sharp absorption peak of TP-5 permits a rough estimation
of the diffusion length by taking the absorbance as a function of the depth proﬁle of the bi-layer structure (neglecting
thin ﬁlm interference effects). A very short exciton diffusion
length should result in a dip in the IPCE spectrum at
k = 470 nm, as the TP-5 layer will ﬁlter light from the heterojunction. Likewise, an exciton diffusion length comparable to the ﬁlm thickness, should result in a peak at this
wavelength. A good ﬁt to the IPCE spectrum between 400
and 500 nm could be obtained for an exciton diffusion
length of 18–20 nm (Fig. 6b). We propose that the weaker
intermolecular coupling in the derivative ﬁlms inhibits
exciton diffusion, in which case thicker layers increase the
series resistance, but do not yield additional photocurrent.
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show a similar trend with the vertical ionization energy
being higher for TIPS (6.38 eV) than for TP-5 (6.20 eV) or
EtTP-5 (6.01 eV) [28]. It is worth noting that there is not
a 1:1 correspondence between Voc and the oxidation
potentials of the various pentacene derivatives. This can
be partly attributed to the effect of polarization energy in
the solid state, which can be as high as a few tenths of
eV. The injection conditions at the interface between PEDOT:PSS and electron donor should also be considered. Voc
depends on the amount of injected holes according to Eq.
(2), which is a rearrangement of the Shockley equation [2]
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Fig. 6. (a) IPCE spectra of solar cells based on pentacene (black line) and
its derivatives [TIPS (green, circles), TP-5 (red, squares), and EtTP-5 (blue,
triangles)]. (b) Comparison of the IPCE spectrum of a TP-5 based cell
(symbols) to the calculated absorbance of a TP-5/C60 bilayer ﬁlm (dashed
line) and a simulated IPCE spectrum taking into account the exciton
diffusion length of TP-5 (solid line). (For interpretation of the references
to colour in this ﬁgure legend, the reader is referred to the web version of
this article.)

This hypothesis was conﬁrmed by examining the effect
of the thickness of the pentacene derivative layer on cell
performance. The thicknesses of the C60 and BCP layers
were ﬁxed at 40 nm and 10 nm, respectively. Table 2 compares Voc, Jsc, and g for TP-5 and EtTP-5 based pentacene/
C60 cells with different TP-5 and EtTP-5 layer thicknesses.
Voc is unaffected by the thickness of the EtTP-5 layer, indicating that the offset between the HOMO of EtTP-5 and
LUMO of C60 plays a determining role in this system. The

Table 2
Dependence of the photovoltaic cell parameters of TP-5 and EtTP-5 based
solar cells on the thickness of the pentacene derivative layer
Electron donor (thickness)

Voc (V)

Jsc (mA/cm2)

ff

g (%)

TP-5 (12 nm)
TP-5 (23 nm)
TP-5 (38 nm)
EtTP-5 (12 nm)
EtTP-5 (23 nm)
EtTP-5 (38 nm)

0.45
0.56
0.57
0.72
0.72
0.69

1.81
2.46
2.32
2.40
1.97
1.68

0.41
0.41
0.37
0.43
0.40
0.29

0.33
0.56
0.50
0.74
0.57
0.34

All devices have 40 nm thick C60 and 10 nm thick BCP layers.
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ﬁll factor and current density, however, decrease
monotonically with cell thickness. Increased absorption
by EtTP-5 is more than offset by poor carrier extraction
owing to the particularly low hole mobility of this material.
Thus, the primary role played by EtTP-5 is to sensitize
charge photogeneration at the organic heterojunction.
The maximum efﬁciency (g = 0.74%) therefore occurs for
the thinnest (13 nm) EtTP-5 layer. For TP-5, the maximum
efﬁciency is (g = 0.56%) for a thickness of 24 nm, in good
agreement with the estimated diffusion length. For the
thinnest cell, efﬁciency is limited by light absorption of
TP-5 and as its thickness increases, the series resistance
limits the cell efﬁciency. These maximum efﬁciencies are
slightly below that of the reference pentacene cell (0.82%).
4. Conclusions
In summary, we have demonstrated organic solar cells
based on a series of pentacene derivatives functionalized
by triisopropylsilylethynyl and dioxolane substitution.
High open circuit voltages and reasonable power conversion efﬁciencies were obtained for solar cells based on
these materials. Voc of these cells correlates nicely with
the oxidation potential of the donor pentacene derivative.
The power conversion efﬁciency of these cells reached
0.74% and was limited by the series resistance and photocurrent generation efﬁciency. We attribute these effects to
the amorphous nature of pentacene derivative ﬁlms prepared by sublimation onto unheated substrates. As improved charge transport within the pentacene derivative
layer has been demonstrated [21,23], signiﬁcant improvements in efﬁciency may be expected with optimization of
both the deposition conditions and the device architecture.
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