Organic Electronics 13 (2012) 129-135

Contents lists available at SciVerse ScienceDirect

Organic Electronics

journal homepage: www.elsevier.com/locate/orgel

Enhancing photovoltaic response of organic solar cells using
a crystalline molecular template

sk

Wei Zhao!, John P. Mudrick, Ying Zheng, William T. Hammond?, Yixing Yang, Jiangeng Xue

Department of Materials Science and Engineering, University of Florida, Gainesville, FL 32611, USA

ARTICLE INFO ABSTRACT

Article history:

Received 12 May 2011

Received in revised form 3 October 2011
Accepted 23 October 2011

Available online 7 November 2011

We demonstrate that a crystalline pentacene molecular templating layer considerably
changes the morphology of the subsequently deposited lead phthalocyanine (PbPc) layer,
resulting in an improved crystallinity at the early stages of growth of the PbPc film and
a higher content of the triclinic phase. For bilayer PbPc (20 nm)/Ceo (40 nm) organic solar
cells with or without the pentacene templating layer, the use of the pentacene templating
layer leads to a 48% enhancement in the short-circuit current without noticeably affecting
the solar cell open-circuit voltage or fill factor. A copper or zinc phthalocyanine molecular
templating layer also leads to enhanced photovoltaic response from the PbPc/Cgq cells,
though less significant than the pentacene template. The improved device performance
originates from stronger absorption by the triclinic PbPc phase in the near infrared and
the enhanced internal quantum efficiency over the entire spectrum where PbPc absorbs.
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1. Introduction

The efficiency of organic solar cells has steadily in-
creased in the past few years [1,2]; however significant re-
search is still needed to further advance their performance
to meet the requirement for commercial application. Com-
pared to the inorganic semiconductors used as light
absorbers in solar cells, the organic semiconductors in gen-
eral have a larger band gap and a lack of absorption in the
near infrared (NIR) wavelength region of the solar spec-
trum. Most reported organic solar cells have spectral re-
sponse up to a wavelength of 800 nm, meaning that
more than 40% of the solar power is not utilized. In order
to broaden the spectral coverage and increase the short-
circuit current, low-gap (E; < 1.6 eV) organic semiconduc-
tors are desired to absorb long wavelength photons.

Among the available organic materials, phthalocya-
nines, particularly the non-planar ones such as lead phtha-
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locyanine (PbPc), are notable for their absorption in the
near infrared [3-7]. PbPc has been known for crystallizing
either in monoclinic or triclinic phases, which possess dif-
ferent optical and electronic properties [8-10]. It is sug-
gested that the intermolecular interaction is stronger
than it is in the monoclinic phase due to a closer packing
of the molecules, as revealed by X-ray diffraction and con-
firmed by theoretical calculations [10,11]. The triclinic
phase of PbPc offers substantial absorption in the near
infrared up to 1000 nm [7,10], thus making it a very inter-
esting candidate for solar cell application.

Both monoclinic and triclinic phase coexist in the as-
grown film by vacuum thermal evaporation [7,10]. The
peak absorption for the monoclinic phase PbPc occurs at
a wavelength of / = 740 nm, whereas that for the triclinic
phase is significantly red-shifted to 4 =890 nm [7]. Con-
trolled growth of the PbPc film is of great importance in or-
der to optimize the device performance. The crystallinity of
the film and the ratio between the two phases can be tuned
by varying the deposition rate and substrate temperature
[7,10]. It was also reported that a phase transition for tita-
nyl phthalocyanine can be realized by annealing the film in
a solvent environment [12]. Most recently, structural tem-
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plating achieved via applying a crystalline interlayer has
been demonstrated to change the orientation of the subse-
quently deposited molecules [13] or the ordering of the
polycrystalline overlayer [6]. In the present work, we show
that crystal structures of the vacuum-deposited PbPc layer
can be varied by using a crystalline pentacene templating
layer on the substrate, and further demonstrate that the
corresponding PbPc/Cgo organic solar cell performance
can be significantly enhanced.

2. Experimental methods

Organic thin films were grown on glass substrates pre-
coated with a layer of indium-tin-oxide (ITO, sheet resis-
tance ~20 Q/0) in a high vacuum chamber (base pressure
~1 x 1077 Torr). Metal phthalocyanines (metal = lead, zinc,
and copper) and fullerene Cgo were all purified at least
once by the vacuum gradient sublimation methods [14].
The schematic device structure and energy level diagram
of PbPc/Cgg solar cells are illustrated in Fig. 1(a) and (b),
respectively. All of the organic layers, including the penta-
cene (Fig. 1(c)) templating layer, the PbPc (Fig. 1(d)) donor
layer, the Cgo acceptor layer, and the BCP exciton-blocking
layer [15,16] were successively deposited on the substrate,
followed by the Al cathode. The thicknesses of these layers
were monitored using quartz crystal microbalances and
typical deposition rates were 0.3-2 A/s with the substrate
maintained at room temperature. The active device area
was 0.04 cm?, defined by the cross-bar geometry between
the patterned electrodes. The devices were then encapsu-
lated with epoxy and a cover glass in the nitrogen filled
glove box before being exposed to air for testing. The
encapsulation is critical for the device performance since
PbPc is sensitive to oxygen [17]. Each batch could produce
16 devices with identical structures.

The optical absorption of the films from 300 to 1100 nm
was obtained by measuring the transmittance and reflec-
tance of the PbPc films upon monochromatic light inci-
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Fig. 1. Schematic device structure (a) and energy level diagram (b) of the
PbPc/Cgo organic solar cells. The molecular structures of pentacene and
PbPc are shown in (c) and (d), respectively.

dence. The intensities of the light beams were measured
using calibrated silicon photodetectors. The morphology
of the PbPc films grown on Si (100) substrates was charac-
terized in air using a Nanoscope III atomic force micro-
scope (AFM) operated in the tapping mode. Ultrathin
PbPc films were deposited at a rate of 0.01-0.02 A/s for
precise control of the thickness to investigate the very
early stages of film growth. An Agilent 4155 semiconductor
parameter analyzer was used to measure the current-volt-
age characteristics of the organic solar cells in the dark and
under simulated AM 1.5G solar illumination from an Oriel
solar simulator equipped with a Xe-arc lamp. An unfiltered,
crystalline Si reference cell was used to measure the inten-
sity of the solar simulator, which was adjusted to 1 sun to
account for the spectral mismatch factor [18] of the ITO/
PbPc (20 nm)/Cgo (40 nm) device. External quantum effi-
ciency (EQE) measurement was also taken at the short-cir-
cuit condition with a monochromatic light from a halogen
lamp chopped at 400 Hz using a mechanical chopper.

3. Results and discussion
3.1. Film absorbance

As mentioned above, the monoclinic and triclinic
phases exhibit very different optical properties. A signifi-
cant red-shift in the absorption occurs with the transition
from the monoclinic to the triclinic phase upon thermal
annealing of the film [10]. The phase information in turn
is reflected in the optical absorption. The absorbance spec-
tra of PbPc films deposited on ITO/glass substrate at vari-
ous thicknesses, with or without a 10 nm thick pentacene
templating layer are shown in Fig. 2. For the films on bare
ITO (Fig. 2(a)), the spectrum of the 10 nm thick PbPc film is
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Fig. 2. Optical absorption spectra of PbPc films with thickness varying
from 10 to 40 nm, deposited on the bare ITO surface (a) or on ITO
substrates coated with a 10 nm thick pentacene molecular templating
layer (b). The corresponding schematic phase maps are shown in (c) to
illustrate difference in the distribution of the monoclinic (M) and triclinic
(T) PbPc phases with or without the pentacene templating layer between
ITO and PbPc. (For interpretation of the references to colour in this figure,
the reader is referred to the web version of this article.)
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composed of a prominent peak at around 4 = 740 nm, cor-
responding to the absorption of the monoclinic phase, and
a tail extending to above 900 nm [10]. As the thickness of
the PbPc film increases, the peak corresponding to the
absorption of the triclinic phase emerges at around
/=890 nm, and its intensity increases at a faster rate than
that of the monoclinic phase [10]. This suggests that the
PbPc film directly grown on ITO is primarily composed of
the monoclinic phase at the very beginning of film growth;
however, the content of the triclinic phase increases with
increasing film thickness. Our observation here is in excel-
lent agreement with the X-ray diffraction measurements
reported for the PbPc film deposited at slow rate and room
temperature [7,10]. This phase distribution evolution is
schematically illustrated in Fig. 2(c), which qualitatively
describes the distribution of the two phases as the film
thickness progresses.

When a 10 nm thick pentacene layer was deposited on
ITO prior to the PbPc film deposition, the absorption spec-
tra shown in Fig. 2(b) reveal that the triclinic phase coex-
ists with the monoclinic phase at all PbPc film
thicknesses. The intensity of both absorption peaks at
A =740 and 890 nm increase simultaneously as the thick-
ness of PbPc increases. Compared to the PbPc film depos-
ited on the bare ITO substrate where the two phases
have a gradient distribution in the film thickness direction,
they are relatively homogenously distributed across the
entire film as illustrated in Fig. 2(c).

3.2. Film morphology

According to the absorption measurement shown in
Fig. 2, the most significant difference in the phase compo-
sition of PbPc films with or without the pentacene tem-
plate occurs when the PbPc film is very thin. We thus
look into the morphology of ultrathin PbPc films to assess
the initial stages of film growth. Fig. 3(a) shows an AFM
topographic image of 10 A thick PbPc film on Si (100).
The silicon surface was selected as the substrate instead
of ITO due to its flatness so that even the sub-monolayer
of PbPc can be easily assessed without interference of a
rough surface. The film has a root mean square (RMS)
roughness of 2.8 A and shows incomplete coverage at this
film thickness. Serpentine chains of domains with a typical
size of 20 nm are uniformly distributed on the surface (also
see the close-up in Fig. 3(b)). This suggests a high density

(a) (b)

and uniform nucleation of PbPc molecules on the bare Si
substrate.

On the other hand, the PbPc film on the 50 A thick
pentacene templating layers shows remarkably different
morphology. As shown in Fig. 4(a), pentacene molecules
form the well-ordered dendrite crystalline multilayer
structures on the silicon surface [19]. For the 2 A thick
sub-monolayer PbPc film (Fig. 4(b)), nearly all the PbPc
molecules diffuse to the ledges of the pentacene terraces
where they aggregate and form clusters. The surface cover-
age of PbPc on pentacene is significantly less than it is on
the silicon. A close inspection of the line profile in
Fig. 4(b) reveals that: (1) the height of a pentacene single
layer is slightly less than 2 nm, in agreement with the
length of the pentacene molecule and an upright standing
configuration [19,20] which suggests that the crystal struc-
ture of the pentacene layers is not disturbed by the adsorp-
tion of PbPc; (2) the average footprint of a PbPc cluster is
about 50 nm in diameter, significantly greater than that
when PbPc was directly deposited on the silicon surface;
(3) the height of these clusters varies from 5 to 10 nm even
though the nominal film thickness is only 2 A. As more
PbPc was deposited (Fig. 4(c)-(e)), the size of each PbPc
cluster does not increase appreciably. Instead, the density
of PbPc clusters continues to increase at the ledges of the
pentacene terraces until they are fully occupied, after
which PbPc clusters develop from the ledges towards the
center of the terraces.

Both the larger cluster size and a much higher RMS
roughness (33 A for the 10 A film vs. 2.8 A on the bare sil-
icon) strongly suggest that the PbPc film on pentacene has
better crystallinity than it has on the bare silicon substrate.
The fact that the molecules migrate to the ledges of the
pentacene terraces and then form large size clusters is very
likely due to the weak interaction between the pentacene
and PbPc molecules so that the adsorbed molecules are
energetically mobile until they encounter the step edges
where the interactions between the pentacene and PbPc
molecules are sufficiently strong to immobilize them.

3.3. Device performance

Fig. 5(a) shows a comparison of the current density-
voltage (J-V) characteristics under 1 sun (100 mW/cm?)
AM 1.5G illumination and the quantum efficiency spectra
of PbPc (20 nm)/Cgo (40 nm) devices without any template
or with a 10 nm thick pentacene, CuPc, or ZnPc templating
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Fig. 3. AFM topographic images of 10 A thick PbPc on Si (100) with a scan area of (a) 2 x 2 um? and (b) 500 x 500 nm?.
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Fig. 4. AFM topographic images of PbPc films on a Si substrate coated with a 50 A thick pentacene film. The nominal PbPc film thickness is (a) 0 A, (b) 2 A, (c)
5A, (d) 10A, and (e) 20 A. The line profile in (b) shows the height of a single pentacene layer and the sizes of the PbPc clusters.

(@ s ; ‘

- == None
—— Pentacene

(b) : : : .

03} R "
AN /', \,
w i:':" T
c 02 \ /a Femm T 3N -
w p) 7 Nooo
. \
AN
’ \
01 AL 4
Ly A
R
E—— AR
0.0 None \ N
o Pentacene
o
w
g

400 600 800 1000

% (nm)

Fig. 5. (a) The current density-voltage (J-V) characteristics of a
non-templated PbPc/Cgp device and devices employing a pentacene,
CuPc, or ZnPc templating layer, under 1 sun simulated AM 1.5G solar
illumination. (b) The external quantum efficiency (EQE) spectra of the
devices in (a) and the enhancement of the internal quantum efficiency
(IQE) of the template devices over that for the non-templated device.

layer on the ITO substrate. Table 1 summarizes the photo-
voltaic performance parameters (short-circuit current den-
sity Jsc, open-circuit voltage Vo, fill factor FF, and power

conversion efficiency 7p) of these devices. The variation
in device performance for more than 10 devices with the
same structure from either the same batch or from differ-
ent batches is typically no more than 5%. As shown in Ta-
ble 1, the devices featuring a pentacene templating layer
exhibit 48% higher Jsc than the devices without a template.
With the same V¢ and a slightly decreased FF, the power
conversion efficiency increases from #p=1.57-2.24% with
the use of the pentacene template, equivalent to a net in-
crease of 43%. Comparing the EQE spectra of these devices
(shown in Fig. 5(b)), we see that the pentacene-templated
device has a higher EQE than the non-templated device in
the entire PbPc absorption region (4=550-1000nm),
which is more significant in the longer wavelength portion
corresponding to the triclinic PbPc phase absorption. On
the other hand, there is virtually no difference in the Cgq
absorption region (4 =400-550 nm). From the J-V charac-
teristics we also observe that the addition of the pentacene
layer does not increase the series resistance of the device,
which is attributed to the high hole mobility in pentacene
and the close alignment of the highest occupied molecular
orbital (HOMO) energies of pentacene and PbPc. It is also
noted that the positive impact of a pentacene templating
layer is present even with a 5 nm thick pentacene layer
and a power conversion efficiency of #p=2.00% was ob-
tained (compared to #np=1.57% for the device without the
templating layer). With further increasing the pentacene
templating layer thickness, the content of the triclinic PbPc
phase increases leading to enhanced absorption in NIR;
however, the absorption of pentacene also becomes more
appreciable, which eventually deteriorates the solar cell
performance. Ten nanometers was found to be the optimal
thickness for the pentacene templating layer.

Note that we have adjusted the solar simulator inten-
sity to account for the spectral mismatch factor [18] for
the device without any template. By integrating the EQE
spectrum of that device with the standard AM1.5G solar
spectrum [21], we obtain a calculated Js¢ in excellent
agreement with the measured Jsc for that device (see Ta-
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Summary of photovoltaic performance (short-circuit current density Jsc, open-circuit voltage Vo, fill factor FF, and power conversion efficiency #p) of bilayer
PbPc/Cso (20/40 nm) solar cells with different templating layers under 1 sun simulated solar illumination.*

Template Jsc (mA/cm?) Voc (V) FF (%) np (%)
Measured Calculated® Measured Corrected® Enhancement? (%)
None 6.0+0.3 59+03 0.50 53 1.59 £ 0.08 1.57 £0.08 -
Pentacene 9.6 0.5 8.8+0.4 0.50 51 2.45+0.12 2.24+0.11 43
CuPc 8.5+04 7.8+04 0.50 52 2.21+0.11 2.03+0.10 29
ZnPc 8.0+£0.4 71+£04 0.50 50 2.00+0.10 1.78 £0.09 13
2 The illumination intensity was adjusted based on the spectral mismatch factor of the non-templated device.
b Obtained by integrating the external quantum efficiency spectrum of the solar cell with the standard AM1.5G solar spectrum.
¢ Calculated from the calculated Jsc and the measured Vo and FF.
d

Based on the corrected #p values.

ble 1). However, due to the variation in the EQE spectra
among different devices (Fig. 5(b)), the spectral mismatch
factor varies slightly from 0.95 for the non-templated de-
vice to 1.03-1.05 for the templated devices. As the solar
simulator intensity was set to be 1 sun for the non-tem-
plated device in our experiments, this intensity is equiva-
lent to approximately 1.1 suns for the device with the
pentacene template. This agrees with the 10% higher calcu-
lated Jsc than the measured values for the template devices
(see Table 1). In the subsequent discussions, we use the
calculated Jsc along with the measured V¢ and FF to calcu-
late a corrected power conversion efficiency that more
accurately reflects the true efficiency of the templated
device.

The higher content of the triclinic phase in the PbPc film
grown on top of pentacene, which leads to a stronger
absorption in the near infrared, is one of the reasons for
the enhancement of the EQE (Fig. 5(b)) of the templated
device. In addition, the internal quantum efficiency (IQE)
of the templated device is also enhanced in the entire PbPc
absorption spectral region. This could be attributed to the
improved morphology as we discussed above: the in-
creased crystallinity and possibly a higher hole mobility
of the PbPc on the pentacene, contributing towards a high-
er charge collection efficiency. Furthermore, the high crys-
tallinity obtained in the PbPc film deposited on the
templating layer could also result in a higher exciton diffu-
sion length, and therefore a higher exciton dissociation
efficiency in the solar cell when a pentacene templating
layer is present.

Among the various templating molecules (pentacene,
CuPc, ZnPc) that we have investigated, pentacene was
found to achieve the highest improvement in device per-
formance. First, pentacene is known to form well ordered
films as a material extensively used in organic transistors
[22]. PbPc grown on pentacene has the highest content of
the triclinic phase and the strongest absorption in the near
infrared. Second, the absorption coefficient of pentacene
(a0=7 x 10* cm™! at the peak of absorption) is smaller than
ZnPc or CuPc (x=1.2-2.0 x 10° cm™") [23]. The exciton
diffusion length in organic semiconductors is on the order
of a few nanometers [16]. When the templating layer is
separated from the Cgg acceptor by the 20 nm PbPc layer
in between, it is unlikely for the excitons generated in
the templating layer to diffuse to the donor-acceptor inter-
face to dissociate. Therefore, as shown in Fig. 5(b), the EQE

dips at 1=665, 694, and 698 nm where the template
pentacene, CuPc, and ZnPc absorb, respectively. Since
10 nm of ZnPc or CuPc absorbs more strongly than penta-
cene, the loss in the quantum efficiency due to this para-
sitic absorption of the template is higher, which is clearly
displayed in the IQE ratio shown in Fig. 5(c).

The effect of PbPc thickness on the device performance
was also investigated. The device performance and the
associated EQE spectra are shown in Figs. 6 and 7, respec-
tively. Again, the solar simulator intensity was only cor-
rected according to the spectral mismatch for the non-
templated device with a 20 nm thick PbPc, whereas #p
was corrected using the calculated Js¢ (integrating the
EQE spectra with the standard AM1.5G solar spectrum)
along with the measured Vo and FF. With or without a
pentacene template, Voc is nearly constant, except for the
device with 10 nm PbPc on pentacene. In that case, the thin
PbPc layer may not be sufficiently thick to cover the penta-
cene surface to form a continuous layer, such that Vyc is
limited by the pentacene/Cgo junction cell, which has a
smaller V¢ [24]. Overall, without the pentacene template,
a maximum #xp was obtained with 30 nm PbPc film,
whereas a 20 nm thick PbPc leads to the optimum perfor-
mance of np=2.24% for devices with pentacene template.

The short-circuit current first increases as the thickness
of the PbPc film increases to up to 30 nm. There is a funda-
mental tradeoff between the increase in optical absorption
and decrease in the exciton diffusion efficiency due to the
short exciton diffusion length [23,25]. In general, a further
increase in the thickness of PbPc does not necessarily in-
crease the short circuit current, but instead increases the
series resistance of the device and reduces the fill factor,
as shown for both cases. For the devices incorporating
the template, the triclinic phase is homogenously distrib-
uted and the NIR photons are mostly absorbed in the bot-
tom part of the film where the light first passes through, so
the short circuit current rolls off right after the peak at
30 nm. On the other hand, without the templating layer,
the excitons generated by the absorption of the triclinic
phase are located in the middle and upper part of the film,
and therefore shifts the peak of short circuit current to-
wards a greater PbPc thickness.

We also notice that the fill factor of the non-templated
device decreases more slowly as the PbPc thickness in-
creases than the pentacene-templated device. The semi-
quantitative analysis of the optical absorbance spectra
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Fig. 7. The external quantum efficiency (EQE) spectra for PbPc/Cgq solar
cells with PbPc layer thickness varied from 10 to 40 nm: (a) without any
templating layer and (b) with a pentacene templating layer.

mentioned earlier suggests that in the top part of a thicker
film, the content of the triclinic phase for the film on the
bare ITO could be higher than it is on the pentacene tem-

plate. This probably contributes to a higher mobility and
thus better charge collection efficiency for the non-tem-
plated device as the donor layer is more than 20 nm thick.

4. Conclusion

The morphology and crystal structure change in the
PbPc film at various depths by incorporating a crystalline
pentacene templating layer is investigated. The crystallin-
ity of the PbPc film at the early stage of growth is consid-
erably improved with templating. The content of the
triclinic phase is increased as well for the typical thickness
used for the bilayer solar cells. A stronger absorption in the
near infrared by the triclinic phase and the enhanced inter-
nal quantum efficiency is observed for the device with a
pentacene templating layer, resulting in 48% increase in
the short circuit current and 42% enhancement in the
power conversion efficiency. Our results demonstrate that
the controlled growth of the thermally evaporated small
molecular materials is a promising way to enhance the de-
vice performance.
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