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Abstract

Inverted organic solar cells comprising a solution-processed titania electron transport
layer and gold back electrodes are air stable. The short-circuit current density of such
solar cells increases with continuous illumination in ambience, and saturates after 10
minutes. On extended exposure to air (>2 days), the open-circuit voltage of the same
devices increases also. The improvement in device characteristics over the short time
scale is attributed to the filling of shallow electron traps in titania. With an increase in
the photoconductivity of titania, the short-circuit current increases accordingly. The
increase in open-circuit voltage on extended exposure to air is attributed to a larger

electrostatic field across the diode when polythiophene is doped by oxygen.
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Organic solar cells (OSCs) have been proposed as low-cost alternatives to their
inorganic counterparts, albeit at a lower efficiency.”> Conventional OSCs generally
comprise a transparent metal oxide anode, like indium tin oxide (ITO), a photoactive
layer consisting of an electron donor and an electron acceptor, and a low work function
metal, such as Al or Ag, as the cathode.™ Frequently, a buffer layer of poly(3,4-
ethylene dioxythiophene doped with polystyrene sulfonate), or PEDOT-PSS, is
employed between the photoactive layer and the anode to prevent electrical shorts.’
Although device efficiencies as high as 4% have been reported,® such conventional
OSCs are fabricated and tested in inert atmosphere for several device components are
highly sensitive to moisture and air. PEDOT-PSS, for example, is hygroscopic;
extensive water absorption can reduce the conductivity of the buffer layer.” The low
work function cathode is also easily oxidized when exposed to air. This oxidation
results in the formation of an insulating barrier, effectively increasing the serial
resistance in the device.® Indeed, exposing conventional OSCs to air for a day can
reduce the device efficiency by as much as half its original value; a four-day exposure
leads to complete device failure.”"

To this end, methods of encapsulation are being developed to prolong the

1,12

lifetimes of conventional OSCs. Inverted OSCs in which the transparent metal



oxide is employed as the cathode and a metal with higher work function, like Au, is
used instead as the back-end anode — have also been proposed. Air-stable inverted
OSCs with zinc oxide and titania cathodes, for example, have been reported with device
efficiencies as high as 2-3%,"” though details on device stability are scarce.
Furthermore, the conductivity of such metal oxides can be photo-sensitive.'*'® In this
letter, we report the transient photovoltaic behavior of inverted OSCs comprising a
solution-processed titania electron transport layer under continuous illumination and
extended storage in air. The characteristics of these devices are compared against
those of analogous devices stored in nitrogen to elucidate the effects of exposure to
oxygen and moisture. The characteristics of reference inverted OSCs without titania
were also monitored as points for comparison.

Inverted bulk-heterojunction OSCs were fabricated on patterned ITO-coated
glass substrates (15-Q-square”’, Colorado Concept Coatings). A 30nm thick titania
electron transport layer was converted via hydrolysis of titanium isopropoxide
(TifOCH(CH3),]s, Aldrich, 99.999%)." Poly(3-hexylthiophene), P3HT (Merck
Chemicals Ltd.) and a fullerene derivative of [6,6]-phenyl-C61-butyric acid methyl ester,
or PCBM (American Dye Source, Inc.), were added in equimass ratio to chlorobenzene

to yield a 2.4 wt% solution. The solution was then spin coated on titania-coated



substrates and the films heated at 150°C for 1 minute to yield a 180nm thick photoactive
layer. 80nm of Au was then thermally evaporated through a shadow mask (see inset of
Figure 1 for device structure) as back electrodes. Reference devices were fabricated in
the same fashion directly on pre-patterned ITO-coated glass. All the devices were
fabricated in air and have an active area of 0.0635cm”. The devices of interest were
tested in air, and retested upon storage. Some of the devices were immediately
transferred into a glovebox and tested. They were also retested after storage in N,.
Reference devices without titania were only tested in air. The current density-voltage
(J-V) characteristics of the devices were measured using a Keithley 2400 source
measurement unit under AM 1.5G 100mW/cm? illumination.

Figure 1 shows the J-V characteristics of representative inverted OSCs under
illumination. The devices were tested immediately after Au evaporation, and their J-V
characteristics acquired every minute thereafter under continuous illumination. The J-V
characteristics of a representative inverted OSC with titania tested in air is shown in
Figure 1(a); the device shows a short-circuit current density (Jsc) of 1.57mA/cm? and an
open-circuit voltage (Voc) of 0.36V initially. Accordingly, the fill factor (FF) of the
device is 0.21 and the efficiency (n) 0.09%. The device characteristics improve with

continuous illumination, and saturate after ten minutes (Jsc = 8.02mA/cm’ and Voc =



0.38YV, resulting in FF = 0.51 and n = 1.50%). The transient J-V characteristics of a
representative inverted OSC with the same device structure tested in N, are comparable
(Figure 1(b)); saturation of device characteristics occurs after 25 minutes of continuous
illumination instead of 10 minutes. At saturation, Jsc = 9.13mA/cm? and Voc = 0.38V,
resulting in FF = 0.49 and n = 1.74%. Unlike devices with titania, the photovoltaic
behavior of the representative reference inverted OSC without titania (Figure 1(c)) does
not change significantly with extended illumination. Specifically, Jsc = 3.82mA/cm’
and Voc = 0.12V, resulting in FF = 0.17 and n = 0.10%. Compared to the performance
of the inverted OSCs with titania or to those of conventional OSCs previously
reported,™!! the performance of our reference devices are poor, and can be attributed to
energetic losses associated with the larger energy level difference between the LUMO
level of PCBM and the work function of ITO. Further, the absence of a buffer layer
necessitates direct contact between the photoactive layer and the rough ITO surface,
which frequently results in high leakage currents.'®

A comparison of the device characteristics shown in Figure 1 implicates the
titania layer as responsible for the transient photovoltaic behavior observed in our
inverted OSCs. Illumination of titania leads to direct excitation of electrons from the

valence band to the conduction band. These excited electrons, however, must fill



shallow electron traps in titania; its photoconductivity thus increases with continuous
illumination and saturates when these traps are filled. Direct electrical measurements
of titania films show transient photoconductivity that mirrors the increase and gradual

saturation of Jsc.14’19

Increasing the photoconductivity of titania reduces the serial
resistance in our inverted OSCs; this reduction in serial resistance increases Jsc in our
devices and is directly manifested in the evolution of the shape of the J-V curves seen in
Figures 1(a) and (b).

The time to saturation, however, is longer when nominally the same devices are
illuminated in N, as opposed to in air. This disparity is attributed to differences in
photoconductivity due to additional recombination of charge carriers when titania is
illuminated in air. Specifically, adsorbed oxygen can scavenge electrons to create O,
when titania is illuminated in air. O; can capture phohtogenerated holes thereby
freeing the simultaneously generated electrons.”’ Additionally, photogenerated holes can
combine with the electrons from the hydroxyl groups of adsorbed moisture; this process
also results in additional photogenerated electrons.”’ Additional free electrons are thus
generated when the titania is illuminated in air as opposed to in N, effectively

increasing the rate of trap filling and thereby photoconductivity saturation in devices

tested in air. Separately, we have fabricated and tested inverted OSCs with the same



titania layer but with PCBM derivatives having different adducts as the electron
acceptor. These devices also show similar transient photovoltaic behavior whose time
dependence is, to first order, only influenced by whether the devices are tested in air or
n N2.22

Figure 2 shows the J-V characteristics of the same devices acquired after 30
minutes of continuous illumination immediately after the devices were fabricated (red
curves) and after they had been stored for two days (blue curves). Upon storage in air,
the inverted OSC with titania shows a marked improvement in device characteristics
(Figure 2(a)). Specifically, the Voc has increased from 0.38V on the day of fabrication
to 0.52V after a 2-day exposure to air, with 1| increasing from 1.5% to 2.4%. The same
device exhibits a Voc of 0.57V (m = 2.2%) after 30 days. In contrast, the
characteristics of the inverted OSC with titania that was stored in N, show negligible
improvement (Figure 2(b)). The reference device without titania, on the other hand,
also shows improved device characteristics; its Voc increases from 0.12V to 0.24V upon
a 2-day storage in air (Figure 2(c)), with n increasing from 0.10% to 0.38%. The
device also appears to be stable on further storage; after a 30-day exposure to air, Voc =
0.27V. A small decrease in Jgc resulted in a slight drop in 1 (0.28%). A comparison

of the J-V characteristics in Figure 2 suggests that this enhancement in Voc is



independent of the presence of titania. Rather, this improvement in Voc hinges upon
exposure to air. This observation is initially surprising because conventional OSCs
degrade with extended exposures to air”'® A higher Voc indicates a larger

clectrostatic field across the device structure.?>**

Exposure to air must thus be
responsible for reducing the energy barrier at the charge extraction interfaces. This
phenomenon is similar to what was previously reported for nickel phthalocyanine in
which oxygen exposure resulted in more efficient exciton dissociation, ultimately giving
rise to higher Vo for Schottky junctions comprising the organic semiconductor.*
Figure 3 summarizes the characteristics of the same devices as we track them
in air and in N,. Testing and storing the inverted OSC with titania in air results in an
increase in Jgc over short time scales (> 10 minutes) and a concomitant enhancement in
Voc over longer time scales (days). Testing and storing the same OSC in N, reveals a
comparable increase in Jsc; this increase, however, is slower compared to testing in air.
The improvement in Voc is not observed when the devices are stored and tested in N.
Reference devices without titania show an insignificant change in Jsc over the entire
testing period; an increase in Voc is only observed on extended storage in air. A

comparison of the time evolution of the photovoltaic parameters of these devices

completes the story: unlike air exposure of conventional OSCs, air exposure of inverted



OSCs comprising solution-processed titania electron transport layer enhances device

characteristics. The Jgc increases with continuous illumination because of enhanced

photoconductivity of titania. This increase in Jgc is reversible as electron traps are filled

and emptied in the presence and absence of illumination, respectively. This increase is

expedited when devices are tested in air as recombination of photogenerated holes with

electrons from adsorbed oxygen and moisture free up additional electrons. With

storage in air, the Voc increases due to oxygen doping of P3HT. The increase in Voc

is largely irreversible; testing an inverted solar cell in N, that was previously stored in

air for 2 days results in the same elevated Voc. This observation implicates the

irreversibility of oxygen doping in P3HT.

The National Science Foundation MRSEC Program supported this work

through the Princeton Center for Complex Materials (DMR-0819860).



References

y.-L. Loo, and I. McCulloch, MRS Bulletin 33, 653 (2008).

’B. C. Thompson, and J. M. J. Frechet, Angew. Chem. Int. Ed. 47, 58 (2008).

’A. J. Morfa, K. L. Rowlen, T. H. Reilly, M. J. Romero, and J. Lagemaat, Appl. Phys.
Lett. 92, 013504 (2008).

L. Li, G Lu, and X. Yang, J. Mater. Chem. 18, 1984 (2008)

°J. H. Kim, S. Y. Huh, T. Kim, and H. H. Lee, Appl. Phys. Lett. 93, 143305 (2008).

55 K. Lee, W. L. Ma, C. J. Brabec, J. Yuen, J. S. Moon, J. Y. Kim, K. Lee, G. C. Brazan,

and A. J. Heeger, J. Am. Chem. Soc. 130, 3619 (2008).

K. Kawano, R. Pacios, D. Poplavskyy, J. Nelson, D. D. C. Bradley, and J. R. Durrant,

Sol. Energy Mater. Sol. Cells 90, 3520 (2006).

M. Jorgensen, K. Norrman, and F. C. Krebs, Sol. Energy Mater. Sol. Cells 92, 686
(2008).

°S. K. Hau, H. L. Yip, N. S. Bacek, J. Zou, K. O. Malley, and A. K. Y. Jen, Appl. Phys.
Lett. 92, 253301 (2008).

10y Berredjem, N. Karst, L. Cattin, A. L. Toumi, A. Godoy, G. Soto, F. Diaz, M. A. Del
Valle, M. Morsli, A. Drici, A. Boulmokh, A. H. Gheid, A. Khelil, and J. C. Bernede,
Dyes and Pigments 78, 148 (2008).

"C. Waldauf, M. Morana, P. Denk, P. Schilinsky, K. Coakley, S. A. Choulis, and C. J.

10



Brabec, Appl. Phys. Lett. 89, 233517 (2006).

"C. S. Kim, L. L. Tinker, B. F. DiSalle, E. D. Gomez, S. Lee, S. Bernhard, and Y.-L.
Loo, Submitted (2008).

PR, Steim, S. A. Choulis, P. Schilinsky, and C. J. Brabec, Appl. Phys. Lett. 92, 093303
(2008).

MK, Pomoni, A. Vomvas, and C. Trapalis, Thin Solid Films 479, 160 (2005).

>T. Kuwabara, T. Nakayama, K. Uozumi, T. Yamaguchi, and K. Takahashi, Sol. Energy
Mater. Sol. Cells 92, 1476 (2008).

P A. C. Quist, W. J. E. Beek, M. M. Wienk, R. A. J. Janssen, T. J. Savenije, and L. D.
A. Siebbeles, J. Phys. Chem. B 110, 10315 (2006).

73 Y. Kim, K. Lee, N. E. Coated, D. Moses, T. Q. Nguyen, M. Dante, and A. J. Heeger,
Science 317, 222 (2007).

"*C. S. Kim, S. J. Jo, J. B. Kim, S. Y. Ryu, J. H. Noh, H. K. Baik, S. J. Lee, and K. M.
Song, Semicond. Sci. Technol. 22, 691 (2007).

Z. B. Xie, B. M. Henry, K. R. Kirov, D. A. R. Barkhouse, V. M. Burlakov, H. E. Smith,
C. R. M. Grovenor, H. E. Assender, G. A. D. Briggs, M. Kano, and Y. Tsukahara,
Nanotechnology 18, 145708 (2007).

2N, Golego, S. A. Studenikin, and M. Cocivera, Phys. Rev. B 61, 8262 (2000).

11



AL M. Eppler, I. M. Ballard, and J. Nelson, Physica E 14, 197 (2002).

223, Lee, C. S. Kim, E.D. Gomez, J.E. Anthony, and Y.-L. Loo, Unpublished results
(2008).

ST. D. Anthopoulos, and T. S. Shafai, Appl. Phys. Lett. 82, 1628 (2003).

*B.F an, R. Hany, J. E. Moser, and F. Nuesch, Organic Electronics 9, 85 (2008).

12



Figure Captions

FIG. 1. J-V characteristics of inverted OSCs with titania measured in (a) air and (b) Ny;

(c) of a reference device without titania measured in air under continuous illumination.

FIG. 2. J-V characteristics of inverted OSCs with titania measured in (a) air and (b) Ny;
(c) of a reference device without titania measured in air under 30 minutes of continuous

illumination immediately after device fabrication (red) and upon a 2-day storage (blue).

FIG. 3. Time evolution of the relevant photovoltaic parameters.
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