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Organic photovoltaic (PV) cells have attracted attention due to
their ease of fabrication and potential for low-cost productidh.
Since Tang reported the first thin-film organic PV cell based on a
single donor-acceptor (D-A) heterojunctiort, research has been
focused on enhancing the efficiency of these cells through use of
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new materials and device structures. PV cells employing pokymer § 08
fullerene heterojunctions have been shown to have power conver- 8
sion efficiencies{p) approaching 5% obtained through variations % 067
in the processing techniques. Recently, Xue et al. reported efficien-

cies as high as 4% under 4 suns simulated AM1.5G illumination 041
in a double-heterostructure copper phthalocyanine (CuRgayi®- o2

film cell with Ag as the metal cathodePV cells such as these can
be further enhanced by stacking two cells in series, yielding
efficiencies exceeding 5.5%.

Efficiency is dependent on the open circuit voltag&.), the
short-circuit current densityd{y), and the fill factor (FF) via
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Figure 1. Absorbance spectra (on quartz) of stacked CuPc (20064)/C
(400 A)/BCP (100 A) (red) and of SubPc (130 A}E325 A)/BCP (100
A) (blue). Inset: Schematic energy level diagram for devices with (a) CuPc
or (b) SubPc as the donor layer. HOMO energies are from UPS, and the

) o ) LUMO energies are from IPES measurements, except for SubPc, where
whereP, is the incident optical power. Here, FF depends on the the LUMO and HOMG? energies are determined from electrochemistry.

series resistance and is typically between 0.5 and 0.65 for small-

molecular-weight organic photovoltaic3s is controlled by the While CuPc is a planar compound with an IBelectron
overlap between the absorption of the organics and the solarphthalocyanine macrocycle, SubPc is composed of three N-fused
spectrum, as well as the magnitudes of the extinction coefficients diiminoisoindole rings centered around a boron core. This 14
and thicknesses of the absorbing layers. However, enhanced spectraf-electron aromatic macrocycle has a nonplanar cone-shaped
overlap must be accomplished without a significant loss in exciton structure with the tetrahedral boron center out of plane with the
diffusion length or in the charge transport properties of the materials. aromatic ligand and can pack in different orientations, depending
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77P = (JSC VOC FF)/PO (1)

The typicalVyc = 500 mV at 1 sun for conventional CuPc donor-
based PV cells is significantly less than the energy of the absorbed
photon ¢2 eV). Clearly, an increase i, offers a significant
opportunity for substantial improvement ip. However, it has
proven difficult to achieve large increases in tfig without an
accompanying decrease Jg or FF8

The origin ofV, in organic solar cells is not well understob#.

on the deposition conditiori4:!> With strong absorption in the
visible and extinction coefficients similar to CuPc (Figure 1), SubPc
is a candidate as an electron donor material. The first oxidation
and reduction potentials are 0.69 and.40 V vs a ferrocene (Fc/
Fc") referencé® Cqo, with oxidation and reduction potentials of
1.26 and—1.06 V vs Fc/F¢,r” should therefore be suitable as the
acceptor material in a PV cell based on SuBPc.

It has been suggested that this quantity depends on the energy A range of efficiencies have been reported for CuRgt@vice

difference between the lowest unoccupied molecular orbital (LUMO)
of the acceptor-like material and the highest occupied molecular
orbital (HOMO) of the donor-like material at the heterointerface
in a bilayer cell (referred to as the interface ggpfrigure 1, inset}!

In this paper, we report on a double-heterostructure boron subph-
thalocyanine chloride (SubPc)ygthin-film cell with I; = 1.9 eV,
compared to a CuPcégcell with Iy = 1.5 eV, resulting in an
increase iV, of approximately the same magnitude, suggesting
that Vo is indeed a function ofy.
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architecture$:1®21 To eliminate performance variance due to
fabrication conditions, control devices were fabricated simulta-
neously with the SubPc cells. Conventional PV cell structures
fabricated as controls were ITO/CuPc (200 AY@400 A)/BCP
(100 A) with a Ag (CuPcl) or Al cathode (CuPc2). The SubPc
cells consisted of ITO/SubPc (200 Ay(400 A)/BCP (100 A)
and a Ag (SubPcl) or Al (SubPc?2) cathode.

The current density vs voltagel{V) characteristics were
measured in the dark and under3 suns AM1.5G simulated
illumination, uncorrected for solar mismatch-V characteristics
at 1 sun are provided in Table 1. T, of SubPcl and SubPc2
is 150 mV higher than for CuPc cells, although badfhand FF are
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Table 1. Structure and Photovoltaic Data for Devices llluminated proximately 20% higher than that ig, suggesting that resistance
under 1 Sun AM1.5G Simulated Solar lllumination may be affecting/o; however, the high FF’s indicate that resistance
cell DICs (A) Me Ji (MA cm™?) Vie (V) FF n alone cannot account for the increaségd
CuPcl 2081400  Ag 4.13 0.43 061 1.2 It has been shown that varying the metal cathode has a minimal
CuPc2 206400 Al 3.07 0.42 0.58 0.9 effect onV,.*1t However, CuPcl with a Ag cathode shows an
SubPcl 200400  Ag 2.05 057 033 04 increasedls. and FF relative to the analogous device with Al
SUbPCZ 200400 Al 1.83 0.58 036 04 (CuPc2). Itis unclear why such an effect&pand FF is observed,
ubPc3 130325 Ag 3.61 0.98 0.41 1.7 . . .
SubPc4 139325 Al 3.36 097 057 21 whereasVq. is the same for both devices. Alternatively for SubPc,
FF decreases for the Ag device (SubPc3) compared to the Al device
3D = CuPc.PD = SubPctM is the cathode material. (SubPc4).
, In summary, SubPcigbased PV cells have more than twice
‘ ! the Vo as compared to conventional devices based on CyRc/C
49 "é K ) : cells, resulting in a more than doubling of the cell power conversion
§ s —p—— : efficiency. By using a strongly absorbing donor material with a
© 3_10§§:;:F-* - ' | deep HOMO, |4 and, consequentlyV,. are increased without a
% 2 g.w:::f !' :' concomitant reduction ids. This work supports the hypothesis
E 5 04 00 04 08 12 ’ ; that |y is a dominant factor in determining,. in organic hetero-
2 . Fomaeiy -,/ / junction cells.
c
3 Acknowledgment. This work was supported by Global Photonic
E Energy Corp., the Air Force Office of Scientific Research, and the
g. 2 National Renewable Energy Laboratory.
E Supporting Information Available: Experimental conditions for
_4_..._"":—'-—-_—‘—_.—:——"'; device fabrication, CuPc and SubPc structures (Figure S1)Jahd
characteristics for45 suns for SubPc4 (Table S1 and Figure S2). This
——— — 7 material is available free of charge via the Internet at http://pubs.acs.org.
04 02 00 02 04 06 08 1.0
Potential (/) References
Figure 2. J—V characteristics of CuPc2 (red) and SubPc4 (blue) under 1 (1) Granstrom, M.; Petritsch, K.; Arias, A. C.; Lux, A.; Andersson, M. R.;
sun AM 1.5G simulated illumination (solid) and in the dark (dashed). Friend, R. H.Nature 1998 395 257-260.
Inset: Intensity dependence of the SubPc4 device— 4uns. (2) Halls, J. J. M.; Walsh, C. A.; Greenham, N. C.; Marseglia, E. A.; Friend,

R. H.; Moratti, S. C.; Holmes, A. BNature 1995 376, 498—-500.
reduced, resulting in a reduced power efficiency. This is likely due ® Egg‘g“ans‘ P.; Yakimov, A Forrest, S.JRAppl. Phys2004 95, 2938~
to a high series resistance, which suggests that thinner donor layers (4) Tang, C. W Appl. Phys. Lett1986 48, 183-185.
are necessary for optimal device performance. Since SubPc absorbs ©) Mgte\:vzldoszggm%Yleggng X.; Lee, K.; Heeger, A. Adv. Funct.
at shorter wavelengths than CuPc, an optimal cell structure requires (6) Xue, J. G.; Uchida, S.; Rand, B. P.; Forrest, SARpl. Phys. Lett2004

; ; ; 84, 3013-3015.
a corresponding decrease igo@hickness to ensure that the SubPc/ 7) Xue. J. G.. Uchida, S.: Rand, B. P Forrest, SARpl. Phys. Lett2004

Ceointerface is located in a region where the short-wavelength light 85, 5757-5759.

i itv i i 2 i i iteri i i (8) Singh, V. P.; Singh, R. S.; Parthasarathy, B.; Aguilera, A.; Anthony, J.;

|ntens_|ty is highest FoIIowmg th|§ criterion, a device with the Payne. MABpL Phys. Leti2005 86, 0821061.0821065.

following structure was fabricated: ITO/SubPc (130 A)/(325 (9) Brabec, C. J.; Cravino, A.; Meissner, D.; Sariciftci, N. S.; Fromherz, T;

A)BCP (100 A) with a Ag (SubPc3) or Al (SubPc4) cathode. ﬁs%e?rli 3l\gOT Sanchez, L.; Hummelen, J.AC. Funct. Mater.2001
The J—V characteristics of SubPc4 and CuPc2 are shown in (10) Gledhill, S. E.; Scott, B.; Gregg, B. A. Mater. Res2005 20, 3167

Figure 2. In this casey,. of SubPc4 is more than double that of 3179.

0, (11) Gadisa, A.; Svensson, M.; Andersson, M. R.; InganasAg@hl. Phys.
CuPc2, accompanied by a nearly 10% increasésinAlthough Lett. 2004 84, 1609-1611.

the SubPc absorption is blue-shifted relative to that of CuPc with (12) Bredas, J. L.; Silbey, R.; Boudreaux, D. S.; Chance, Rl. Rm. Chem.

r rban = 700 nm (Figure 1). this i S0c.1983 105, 6555-6559.

a decreased abso l?a ce Aat= 700 (Figure 1), t. S . S (13) D’Andrade, B. W.; Datta, S.; Forrest, S. R.; Djurovich, P.; Polikarpov,
compensated by the increased absorbanée=a690 nm, which is E.; Thompson, M. EOrg. Electron.2005 6, 11—20.

in a higher intensity region of the solar spectruvge and FF of (14) %%eggggz,sg- G.; Gonzalez-Rodriguez, D.; Torre§tem. Re. 2002
SUbPC4_are nearl_y indepenqlent of ”ght intenSity be_tween_l_ and 5 (15) Mattheus, C. C Michaelis, W.; Kelting, C.; Durfee, W. S.; Wohrle, D.;
suns (Figure 2, inset), while the power conversion efficiency Schlettwein, D.Synth. Met2004 146, 335-339.

; ; — 0 (16) del Rey, B.; Keller, U.; Torres, T.; Rojo, G.; Agullo-Lopez, F.; Nonell,
achieves a maximum value gb = 2.1+ 0.2% at 1 sun. S.; Marti, C.; Brasselet, S.; Ledoux, I.; ZyssJJAm. Chem. Sod.998

A proposed energy level diagram for the CuPc and SubPc devices 120, 12808-12817.

is shown in the Figure 1 inset. The SubPg/@evice has ah, that (an ;’gghﬁer R. D.; Heath, G. Rhys. Chem. Chem. Phy2001 3, 2588~
is 400 meV greater than that for the CuPg/@evice, correlating (18) Schultes, S. M.; Sullivan, P.; Heutz, S.; Sanderson, B. M.; Jones, T. S.
to an increase o¥/,. of approximately the same magnitude (550 Mater. Sci. Eng. C: Biomimetic Supramol. Sy2805 25, 858-865.

ib h iqnifi . . h I (19) Salzman, R. F.; Xue, J. G.; Rand, B. P.; Alexander, A.; Thompson, M.
mV). We attribute the significant increase \fj. to the smaller E.; Forrest, S. ROrg. Electron.2005 6, 242-246.

HOMO energy of SubPc and the subsequent increasgy,in (20) Peumans, P.; Forrest, S. Ropl. Phys. Lett2002 80, 338-338.
supporting the hypothesis th¥l. is dependent oily. Vo can be @1 m?gragglégsgéSg;sfi‘ggers"”' B. M.; Nelson, J.; Jones, AtkSFunct.
increased by series resistance, which may, in turn, depend on the (22) Pettersson, L. A. A.; Roman, L. S.; Inganas JOAppl. Phys1999 86,
presence of impurities or crystalline disorder (an effect which will 487-496.

be discussed elsewhere). Note that the increas®,inis ap- JA0616550

J. AM. CHEM. SOC. = VOL. 128, NO. 25, 2006 8109





