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Germanium nanowires �GeNWs� were used to enhance the properties of organic photovoltaic
devices. GeNWs were grown to a length of 1–5 �m on SiO2 by the vapor-liquid-solid method
catalyzed by 20 nm Au seeds. Once grown, the GeNWs were dispersed in solution with
poly�3-hexylthiophene� and spin cast into films. The photoluminescence and external quantum
efficiency of the films indicated a significant increase in exciton dissociation and photocurrent
generation. The results imply that the GeNWs may act as an electron acceptor for bulk
heterojunction hybrid-inorganic/organic photovoltaic devices. The impacts of GeNW on device
characteristics are discussed. © 2007 American Institute of Physics. �DOI: 10.1063/1.2801554�

Although silicon solar cells dominate the current market,
much research and significant progress has been made in a
range of other photovoltaic materials and device structures.
One approach seeks to develop the highest possible effi-
ciency multijunction devices �likely at a high cost�. To date
the most efficient device of this type is a multijunction inor-
ganic cell developed by Spectrolab with an efficiency of
40.7%.1 At the other end of the spectrum are large area low
cost �relatively low efficiency� organic-based photovoltaics
that can be processed into flexible thin films on an industrial
scale. A subset of this category is semiconducting polymer-
based solar cells, where one of the most investigated is
poly�3-hexylthiophene� �P3HT�. The combination of P3HT
and 1-�3-methoxycarbonyl� propyl-1phenyl-�6,6�-C61
�PCBM, a functionalized fullerene� in a bulk heterojunction
configuration affords a power conversion efficiency of ap-
proximately 5%.1

The organic bulk heterojunction of P3HT:PCBM facili-
tates the separation and diffusion of charge carriers to their
respective electrodes. A photon is absorbed by the P3HT
creating an exciton that diffuses to the interface between the
two bulk components and dissociates. PCBM with a higher
electron affinity is the electron acceptor while the hole re-
mains within the P3HT.

An alternative to PCBM and other fullerene derivatives
are inorganic semiconducting nanowires. Nanowires are
structures with widths on the order of 5–100 nm and lengths
that can that can readily and controllably be grown to lengths
of tens of microns. ZnO,2,3 CdSe,4 Si,5 and TiO2 �Ref. 6�
nanowires have been utilized within the polymer active layer
of organic photovoltaic devices and other more complex NW
structures have been proposed based on first principles
calculations.7 In this role, one of the key benefits of nano-
wires over fullerenes is their one-dimensional nature which
can provide a rapid transport path for charge carriers. As we
go to press, a very interesting paper has appeared in print by
Lieber and colleagues using an all inorganic core-shell Si
nanowires as a solar PV structure.8

The use of germanium in photovoltaics is already well
known as it is an important component of multijunction con-
centrator solar cells.9–12 Initially, Ge was used to replace
GaAs as the substrate for solar cells on satellites.13 Currently,
Ge is commonly employed within the base junction or sub-
cell as an active layer to harvest low energy photons. With a
bandgap of 0.66 eV, Ge is active within the infrared portion
of the solar spectrum. In a GaInP/GaAs/Ge triple junction,
the germanium is responsible for �10% or more of the solar
cell’s efficiency14 and is capable of generating more short
circuit current �Jsc� than the other two subcells combined.15

In this letter, we discuss the integration of germanium
nanowires �GeNWs� into a P3HT-based solar cell. The sche-
matic structure and energy diagram for this system are
shown in Figs. 1�a� and 1�b�, respectively.

The GeNWs were first grown to a length of 1–5 �m on
SiO2 using the vapor-liquid-solid16,15–19 method from 20 nm
Au seeds �Ted Pella�. Next, the wires were dispersed in chlo-
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FIG. 1. �Color online� �a� Simplified device structure and �b� energy band
diagram for P3HT-GeNW bulk heterojunction solar cell.
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roform by sonication and mixed with 0.5 ml of a P3HT so-
lution �10 mg/ml in chloroform� by 50 �l increments. The
solutions were spin coated �50 �l at �1500 rpm� on indium
tin oxide �ITO�/glass �Delta Technologies, 15 � sq−1� pre-
coated with �50 nm poly�3,4-ethylenedioxythiophene� poly-
�styrenesulfonate� �PEDOT-PSS�. Samples P3HT-GeNW 1
and 2 contain 50 and 200 �l of GeNW solution, respectively.
Absorption spectra in the 250–950 nm range �not shown�
had a maximum at 520 nm, attributed to P3HT.20 In our
P3HT-GeNW composites, no absorption related to GeNW
was observed, owing to its low bandgap. The only visible
change was a slight redshift of the P3HT absorption shoul-
der. This is usually attributed to �-� stacking in closely
packed crystalline P3HT domains.21 Thus, one interpretation
of the change in absorption is that mixing with Ge nanowires
induces enhanced crystallinity in the P3HT. Photolumines-
cence of the samples was measured at room temperature with
monochromatic 500 nm excitation and an Ocean Optics
S2000 diode array detector.

Although Ge displays photoluminescence at low tem-
perature, it is strongly attenuated at room temperature.22

Thus, the photoluminescence observed in our room tempera-
ture studies is most likely due to P3HT, in agreement with
other studies.23 A significant quenching of the photolumines-
cent yield is observed in samples containing GeNWs �Fig.
2�a��. It was observed that the quenching increased when the
P3HT/GeNW solution was sonicated prior to spin coating.
This observation is consistent with a better dispersion of the
GeNW in the P3HT. The dispersion may be improved by
shortening of the GeNWs through prolonged sonication. The
photoluminescence quenching indicates that excitons gener-
ated in the P3HT upon illumination at 500 nm do not recom-
bine radiatively in the presence of GeNWs. Instead, a frac-
tion of the excitons is dissociated at the P3HT-GeNW
interface, enhancing the fraction of free electrons and holes
capable of generating a photocurrent.

Next, the external quantum efficiency �EQE� of photo-
current generation was measured in the 300–800 nm range
with a monochromator, chopper, and detected via a lock-in
amplifier �Fig. 2�b��. Electrical contacts were made to the top
of the P3HT-GeNW films with a GaIn eutectic. This eutectic,
with a work function of 4.2 eV, is well suited for extracting
electrons from GeNWs, as illustrated on the band diagram

�Fig. 1�b��. The device area was constant, and imposed by
the size of the illumination spot ��1 mm�. An EQE of 1.4%
was measured in pristine P3HT, while 2.2 and 4% were mea-
sured at 550 nm in samples P3HT-GeNW 1 and 2, respec-
tively. This is consistent with the light quenching data, indi-
cating that percolation pathways for holes and electrons to
the electrodes are created within the bulk heterojunction. Al-
though these numbers are not good from an absolute per-
spective �these are very simple nonoptimized devices�, they
do show that there are some promises for improvement in
device properties when GeNWs are included. Our data are
consistent with a model in which the electron transport is
enhanced by the presence of the GeNWs, without significant
trapping of the holes in the Ge or interface.

Finally, I-V curves were recorded under illumination of a
halogen light source, of intensity equivalent to 100 mW/cm2

of AM 1.5G simulated sunlight. In the presence of GeNWs,
the forward current was significantly increased, but the de-
vices still had a good diode characteristic in the dark, with
little reverse current down to −1 V. This is consistent with
the observation that as-prepared the GeNWs are intrinsically
p-type semiconductors, by enhancing the overall conductiv-
ity of the system. A reduction in open-circuit voltage and an
increase in short-circuit photocurrent are observed when
GeNWs are mixed with P3HT �Fig. 3�. It must be noted that
no passivation treatment was performed on the GeNWs in
this set of experiments. Based on the work of others, the
nanowires should be covered with a native GeOx layer under
our experimental conditions, i.e., exposed to ambient envi-
ronment after growth. Wang et al. have shown by x-ray pho-
toemission spectroscopy24 that such an oxide layer results in
band bending of the Ge that increases the work function in
p-doped GeNW, which would logically result in a reduction
of open-circuit voltage. Indeed, the open-circuit voltage in
bulk heterojunction solar cells can be approximated as high-
est occupied molecular orbital �HOMO�d-lowest unoccupied
molecular orbital �LUMO�a−2�0.2� V to account for losses
at electrodes.25 If we take the HOMO level of P3HT as
5.1 eV and the Ec of the GeNW as 3.8 eV, then the theoret-
ical open circuit voltage should be 5.1−3.8−0.4=0.9 V. An-
other sign of the presence of GeO2 is the hysteresis. This
indicates charging and discharging of defects in the dielec-

FIG. 2. �Color online� Room temperature �a� photoluminescence from
500 nm excitation and �b� external quantum efficiency of photon-to-electron
conversion of pure P3HT and P3HT+GeNW films spin coated on ITO.

FIG. 3. �Color online� I-V curves in the dark �dashed� and under
100 mW/cm2 �solid� halogen light for pure P3HT and P3HT+GeNW 1 film
formed by spin coating on ITO. In the inset is shown a semilog I-V plot
under illumination for P3HT, P3HT+GeNW 1, and P3HT+GeNW 2.
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tric. Similar hysteresis has been observed in field effect tran-
sistors built with Ge nanowires26 and was attributed to water
adsorption at the surface of oxidized Ge. The hysteresis
could be suppressed with passivation of the nanowires by
reaction with various species, including thiols.27

In conclusion, we have shown that photoinduced charge
transfer in P3HT-GeNW bulk heterojunctions can be ob-
served. The photoinduced charge transfer is evidenced by the
inverse correlation between the photoluminescence quench-
ing and the external photocurrent quantum efficiency. This
resulted in quadrupling of the EQE of P3HT �under our con-
ditions�. However, the p-type conductivity and native oxide
layer of GeNW resulted in a low open-circuit voltage and
photocurrent. The reduction of the open-circuit voltage is
consistent with band bending of the nanowires caused by the
GeO2 surface oxide. Contact optimization, n doping, and sur-
face treatments of the GeNWs, as well as other material and
structural optimization, are expected to improve these re-
sults, and are currently underway.

The authors would like to thank the National Science
Foundation and the Semiconductor Research Corporation for
financial support. The authors would also like to acknowl-
edge helpful suggestions from Manish Chhowalla and Vitaly
Podzorov.

1M. A. Green, K. Emery, Y. Hisikawa, and W. Warta, Prog. Photovoltaics
15, 425 �2007�.

2P. Ravirajan, A. M. Peiro, M. K. Nazeeruddin, M. Graetzel, D. D. C.
Bradley, J. R. Durrant, and J. Nelson, J. Phys. Chem. B 110, 7635 �2006�.

3D. C. Olson, J. Piris, R. T. Collins, S. E. Shaheen, and D. S. Ginley, Thin
Solid Films 496, 26 �2005�.

4Y.-T. Lin, T.-W. Zeng, W.-Z. Lai, C.-W. Chen, Y.-Y. Lin, Y.-S. Chang, and
W.-F. Su, Nanotechnology 17, 5781 �2006�.

5B. M. Kayes, J. M. Spurgeon, T. C. Sadler, N. S. Lewis, and H. A.
Atwater, IEEE 4th World Conference on Photovoltaic Energy Conversion
�IEEE, New York, 2006�, pp. 221.

6W. U. Huynh, J. J. Dittmer, N. Teclemariam, D. J. Milliron, A. P.
Alivisatos, and K. W. J. Barnham, Phys. Rev. B 67, 115326 �2003�.

7Y. Zhang, L. W. Wang, and A. Mascarenhas, Nano Lett. 7, 1264 �2007�.
8B. Tian, X. Zheng, T. J. Kempal, Y. Fang, N. Yu, G. Yu, J. Huang, and C.

M. Lieber, Nature 449, 885 �2007�.
9R. Wang, Z. Guo, and G. Wang, Sol. Energy Mater. Sol. Cells 90, 1052
�2006�.

10M. P. Deshmukh and J. Nagaraju, Sol. Energy Mater. Sol. Cells 89, 403
�2005�.

11M. A. Stan, D. J. Aiken, P. R. Sharps, J. Hills, and J. Doman, IEEE 31st
Photovoltaic Specialists Conference �IEEE, New York, 2005�,
pp. 770–773.

12J. E. Granata, J. H. Ermer, P. Hebert, M. Haddad, R. R. King, D. D. Krut,
J. Lovelady, M. S. Gillanders, N. H. Karam, and B. T. Cavicchi,
IEEE 28TH Photovoltaic Specialists Conference, �IEEE, New York,
2000�, pp. 1181–1184.

13M. Bosi and C. Pelosi, Prog. Photovoltaics 15, 51 �2007�.
14D. J. Friedman, J. M. Olson, S. Ward, T. Moriarty, K. Emery, S. Kurtz,

A. Duda, R. R. King, H. L. Cotal, D. R. Lillington, J. H. Ermer, and N. H.
Karam, IEEE 28th Photovoltaic Specialists Conference �IEEE, New York,
2000�, pp. 965–967.

15D. J. Aiken, IEEE 28th Photovoltaic Specialists Conference �IEEE, New
York, 2000�, pp. 994–997.

16T. Wang, L. A. Klein, and E. Garfunkel, “Epitaxial Growth of Germanium
Nanowires on Silicon and Germanium Substrate,” J. Appl. Phys. �submit-
ted�.

17D. Wang, R. Tu, L. Zhang, and H. Dai, Angew. Chem., Int. Ed. 44, 2925
�2005�.

18A. B. Greytak, L. J. Lauhon, M. S. Gudiksen, and C. M. Lieber,
Appl. Phys. Lett. 84, 4176 �2004�.

19H. Jagannathan, M. Deal, Y. Nishi, J. Woodruff, C. Chidsey, and P. C.
McIntyre, J. Appl. Phys. 100, 024318 �2006�.

20D. Chirvase, J. Parisi, J. C. Hummelen, and V. Dyakonov, Nanotechnology
15, 1317 �2004�.

21M. Trznadel, A. Pron, M. Zagorska, R. Chrzaszcz, and J. Pielichowski,
Macromolecules 31, 5051 �1998�.

22B. V. Kamenev, V. Sharma, L. Tsybeskov, and T. I. Kamins, Phys. Status
Solidi A 202, 2753 �2005�.

23C. Y. Kwong, W. C. H. Choy, A. B. Djurišić, P. C. Chui, K. W. Cheng, and
W. K. Chan, Nanotechnology 15, 1156 �2004�.

24D. Wang, Y. L. Chang, Q. Wang, J. Cao, D. B. Farmer, R. G. Gordon, and
H. Dai, J. Am. Chem. Soc. 126, 11602 �2004�.

25C. J. Brabec, A. Cravino, D. Meissner, N. S. Sariciftci, M. T. Rispens, L.
Sanchez, J. C. Hummelen, and T. Fromherz, Thin Solid Films 403-404,
368 �2002�.

26D. Wang, Q. Wang, A. Javey, R. Tu, H. Dai, H. Kim, P. C. McIntyre, T.
Krishnamohan, and K. C. Saraswat, Appl. Phys. Lett. 83, 2432 �2003�.

27D. Wang, Y. L. Chang, Z. Liu, Z. Liu, and H. Dai, J. Am. Chem. Soc. 127,
11871 �2005�.

183501-3 Du Pasquier et al. Appl. Phys. Lett. 91, 183501 �2007�

Downloaded 29 Oct 2007 to 128.6.71.50. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp


