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As the demand for renewable energy resource is growing rapidly worldwide, a variety of energy

materials and technologies are being developed. In this review, we aim to summarize recent

developments in the state-of-the-art research on energy harvesting technologies such as thin-film Si or

Ge, CdTe, GaAs, organic, hybrid, and dye-sensitized solar cells (DSSCs) utilizing one-dimensional

(1D) nanomaterials, mainly semiconductor nanowires, nanocones, nanotubes and nanofibers, which

are prepared by vapor–liquid–solid method, colloidal lithography, template-guided growth, or

electrospinning. Moreover, the future challenges (such as efficiency improvement and natural resource

limitations) and prospects of nanostructured solar cells are proposed.
1 Introduction

According to the investigations of the U.S. energy information

administration (EIA), the world energy demand in 2010 has

reached 15 TW.1 The predicted energy demand will reach 28 TW

by 2050 and 46 TW by 2100.2 However, about 80% of the present
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energy comes from fossil fuels. The increased concerns about the

decreased availability of fossil fuel sources, the long-term envi-

ronmental effects of CO2, and the rapidly increasing energy

demand in the future are driving enormous efforts for advanced

renewable energy technologies. It is estimated that in 2040, more

than 80% of the global electricity will be generated from

renewable energy (as shown in Fig. 1).3 Among various renew-

able energy technologies, solar photovoltaics that directly

convert energy of sunlight into electricity have attracted a lot of

interest both from scientific research and industrial production

because of its abundance and cleanliness. However, at present

solar photovoltaics only supply a very small portion of the global

electricity consumption (<0.04%). Its contribution as estimated
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Fig. 1 Projected global electricity demand (Source: Created by Sharp

based on Renewable Energy Scenario to 2040, published by the European

Renewable Energy Council (EREC), and reports of the German Advi-

sory Council on Global Change (WBGU)).
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by the European Renewable Energy Council (EREC) will

increase to about 25% in 2040 and more than 65% in 2100

(Fig. 1).

Currently, solar photovoltaic production is dominated by

crystalline Si modules, the first generation of solar cells, which

occupy about 90% of the photovoltaic market at present. In spite

of a substantial drop in the cost over the past 50 years, terawatt-

scale implementation of solar cells is currently not economically

feasible because of the higher cost comparing with traditional

power sources (as shown in Fig. 2).4 However, it is estimated that

the solar power cost will fall about 10 percent a year in the next

decade as technology improves, while the expense of producing

electricity by burning fossil fuels will climb gradually with oil and

coal prices. The solar power cost may equal fossil fuel expenses

within the next several years (Fig. 2). Therefore, it is still neces-

sary and challenging to make significant technology improve-

ment in both device performance and the manufacturing process
Fig. 2 Power cost targets for solar power, oil-fired thermal power and

nuclear power generation (Source: Sharp based on Photovoltaic Roadmap

2030, published by the New Energy and Industrial Technology Devel-

opment Organization (NEDO)).

2784 | Nanoscale, 2012, 4, 2783–2796
so that solar cells could be economically competitive for large-

scale applications.

The most important parameters for evaluating solar cells are

efficiency and cost. As shown in Fig. 3,5a different kinds of

materials have been symmetrically investigated over the past

forty years, including crystalline Si, GaAs, and thin films such as

CdTe, CuIn1�xGaxSe2 (CIGS) and hydrogenated amorphous Si

(a-Si:H) with typical thickness of 1–2 mm, which were named as

first and second generation solar cells, respectively. The first

generation cells have high efficiency but are relatively expensive

to produce. The second generation cells have lower efficiency,

but the cost per watt is lower than that of the first generation

cells. For the coming third generation or emerging photovoltaics,

such as dye-sensitized, organic, inorganic and quantum dot cells,

nanostructured solar cells are considered as one of the most

promising technologies to achieve the goal of both high efficiency

and low cost.5b Besides the material system, geometry and

structure are key factors for high performance solar cells. In the

past several years, different nanostructured (e.g., quantum dots/

nanoparticles, nanowires, nanopillars/rods, nanotubes/nano-

holes, nanocones, nanofibers, nanotrees, and nanocomposites,

etc.) photovoltaics including dye-sensitized cells, organic or

hybrid organic-inorganic cells have been reported extensively,6–12

which can usually reduce optical reflection, improve absorption

or charge carrier collection efficiency.

In this paper, we aim to review recent developments in the

state-of-the-art research on energy harvesting technologies such

as thin-film Si or Ge, CdTe, GaAs, organic, hybrid, and dye-

sensitized solar cells that utilize one-dimensional (1D) nano-

materials, mainly semiconductor nanowires, nanocones, nano-

tubes and nanofibers, which are prepared by chemical vapour

deposition (CVD), colloidal lithography, template-guided

deposition, or electrospinning. In addition, the future challenges

(such as efficiency improvement and natural resource limitations)

and prospects of nanostructured solar cells are proposed.
2 Fabrication of 1D nanostructure arrays

1D nanostructure arrays can be prepared by a variety of

‘‘bottom-up’’ and ‘‘top-down’’ approaches such as CVD, solu-

tion chemistry, photo- and electron-beam lithography, nano-

imprinting, etc.13–15 In this section, we briefly introduce several

commonly used methods in nanostructured solar cells: the

vapor–liquid–solid (VLS) method, colloidal lithography,

template-guided deposition and electrospinning. These methods

can fabricate 1D nanostrucutures on a large scale with relatively

low cost and relative high throughout.

The VLS method is a catalytic vapor phase growth approach

for the synthesis of 1D nanowire arrays fromCVD.13The process

consists of three major steps: first, formation of liquid droplets

from metal nanoparticles/clusters (e.g., Au, Cu, Co, and Sn, etc.)

as catalysts by thermal heating. Second, gas precursor decom-

position followed by formation of a liquid alloy of the catalytic

metal and growth materials. Finally, the growth material

precipitates from the liquid alloy droplets upon supersaturation.

The continuous supply of gas precursor results in the continuous

growth of 1D nanomaterials. By now, a variety of 1D nano-

materials with acceptable diameter control and high crystalline

quality have been prepared by this unique process.13 However, it
This journal is ª The Royal Society of Chemistry 2012
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Fig. 3 Progression of record laboratory efficiencies for current solar cell technologies. (National Renewable Energy Laboratory (NREL), 2011).
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is very challenging to control the spacing between nanowires

using this approach.

Colloidal lithography or nanosphere lithography is a very

simple, cost-effective, time-effective, and reproductive method to

fabricate 1D nanowire and nanocone arrays with many materials

on a large scale.10,16 As shown in Fig. 4, the general fabrication

process is as follows: First, monodisperse colloidal crystals are

prepared on the substrate as masks through dip-coating, spin-

coating, electrophoretic deposition, or Langmuir–Blodgett

assembly, etc. The substrates are then etched by reactive ion

etching (RIE). Depending on the conditions of RIE, either

nanowires (Fig. 4c) or nanocones (Fig. 4d) can be obtained.
Fig. 4 Schematic procedure of fabricating nanowire and nanocone

arrays by colloidal lithography.

This journal is ª The Royal Society of Chemistry 2012
Furthermore, the shape, diameter (e.g., 60–600 nm) and spacing

(50–400 nm) of these nanowire and nanocone arrays can also be

rationally designed by controlling the RIE conditions such as

etching time (Fig. 4e).10

Porous template-guided growth, which consists of filling the

void spaces of a host porous medium with one or several desired

materials, has been well developed to prepare a variety of

nanowire and nanotube arrays.17 Among the various templates,

robust porous anodic aluminum oxide (AAO) templates have

been demonstrated to be one of the most promising and most

commonly used nanoporous materials. Until now, many

different single metals (e.g., Au, Ag, Ni, Co), alloys (e.g., NiFe,

CoFe), multilayers (e.g., Co/Cu, NiFe/Cu), and conjugated

polymers (e.g., polypyrrole) have already been electrosynthesized

in hard templates. For the growth of these materials, electro-

chemical deposition is the most commonly used approach.

Meanwhile, metal catalytic CVD processes have also been per-

formed to grow semiconductor nanomaterial arrays including

Ge and CdS nanopillars, SnO2 and ZnO nanowires, etc.8,18

Electrospinning is a simple and versatile technique for fabri-

cating uniform fibers with diameters ranging from several

micrometers down to a few nanometers.19,20 In the process of

conventional electrospinning, an electrostatic force generated by

applied high voltage overcomes the surface tension of a droplet,

and then a thin jet is ejected from the drop and rushes to the

collector. The resultant fibers are usually deposited on the

collector in the form of a nonwoven mat without orientation. In

addition, parallel fibers and grid-patterned fibers with good

orientation have also been electrospun through modified spin-

ning approaches such as using a rotating cylinder collector,

patterned collectors, a frame or gap collector, an auxiliary
Nanoscale, 2012, 4, 2783–2796 | 2785
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electrical field or magnetic field, or centrifugal electro-

spinning.19–21 A variety of materials such as polymer, metal,

ceramic and glass have been electrospun into nanofibers, which

have wide applications including optoelectronics, sensors,

catalysis, textiles, filters, drug delivery, etc.19,20
3 Advantages of photovoltaics based on 1D
nanostructure arrays

3.1 Improved anti-reflection and broadband absorption

As we know, the efficiency of a solar cell depends on the prob-

ability of an incident photon being absorbed, and the subsequent

collection of the generated carriers, so solar cells surfaces with

high absorbance and low reflectivity are often required. The

current industrial standard of anti-reflection coating for thin-film

solar cells is to use a quarter wavelength transparent layer with

destructive interference. However, this technique only works for

a narrow range of wavelengths.

Recently, reflection reduction and absorption enhancement

have been widely observed in compound eyes of some nocturnal

insects like moths, as well as 1D semiconductor nanostructure

arrays.8–11,16,23 For example, Zhu et al.10 reported nanocone solar

cells with an efficient broadband anti-reflection property and

great processing advantages. As shown in Fig. 5a–b, between 400

and 650 nm, the absorption of nanocone arrays fabricated by the

nanosphere lithography was maintained above 93%, which was

much better than for either the nanowire array (75%) or thin film

(64%). This is possibly due to the fact that the nanocones can
Fig. 5 (a) SEM image of amorphous Si:H nanocones prepared by

nanosphere lithography. (b) Measured value of absorption on samples

with a-Si:H thin film, nanowire arrays, and nanocone arrays as the top

layer over a large range of wavelengths at normal incidence (reprinted

from ref. 10 Copyright 2010, with permission from Elsevier Ltd.). (c)

Schematic of a dual-diameter nanopillar array embedded in anodic

aluminum oxide templates. (d) Experimental absorption spectra of

a dual-diameter nanopillar array with D1 ¼ 60 nm and D2 ¼ 130 nm, and

single-diameter nanopillar arrays with diameters of 60 and 130 nm

(reprinted from ref. 22 Copyright 2010, with permission from the

American Chemical Society).

2786 | Nanoscale, 2012, 4, 2783–2796
scatter light along the in-plane dimension, and thus enhance the

light traveling path for absorption. In addition, Fan et al.22

presented a novel dual-diameter Ge nanopillar structure via

template-guided synthesis, with a small diameter tip (e.g., 60 nm)

for minimal reflectance and a large diameter base (e.g., 130 nm)

for maximal effective absorption coefficient. As shown in

Fig. 5c–d, these ordered dual-diameter pillar arrays with

a thickness of only 2 mm showed an impressive absorbance of

�99% over a broad range of wavelengths of 300–900 nm.

Power conversion efficiency has also been enhanced for solar

cells coated with these 1D nanostructure arrays. For instance,

Forberich et al.24 fabricated a type of organic solar cells by using

a nano-replicated moth eye anti-reflection coating as an effective

medium at the air-substrate interface, and the efficiency can be

improved approximately 2.5–3% compared with solar cells

without this structure. In another example, anti-reflective ZnO

nanorod arrays were applied to InGaN-based multiple quantum

well solar cells. It was found that the length of the nanorod arrays

played an important role in the photovoltaic characteristics.25 As

a result, the 1.1 mm-long nanorod arrays enhance the conversion

efficiency by �36% due to the improved optical transmission.

However, the 2.5 mm-long nanorod arrays lead to performances

comparable to those of the bare surface despite their low

reflection, which is attribute to the excessive absorption of the

lengthened nanorods.

It is well known that the Fresnel reflection at an interface of

twomedia is equal to [(n1� n2)/(n1 + n2)]
2, where n1 and n2 are the

refractive indices of the two media. The mechanism of biomi-

metic 1D nanostructure arrays which may suppress the reflection

losses and increase transmission of incident light can be under-

stood easily in terms of a gradient change in refractive index from

the top of the structure to the bulk materials. Namely, the anti-

reflection effect is usually due to the tapered shape of nano-

structures with better effective refractive index matching with

air.10,16,26 However, through measuring maximum light trapping

path length enhancement factors, Garnett and Yang23 found that

the light-trapping ability of Si nanowire solar cells was above the

theoretical limit for a randomizing scheme, indicating that solar

cells may show a photonic crystal enhancement effect. This result

is consistent with the theoretical calculations. Due to the

photonic crystal absorption enhancement effect in the presence

of optical guided resonance modes,27–31 vertical Si nanowire

array solar cells with optimized photonic crystal architecture

could lead to broad band solar-energy harvesting and offer

conversion efficiency as high as 24% or more.27 In addition, for

plasmonic solar cells,31 quantum dot/nanoparticle arrays have

also been incorporated for absorption enhancement in the region

close to bandgap edge owing to the large resonant scattering

cross-section of these particles or plasmonics.
3.2 Enhanced carrier collection efficiency

In additional to enhancing optical absorption, arrayed 1D

nanostructures can also significantly enhance the photo-carrier

collection efficiency if the structure is properly designed.6,8,9,32,33

The rationale can be schematically shown inFig. 6a–b. It is known

that photo-carrier collection and light absorption are in compe-

tition for planar structured solar cells. Efficient carrier collection

requires thin materials to shorten the minority carrier travel
This journal is ª The Royal Society of Chemistry 2012
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Fig. 6 Schematic of carrier collection in a planar thin film single junction solar cell (a) and a 3D nanowire/pillar solar cell (b) (reprinted from ref. 8

Copyright 2009, with permission from Nature Publishing Group). (c) Spectral response of typical photo-etched planar and nanorod array photo-

electrochemical cells with the external quantum yield normalized to its highest value (reprinted from ref. 33 Copyright 2008, with permission from the

American Chemical Society).
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distance, and efficient light absorption requires thickmaterials for

obvious reasons. This conflict may not be so severe in single

crystalline Si as it has a minority carrier diffusion length in the

hundreds of micrometers. However, the conflict is significant for

poly-crystalline or even nanocrystalline materials which have

relatively short carrier diffusion lengths. To greatly decrease the

competition between carrier collection and light absorption, a 3D

structure consisting of arrays of 1D nanomaterials for solar

cells has been proposed. As shown in Fig. 6b, in such a structure,

the p–n junction interface is parallel to light absorption direction,

thus carrier collection occurs perpendicular to light absorption.

An increase in the interface area of the p–n junction (compared

with the planar structure) may significantly decrease the traveling

distance for electron–hole pairs, and thus reduce the loss of elec-

trons due to recombination. Thismechanismworks for both core/

shell type p–n junction nanowire arrays and nanopillar/thin film

hybrid devices. In fact, a comparison between nanorod arrays and

planar Cd(Se,Te) photoelectrodes has been performed.33 It was

shown that the fill factors of the nanorod array photoelectrodes

were superior to those of the planar junction devices. More

importantly, the spectral response of the nanorod array photo-

electrodes exhibited better quantum yields for collection of near-

infrared photons relative to the collection of high-energy photons

than the planar photoelectrodes, as shown in Fig. 6c.33

Furthermore, theperformancebenefitoforthogonalizingphoton

absorption and carrier collection was also demonstrated with the

simulation of the CdS nanopillar/CdTe thin film hybrid solar cells.8

In this work, the conversion efficiency of a device structure con-

sisting of CdS nanopillar arrays embedded in a CdTe thin filmwere

compared to that of a planar CdS/CdTe cell. The nanopillar

structure showed improved conversion efficiency compared to its

thin film counterpart, especially for small minority carrier diffusion

lengths.8 This result provides an important guideline for solar cell

design using low cost and low grade materials.
Fig. 7 (a) SEM image of the hollow-tip arrays, and (b) an optical image

of the water droplet profile (5 mL) on the silicon hollow-tip array surface

(reprinted from ref. 35 Copyright 2009, with permission from The Royal

Society of Chemistry).
3.3 Improved self-cleaning capability

Besides their high performance optical properties, the antire-

flective structure (ARS) arrays with high aspect ratios also
This journal is ª The Royal Society of Chemistry 2012
exhibit self-cleaning capabilities due to the high fraction of air

trapped in the trough area between nanopillars.34–36 This func-

tion may provide one approach to solve the problem of dust

particles accumulating on the solar cell surface and blocking the

sunlight and thus reducing the power efficiency. For example,

Min et al.34 reported a templating technique using non-close-

packed silica or close-packed polystyrene nanospheres as etching

masks for fabricating broadband self-cleaning ARS surfaces with

high aspect ratios (up to ca. 10) on both Si and glass substrates.

Such ARS surfaces exhibit high performance antireflective

properties. In addition, both surfaces are superhydrophobic and

the measured apparent water contact angle was 172� for Si pillar
arrays and 160� for the glass pillar arrays, which is significantly

enhanced from 108� and 105� on fluorinated flat Si and glass

substrates. Li et al.35 have successfully prepared high aspect ratio

Si hollow-tip arrays for high performance antireflective surfaces

(Fig. 7a). The surfaces can suppress surface reflection from

ultraviolet, visible light, to the mid-infrared region, with specular

reflectance lower than 1% in the 250–1600 nm range. In addition,

the tip arrays possess perfect water-repellent properties (with

a measured apparent water contact angle of 165� and a small

sliding angle of 2�) due to their high aspect ratio, as shown in

Fig. 7b.

In addition to superhydrophobic ARS surfaces, Li et al.36 also

prepared large area superhydrophilic ARS arrays on planar
Nanoscale, 2012, 4, 2783–2796 | 2787
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fused silica substrates for high performance ARS and antifog-

ging surfaces. The ARS surfaces can dramatically increase the

hydrophilicity of the silica substrate because of the increased

surface roughness of the hydrophilic silica substrate, and the

water droplet completely spreads over the surface within 0.66 s.

Such superhydrophilic surfaces can dramatically suppress the

fogging behaviour because the condensed water droplets will

spread flat instantaneously to form a thin sheet-like water film.

The ARS surfaces with water-repellent or antifogging properties

enable the application of the devices in humid environments.
4 Three-dimensional nanostructured solar cells

4.1 Solar cells based on Si, Ge or GaAs nanowire/pillar arrays

4.1.1 Si nanowire/pillar-based solar cells. Solar cells based on

Si nanowires have drawn more and more interest in recent years

for their strongly enhanced light trapping, high carrier collection

efficiency and potential low cost, and a large number of prom-

ising works have been done on this series of materials. For

instance, Tian et al.7 have fabricated individual radial p–i–n

coaxial Si nanowire structures consisting of a p-type Si nanowire

core capped with i- and n-type Si shells. The open circuit voltages

Voc, short circuit current Isc and fill factor FF are measured as

0.26 V, 0.503 nA and 0.55, respectively. The p–i–n Si nanowire

elements yield a maximum power output of up to 200 pW per

nanowire device and an apparent energy conversion efficiency of

up to 3.4% after exclusion of the metal covered area. After that,

large area arrays of Si nanowires with radial p–n junctions have

been reported. For example, Garnett et al.23 have demonstrated

a simple and scalable method to fabricate large-area ordered Si

nanowire radial p–n junction photovoltaics (Fig. 8a). The

method requires dip coating a Si substrate to self-assemble SiO2

spheres, followed by deep reactive-ion etching (DRIE) to form

ordered nanowires and diffusion to form the p–n junction. A

maximum light trapping path length enhancement factor,

depending on the nanowire geometry, over the entire AM 1.5G

spectrum between 1.7 and 73 were measured. This agrees well

with enhancement factors between 2 and 62 extracted from

optical transmission measurements. Their efficiencies are above

5%, with short circuit photocurrents higher than those of planar

control samples. Bao et al.37 have performed further research on

such nanowires, and their investigation demonstrates that

ordered nanowire arrays with random-diameters show
Fig. 8 (a) Tilted cross-sectional SEM image of the Si nanowire solar cell

(reprinted from ref. 23 Copyright 2010, with permission from the

American Chemical Society). (b) The side view (45�) SEM image of the

ordered Si NCF arrays, with scale bar 800 nm (reprinted from ref. 39

Copyright 2010, with permission from the American Chemical Society).

(c) Cross-sectional schematic of ZnO-nanorod/a-Si:H solar cells

(reprinted from ref. 40 Copyright 2011, with permission from the

American Institute of Physics).

2788 | Nanoscale, 2012, 4, 2783–2796
significantly broadened and enhanced absorption, while random-

length nanowire arrays show both significantly reduced reflection

and enhanced absorption. The absorption enhancement can be

attributed to the enhanced interwire multiple scattering and/or

inner-wire resonance in the random array structure. In addition,

Baek et al.38 have observed the relationship between the wire

length and cell performance. That is, the beneficial effects of the

Si solar cells are derived from the better light trapping property

with increasing wire length. Moreover, high-efficiency (up to

10.8%) solar cells have been achieved using a new large-area

ordered Si nano-conical-frustum (NCF) array (Fig. 8b) by self-

powered parallel electron lithography (SPEL).39 The NCF array

structure exhibits an impressive absorbance of �99% (upper

bound) over the wavelengths 400–1100 nm with a thickness of

only 5 mm. The solar cells with ordered Si NCF arrays (800 nm

lattice constant) had a short circuit current density (Jsc) of

26.4 mA/cm2, Voc of 0.59 V, FF of 0.69, and an efficiency of

10.8%. Although these NCF structure arrays have high light

absorption efficiency, the solar cell efficiency is still less than half

of that for bulk crystalline Si solar cells and the Voc and FF are

lower too. This is probably due to the high surface recombina-

tion losses, which are introduced by the highly enhanced surface

area from the nanostructures, although a thin passivation oxide

layer was used.

In addition, Kuang et al.40 have employed an ultrathin

hydrogenated amorphous Si (a-Si:H) n-i-p junction deposited on

ZnO nanorod arrays, and the cross-sectional structure schematic

is shown in Fig. 8c. In this case, an efficiency of 3.6% and a short-

circuit current density of 8.3 mA cm�2 were obtained, signifi-

cantly higher than values achieved from planar or even textured

counterparts with a-Si:H absorber layers thickness of 75 nm.

4.1.2 Solar cells based on Ge or GaAs nanowire/pillar arrays.

Ge is an excellent light absorption material due to its small band-

gap. For example, self-organized anodic Al2O3 membranes were

used as templates for the vapour–liquid–solid growth of ordered,

single-crystalline Ge nanopillar arrays on Al foil with controlled

shape and dimensions. A dual-diameter Ge nanopillar structure

is demonstrated by Fan et al.,22 as shown in Fig. 9a–b. It enables

fine control over geometry and shape of nanopillar arrays,

without the use of complex epitaxial and/or lithographic

processes. Here, a small diameter tip for minimal reflectance and

a large diameter base for maximal effective absorption coefficient
Fig. 9 (a) Cross-sectional SEM image of Ge dual-diameter nanopillars

after the growth in anodic aluminum oxide (AAO) membranes. (b) SEM

of a single Ge dual-diameter nanopillar (reprinted from ref. 22 Copyright

2010, with permission from the American Chemical Society). (c) SEM

image of the GaAs core/shell nanowires (reprinted from ref. 43 Copyright

2009, with permission from the American Chemical Society).

This journal is ª The Royal Society of Chemistry 2012
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are required. The Ge NPL arrays exhibit an impressive absor-

bance of �99% for l ¼ 300–900 nm. Pek€oz et al.41 have analyzed

the properties of the designed Ge/Si and Si/Ge core/shell and Si–

Ge layered nanowires using a mathematical method. Both core/

shell and layered nanowires have a strong charge-carrier sepa-

ration, with electron states mainly on Si atoms and hole states on

Ge atoms. This charge separation also potentially makes it easier

to design and deposit effective contacts, either by the selective

etching technique for the Si/Ge (Ge/Si) core/shell nanowires, or

by direct connection in the case of the triangularly shaped,

layered Si/Ge nanowires. It is believed that they all show

promising features for use in photovoltaic applications by

overcoming some of the existing problems.41

Si (or Ge) has many advantages for conventional planar solar

cells, but due to its low optical absorption coefficient and small

band gap, it may not be the only ideal material for nanowire solar

cells. In comparison, GaAs has a larger optical absorption

coefficient and nearly ideal band gap (Eg ¼ 1.45 eV), although it

still suffers from high surface recombination velocities. With

efficiency h ¼ 4.5% and fill factor FF ¼ 0.65 under AM 1.5G

illumination, Colombo et al.42 have reported radial p–i–n diode

nanowire solar cell devices based on GaAs. At the same time,

LaPierre et al.43,44 fabricated GaAs radial p–n nanowires with the

single nanowire devices (Fig. 9c), and they exhibit h ¼ 0.8% and

FF ¼ 0.26. Further research on GaAs nanowire solar cells has

been continued by the same team. Also a numerical simulation of

current–voltage characteristics of III–V nanowire core/shell p–n

junction diodes under illuminated conditions is presented with an

emphasis on optimizing the nanowire design for photo-

conversion efficiency. The calculation shows that the detailed

balance efficiency of�30% can be nearly achieved in a radial p–n

junction with top contact geometry and minimal tip height,

assuming that ohmic contacts and effective surface passivation

can be implemented.44
4.2 CdS/CdTe nanopillar based solar cells

Since the 1.45 eV band gap of CdTe is nearly optimal for

absorbing sunlight and CdS/CdTe compound semiconductors

have much lower surface recombination velocities as compared

to that of Si, this material system has been typically fabricated as

polycrystalline films for solar cell applications. Several studies

have focused on improving the efficiency of CdTe/CdS-based

solar cells. For example, the Ready group has used vertically

aligned periodic arrays of carbon nanotubes (CNTs) to create

topographically enhanced light-trapping CdS/CdTe solar cells.45

As shown in Fig. 10a, these 3D cells were composed of regularly

spaced towers consisting of vertically aligned CNTs grown by

CVD, which formed the back contact of the cell and served as

a scaffold to support the photoactive hetero-junction. Then

CdTe and CdS were deposited as the p/n-type materials by

molecular beam epitaxy (Fig. 10b), and a conformal coating of

indium tin oxide (ITO) was deposited as the transparent collec-

tion electrode. Due to multiple scattering process, the 3D cells

exhibited a high current density (44.4 mA cm�2) and increased

power production at off-normal angles. Efficiency was shown to

double from 3.5% at an orthogonal ‘‘high noon’’ azimuthal angle

to 7% at a 45� solar incidence (Fig. 10c).45 Simulated modeling

also showed that by optimization of geometrical parameters,
This journal is ª The Royal Society of Chemistry 2012
such a 3D cell could obtain up to a 300% increase in power

production over traditional cells.46

In particular, Fan et al.8 have demonstrated a low cost nano-

pillar solar cell consisting of an array of CdS nanopillars partially

embedded in a CdTe thin film (Fig. 11a). The nanopillar solar

cells are fabricated as follows: first, n-type CdS nanopillars were

grown by CVD in a porous anodic alumina membrane (AAM)

with Au seeds as catalysts, which were electrochemically depos-

ited at the bottom of the pores. Then the processed AAM was

partially and controllably etched in a sodium hydroxide solution

to expose the upper portion of the pillars to form the 3D struc-

tures. After that, a p-type CdTe thin film was deposited by CVD

to serve as the photo-absorption layer. The top Cu/Au electrode

was finally deposited by the thermal evaporation. In such

a configuration, the backside electrical contact to the n-type CdS

nanopillars was simply the Al support substrate. The cell

performance was characterized under different illumination

condition from 17 to 100 mW cm�2. Under AM 1.5G illumina-

tion, the cell produced a short circuit current density of �21 mA

cm�2, an open circuit voltage of �0.62 V and a fill factor of

�43%, yielding an efficiency of �6% (Fig. 11b). Besides using

rigid substrates, nanopillar solar cell fabrication was also per-

formed on plastics such as polydimethylsiloxane (PDMS) for

flexible and high performance photovoltaics (Fig. 11c). It was

found that the flexible nanopillar solar cell module exhibited

negligible change in the cell performance, such as the energy

conversion efficiency, under different bending conditions. In

addition, further studies indicated that the conversion efficiency

of CdS/CdTe solar nanopillar cells could be improved to over

20% through materials and device optimization.47
4.3 DSSCs based on TiO2 and ZnO nanowire/tube arrays

4.3.1 ZnO and TiO2 nanowires/rods. As shown in Fig. 12a,

a ZnO nanowire dye-sensitized solar cell (DSSC) reported by

Law et al.6 in 2005 catalyzed research on 1D nanomaterial-based

photovoltaics. The report demonstrated that 1D nanostructures

might provide direct pathways for electron transport, longer

diffusion length and higher charge collection efficiencies. In their

work, vertical arrays of ZnO nanowires with diameters of

�130 nm were grown on F:SnO2 (FTO) glass substrates by

immersing seeded substrates in aqueous solutions. Photovoltaic

measurements showed device characteristics of a short circuit

current of 5.3–5.85 mA cm�2, an open circuit voltage of 0.61–0.71

V, and a conversion efficiency of 1.2–1.5%. It was found that the

ZnO nanowires had high electron diffusivity, 0.05–0.5 cm2 s�1,

several hundred times larger than that typically used in ZnO

nanoparticle films. The charge collection efficiency of ZnO

nanowire photoanodes, �55–75%, was also much higher than

that of electrodes made of ZnO nanoparticles.6 In addition,

flexible DSSCs based on vertical ZnO nanowire arrays on ITO-

coated poly(ethylene terephthalate) substrates were demon-

strated (Fig. 12b).48 Besides ZnO nanowire arrays,6,48–51 TiO2

nanowire DSSCs were also recently reported.52–54 For example,

an overall conversion efficiency of 5–6% was obtained,53,54

which is obviously much higher than that of ZnO nanowire

DSSC (1.2–1.5%). The improvement is attributed to a higher

electron injection efficiency from excited dye molecules into the
Nanoscale, 2012, 4, 2783–2796 | 2789

http://dx.doi.org/10.1039/c2nr30437f


Fig. 10 (a) SEM image of as grown array of vertically aligned CNT towers. (b) Cutaway view of individual CNT tower (black) coated with CdTe (gray)

and CdS. (c) The corresponding increase in efficiency for CNT-cell with respect to azimuthal angle (reprinted from ref. 45 Copyright 2007, with

permission from Springer-Verlag).

Fig. 12 (a) Schematic diagram of a ZnO nanowire array DSSC

(reprinted from ref. 6 Copyright 2005, with permission from Nature

Publishing Group). (b) Schematic view of a flexible ZnO nanowire array

DSSC (reprinted from ref. 48 Copyright 2011, with permission from the

Springer Group). (c) Schematic architecture of planar waveguide-nano-

wire integrated 3D DSSC. (d) Detailed structure of a unit waveguide-

nanowire 3D DSSC (reprinted from ref. 56 Copyright 2010, with

permission from the American Chemical Society).
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TiO2 conduction band and/or a higher dye regeneration effi-

ciency than that in ZnO.55

Here it should be noted that in order to improve device

performance, an interesting new approach to fabricate high-

efficiency 3D DSSCs by integrating planar waveguides and

aligned ZnO nanowire arrays was recently presented.56 The ZnO

nanowires were grown normally on both surfaces of the quartz

slide, which served as a planar waveguide for light propagation.

As shown in Fig. 12c, the 3D DSSC is constructed by alterna-

tively sandwiching the quartz slides and the planar Pt electrodes.

The 3D cell can effectively increase the light absorbing surface

area due to internal multiple reflections without increasing elec-

tron path length to the collecting electrode. On average an

enhancement of energy conversion efficiency by a factor of 5.8

has been achieved when light propagating inside the slide is

compared to the case of light illumination normal to the surface

of the slide from outside. Moreover, full sun efficiencies have

been achieved up to 2.4% for ZnO nanowires.56

4.3.2 TiO2 and ZnO nanotubes. Since hollow structured

nanotubes may provide a larger surface area than that of

nanowires and nanorods, DSSCs based on TiO2
50,57–61 and ZnO

nanotubes62–64 have drawn attention in the past years. Mac�ak

et al. reported for the first time in 2005 that TiO2 nanotubes

prepared by a simple anodic oxidation of titanium foil might

have a DSSC application.57 For back-side illumination of the

DSSCs (the light comes from the counter electrode), a maximum
Fig. 11 (a) Schematic of a solar nanopillar cell consisting of an array of CdS

voltage slightly increases with the intensity and the solar energy conversion effi

cm�2 (reprinted from ref. 8 Copyright 2009, with permission from Nature Pub

module embedded in PDMS (reprinted from ref. 47 Copyright 2010, with pe

2790 | Nanoscale, 2012, 4, 2783–2796
of 4.24% efficiency has been obtained for a photoelectrode film

that is comprised of �6 mm long TiO2 nanotubes. For front-side

illumination (the light comes from the photoelectrode) with

a 35 mm-thick TiO2 nanotube photoelectrode film, a conversion

efficiency as high as 7% has been reported.60 In addition, TiCl4
treatment of the TiO2 nanotubes can also improve the conversion

efficiency.57,61 However, for ZnO nanotube DSSCs,62–64 the
nanopillars partially embedded in a CdTe thin film. (b) The open-circuit

ciency is nearly independent of the illumination intensity for 17–100 mW

lishing Group). (c) Schematic diagram of a bendable solar nanopillar cell

rmission from the American Institute of Physics).

This journal is ª The Royal Society of Chemistry 2012
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conversion efficiencies so far achieved were generally low (�1.2–

1.6%). A possible reason is that the length and surface area of the

ZnO nanotubes are limited by the fabrication methods such as

etching ZnO nanorods62 or template growth.64

4.3.3 Hybrid nanowires/nanoparticles or core/shell nano-

structures. The power conversion efficiency of the nanowire/tube

DSSC can be further improved by increasing the internal surface

area of the photoelectrode via filling the interstices of nanowire/

tube array films with nanoparticles,65–69 or reducing the interfa-

cial recombination rate via applying surface coatings on the

nanowire array films.70–72 For DSSCs based on hybrid nano-

structures of nanowires/tubes (serving as a direct pathway for

fast electron transport) mixed with nanoparticles (offering a high

specific surface area for sufficient dye adsorption), most of the

studies were carried out on array films of ZnO or TiO2 nano-

wires, or TiO2 nanotubes filled with ZnO or TiO2 nanoparticles.

For example, a significant increase in the conversion efficiency

from 0.5–0.8% to 2.2–3.2% has been achieved in a DSSC based

on ZnO nanowire arrays filled with ZnO nanoparticles.65 The

efficiency of a ZnO nanowire– nanoparticle hybrid DSSC could

be further improved to �4.2% (Fig. 13).68 Alivov et al.69 also

demonstrated that a photoelectrode made of TiO2 nanotube

array film filled with �10 nm TiO2 nanoparticles could increase

the cell efficiency from 3.81% to 5.94%.

Since a surface barrier can reduce the charge recombination,

core/shell structure with a coating layer on nanowire array film is

also effective in enhancing photovoltaic performance. For

instance, Law et al.70 reported that ZnO nanowires coated by 10–

25 nm-thick TiO2 could increase the open circuit voltage of the

DSSC and lead to an enhancement in the conversion efficiency

from 0.85% to 1.7–2.1%. An improved efficiency from 2.1% for

bare SnO2 nanowires to 4.1% for TiO2-coated SnO2 nanowire

photoelectrode was also achieved.71 In another work, the cell

performance of the ZnO nanowire-based DSSCs was greatly

improved by the deposition of a thin ZnS shell onto the ZnO

nanowires. The conversion efficiency was increased from 0.11%
Fig. 13 (a) SEM image of ZnO nanoparticles on the surface of ZnO

nanowires in the hybrid ZnO nanowire–nanoparticle photoanode, scale

bars 100 nm. (b) Schematic representation of the possible electron path

way (along the nanowire) in the hybrid nanowire–nanoparticle photo-

anode (reprinted from ref. 68 Copyright 2010, with permission from the

American Institute of Physics).

This journal is ª The Royal Society of Chemistry 2012
to 2.72%, which was resulted from the reduced visible absorption

of the anode semiconductor and the reduced defect sites on the

surface (which suppresses recombination of injected electrons).72

Furthermore, electrochemical deposition of CdSe onto TiO2

nanorod arrays can also extend absorption into the visible light

region and improve the photovoltaic performance.73a The ZnO/

ZnxCd1�xSe (0 # x # 1) core/shell nanocable arrays were

demonstrated to be promising photoelectrodes for photo-

electronchemical solar cells, giving a maximum conversion

efficiency up to 4.74%.73b

4.3.4 3D hierarchical or aggregate nanostructures. Recently,

three-dimensional (3D) hierarchical or aggregate nanostructure

photoelectrodes in DSSC applications have drawn much atten-

tion due to the relatively large surface area, effective light har-

vesting, charge transport and charge collection. As shown in

Fig. 14, a variety of 3D nanostructures such as ZnO nano-

tetrapods,74,75 branched ZnO nanowires,76 ZnO or TiO2 nano-

forests,77,78 dendritic ZnO nanowires,79 ZnO nanoflowers,80 ZnO

aggregates,81 TiO2 nanotubes on titanium mesh,82 nanoporous

TiO2 spheres,83 and hollow TiO2 hemispheres84 have been

reported. It was found that these 3D nanostructure photo-

electrodes can indeed improve photovoltaic performance. For

example, an efficiency of 3.27% was reported for a photoanode

film consisting of ZnO nanotetrapods,74 which was much higher

than those obtained for ZnO nanowire/rod/tube arrays (�1.2–

2.0%). Particularly, DSSCs based on ZnO or TiO2 nanoparticle

aggregates exhibited very high conversion efficiency of 5.4%81

and 10.5%,83 respectively, possibly due to very the high surface

area, strong light scattering and short diffusion distance.81,83

Furthermore, recent investigations demonstrated that hybrid

structures of ZnO nanotetrapods/SnO2 nanoparticles,75,85 hier-

archical ZnO86 or TiO2 nanodendrites/nanoparticles87 may be

promising photoelectrodes for high-efficiency DSSCs.
Fig. 14 SEM images of (a) ZnO nanotetrapods (reprinted from ref. 74

Copyright 2009, with permission from Elsevier Ltd.). (b) Branched ZnO

nanowires (reprinted from ref. 76 Copyright 2008, with permission from

the American Chemical Society), (c) ZnO nanotrees and nanoforest

(reprinted from ref. 78 Copyright 2011, with permission from the

American Chemical Society), and (d) ZnO aggregates consisting of

nanocrystallites for DSSC applications (reprinted from ref. 81 Copyright

2008, with permission from WILEY-VCH Verlag GmbH & Co. KGaA).

Nanoscale, 2012, 4, 2783–2796 | 2791
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5 Solar cells based on electrospun nanofibers

5.1 Electrospun nanofibers as DSSC photoelectrodes

5.1.1 TiO2 and ZnO nanofibers. Electrospinning is a simple,

low cost and versatile production method to prepare various

continuous 1D fibers on a large scale, including polymers,

ceramics and composites.19–21 Since electrospun nanofibers can

offer high specific surface areas (102–103 m2 g�1) and bigger pore

sizes, much effort has been invested in the past a few years

toward their application in dye-sensitized solar cells such as

photoanodes and electrolytes.12,88,89 Furthermore, compared

with nanoparticle film-based DSSCs whose high efficiencies are

often limited due to their disordered geometrical structures and

interfacial interference in electron transport, nanofiber-based

photoelectrods can offer direct pathways for electron transport,

give larger electron diffusion length, and therefore provide

enhanced energy conversion efficiencies in DSSCs. The highest

efficiency for electrospun DSSCs reported to date has reached

10.3%.90 Several electrospun materials such as TiO2 and ZnO

nanofibers have been utilized in DSSCs. For example, Song

et al.91 reported electrospun TiO2 single-crystalline nanorods

which were composed of nanofibrils with an islands-in-a-sea

morphology (Fig. 15a). The nanorod electrode (Fig. 15b)

provided efficient photocurrent generation in a quasi-solid-state

DSSC, which showed overall conversion efficiency of 6.2% under

AM 1.5G illumination.91 In addition, multiple networks of ZnO

nanofibers were prepared using electrospinning followed by hot

pressing and calcination steps. They were composed of a twisted

structure of 200–500 nm diameter cores with �30 nm single

grains (Fig. 15c). The DSSCs based on these ZnO nanofiber mats

exhibited a conversion efficiency of 1.34% under 100 mW cm�2

illumination.92

5.1.2 Cross-aligned and vertically aligned nanofibers. In

addition to randomly oriented nanofibers, TiO2 and ZnO

nanofibers have been electrospun in an aligned or crossed

architecture in order to enhance the exciton dissociation area and

the charge conduction on the hybrid solar cell. For example, as

shown in Fig. 16a, Shim et al.93 demonstrated hybrid solar cells

fashioned of planar-aligned TiO2 nanofiber architectures such as

uniaxially aligned nanofibers (Fig. 16b) and multiple layers of
Fig. 15 (a) SEM image of a TiO2 fiber showing an islands-in-a-sea

morphology with nanofibrils. (b) SEM image of TiO2 nanorod electrode

(reprinted from ref. 91 Copyright 2005, with permission from the

American Institute of Physics). (c) SEM image of ZnO nanofiber mats

hot pressed at 120 �C and calcined at 450 �C. The inset exhibits the

networks of twisted nanofibers composed of individual grains of �30 nm

(reprinted from ref. 92 Copyright 2007, with permission from the

American Institute of Physics).

2792 | Nanoscale, 2012, 4, 2783–2796
cross-aligned nanofiber arrays (Fig. 16c) with poly[2-methoxy-5-

(20-ethyl-hexyloxy)-1,4-phenylenevinylene] (MEH-PPV). It was

found that the active layer composed of the aligned TiO2 nano-

fiber array and MEH-PPV polymer showed better photo-

luminescence quenching (which should be associated with the

charge separation efficiency) under similar light absorption as

compared to disordered TiO2 nanofibers. Therefore, as shown in

Fig. 16e, the photoinduced current (1.28 mA cm�2) and power

conversion efficiency of the cells could be significantly improved

by at least 50% under 1 sun conditions depending on the degree

of aligning fibers.93 In addition, Yan et al.94,95 also reported

hybrid solar cells based on ordered electrospun TiO2 and ZnO

nanofiber arrays with conjugated poly(3-hexylthiophene)

(P3HT), and they found that the organic–inorganic hybrid cells

with 3 cross-aligned layers showed enhanced photovoltaic

performance. Moreover, DSSCs with vertical nanofibers of

electrospun TiO2 as a photoelectrode were recently reported.96

The aligned nanofibrous TiO2 ribbons were firstly produced by

electrospinning, and then erected to vertical nanofibers (Fig. 16d)

after post-treatment of rolling up, stacking and cutting. The

conversion efficiency, short circuit current, and open circuit

voltage of the resultant DSSC were measured as 2.87% and

5.71 mA cm�2, 0.782 V respectively (Fig. 16f).

5.1.3 Nanofiber-nanoparticle composites. In an effort to

maintain both a high surface area and efficient charge transport,

a combination of electrospun nanorods/nanofibers and nano-

particles has been proposed. For example, Fujihara et al.97

reported a solar cell with two TiO2 layers: a ground electrospun

TiO2 nanoparticle layer on a glass plate and then a TiO2 nanorod

layer. It was found that the devices with a combination of elec-

trospun nanorods and nanoparticles showed improved conver-

sion efficiencies over the entirely nanorod devices. Chuangchote

et al.90 also suggested that nanofiber-modified nanoparticles are
Fig. 16 (a) Schematic illustration of a hybrid solar cell introduced with

aligned TiO2 or ZnO nanofibers via electrospinning. SEM images of

uniaxially aligned TiO2 nanofibers (b), cross-aligned TiO2 nanofibers (c)

and vertically erected TiO2 nanowires (d). Current–voltage (J–V) char-

acteristics of (e) MEH-PPV:TiO2 hybrid solar cells depending on

different configurations of aligned TiO2 nanofibers, and (f) a DSSC based

on vertical TiO2 nanowires array electrode. (reprinted from ref. 93

Copyright 2008, with permission from the American Institute of Physics,

and ref. 96 Copyright 2011, with permission from the Royal Society of

Chemistry).

This journal is ª The Royal Society of Chemistry 2012
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very promising materials for the electrode structure of DSSCs. In

their work, TiO2 nanofibers were fabricated directly onto thick

nanoparticle electrodes by using electrospinning and sol–gel

techniques. The DSSCs comprised of a nanoparticle/nanofiber

electrode showed an incident photon-to-current conversion effi-

ciency (IPCE) of 85% at 540 nm with conversion efficiencies of

8.14% and 10.3% for areas of 0.25 and 0.052 cm2, respectively.

Here it is noted that the conversion efficiency of 10.3% is the

highest reported efficiency for electrospun DSSCs. More

recently, a composite photoanode made of electrospun TiO2

nanofibers and conventional TiO2 nanoparticles (15% nanofibers

and 85% nanoparticles by weight) was reported.98 Fig. 17 shows

schematic illustration of the nanofiber/nanoparticle solar cell,

which noticeably improved the light harvesting through the

enhancement of Mie scattering without substantially sacrificing

the dye uptake in DSSCs. With the same fabrication conditions

and film thickness, the DSSCs demonstrated 44% higher device

efficiency than those made from TiO2 nanoparticles alone. In

addition, the photovoltaic performance of electrospun DSSCs

can be improved by creating hollow microtubes within the TiO2

layer (these tubes act as light-scattering centers and thus increase

the optical path length)99 or improving the adhesion of electro-

spun fibers to the substrate.92
5.2 Quasi-solid-state DSSCs with electrospun membrane

electrolytes

Besides the photoelectrodes, electrospun polymer nanofiber films

can be also used as solid or semi-solid electrolytes instead of the

traditional liquid electrolytes within DSSCs in order to improve

durability and stability. This is because the electrospun polymer

fiber films have lots of inter-connected pores that help to

encapsulate electrolyte solution. For instance, Priya et al.100

reported a quasi-solid-state solar cell with an electrospun

poly(vinylidenefluoride-co-hexafuoropropylene) (PVDF-HFP)

membrane electrolyte. As shown in Fig. 18a, the cell was fabri-

cated by sandwiching a slice of the PVDF-HFP membrane

electrolyte between a dye-sensitized TiO2 electrode and a Pt

counter electrode. The cell showed an open-circuit voltage of

0.76 V, a fill factor of 0.62, and a short-circuit current density of

15.57 mA cm�2 at an incident light intensity of 100 mW cm�2.

Although this cell showed a slightly lower solar energy-to-elec-

tricity conversion efficiency (7.3%) than the conventional liquid

electrolyte solar cells (7.8%), the cell exhibited better long-term

durability by preventing electrolyte leakage. Fig. 18b shows the
Fig. 17 Schematic illustration of a nanofiber-nanoparticle composite

solar cell (reprinted from ref. 98 Copyright 2010, with permission from

the Royal Society of Chemistry).

This journal is ª The Royal Society of Chemistry 2012
conversion efficiency variation over time for a liquid electrolyte

and an electrospun PVDF-HFP membrane electrolyte, respec-

tively. It is evident that the quasi-solid-state solar cells remain at

96% of its initial value after 13 days. In addition, Kim et al.101

also found that the photovoltaic performance of DSSC devices

was improved by using electrospun PVDF-HFP nanofiber

membranes.
6 Summary and outlook

In this paper, we briefly reviewed a variety of solar cells based on

1D nanomaterials. 1D nanomaterials have mesoscopic dimen-

sions which result in intriguing physical properties, including

large surface area, quantum confinement effects, enhanced

photon absorption and excellent mechanical flexibility. There-

fore, nanostructured solar cells usually show improved reflection

reduction, and absorption enhancement over a broadband

spectrum and a wide range of incidence angles, and may even

show enhanced carrier collection efficiency and self-cleaning

capacity. These aspects suggest that 1D nanomaterials can be

potential candidates for next generation cost-effective photo-

voltaics by providing a way to reduce both the quantity and

quality of the required semiconductor.

Despite the incredible light trapping property, solar cells based

on 1D nanostructure arrays still do not exceed the overall effi-

ciency of the corresponding planar cells in many cases, for

example, Si layers above 8 mm in thickness.23 The possible reason

is enhanced recombination of charge carriers through surface

states, which reduces the carrier diffusion lengths in 1D nano-

structures by a few orders of magnitude.102 Since surface

passivation is important for high-performance planar solar cells

and may be even more critical for nanostructured photovoltaics,

proper surface treatments and improved array geometries will be

significant for achieving high efficiency solar cells based on 1D

nanostructure arrays.10,23,103 For instance, Dan et al.103 showed

that a thin layer of amorphous Si coated on a single-crystalline Si

nanowire can reduce the surface recombination by nearly 2

orders of magnitude due to the enhanced carrier lifetime by

surface passivation. This demonstrates an important approach

for the realization of high-performance nanosized optoelectronic

devices.

It should be noted that besides the widely reported arrays of

1D nanowires, nanopillars, nanorods, nanotubes, and nano-

fibers, recent studies have demonstrated that solar cells based on

nanohole arrays (Fig. 19a–b),104–107 zigzag structure arrays,108

branched nanowire arrays or nanoforests,77,78 nanocrystallite

aggregates,81,83 nanograting arrays,109 nanospike arrays,110 and

nanocomposites of 0D and 1D materials,68,69,75,85–87,98 etc. also

show superior light trapping capability and thus, higher power

conversion efficiency. For example, Si nanohole texturing can

give a high short-circuit current of �37.3 mA cm�2, as compared

to Si nanopillar texturing (�31.9 mA cm�2) and a Si thin film

reference (�10.5 mA cm�2). Accordingly, as shown in Fig. 19c,

the power conversion efficiency of Si nanohole textured thin film

photovoltaic device can reach 20.5%, as compared to the 17.6%

achieved by a Si nanopillar array textured photovoltaic device.106

These results open up new designs and exciting opportunities for

a variety of photovoltaics to further improve the device

performance.
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Fig. 18 (a) Schematic diagram of a quasi-solid-state DSSC with electrospun PVDF-HFP membrane electrolyte. (b) Normalized light-to-electricity

conversion efficiency variation of the DSSCs with liquid electrolyte and electrospun PVDF-HFP membrane electrolyte (reprinted from ref. 100

Copyright 2008, with permission from the American Chemical Society).

Fig. 19 (a) Schematic illustration (reprinted from ref. 104 Copyright

2010, with permission from the American Chemical Society) and (b) SEM

image of a nanohole array (reprinted from ref. 105 Copyright 2011, with

permission from the American Institute of Physics). (c) Power conversion

efficiency (PCE) and ultimate efficiency of Si thin film solar cells with and

without nanopillar (NP) and nanohole (NH) array surface textures at

AM 1.5G spectrum (reprinted from ref. 106 Copyright 2011, with

permission from the American Institute of Physics).
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Finally, it should be mentioned that almost all of the current

photovoltaic technologies shown in Fig. 3 suffer frommaterial or

resource limitations that may prevent them from being developed

to a terawatt scale.111 These constraints include, for instance,

high energy input for crystalline Si cells, materials scarcity for

CdTe, CuIn1�xGaxSe2 and dye-sensitized cells which use scarce

elements like tellurium, indium and ruthenium, limited material

production for GaAs cells, and limited silver reserve for silver

electrode/contact or back reflector used in most photovoltaic

devices. So, in order to reach a terawatt scale, significant tech-

nological breakthroughs are needed for cost-effective solar cells

that can avoid the natural resource limitations.
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