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Periodic arrays of n-GaAs nanowires have been grown by selective-area metal–organic chemical-vapor

deposition on Si and GaAs substrates. The optical absorption characteristics of the nanowire-arrays were

investigated experimentally and theoretically, and the photoelectrochemical energy-conversion

properties of GaAs nanowire arrays were evaluated in contact with one-electron, reversible, redox

species in non-aqueous solvents. The radial semiconductor/liquid junction in the nanowires produced

near-unity external carrier-collection efficiencies for nanowire-array photoanodes in contact with non-

aqueous electrolytes. These anodes exhibited overall inherent photoelectrode energy-conversion

efficiencies of �8.1% under 100 mW cm�2 simulated Air Mass 1.5 illumination, with open-circuit

photovoltages of 590 � 15 mV and short-circuit current densities of 24.6 � 2.0 mA cm�2. The high

optical absorption, and minimal reflection, at both normal and off-normal incidence of the GaAs

nanowire arrays that occupy <5% of the fractional area of the electrode can be attributed to efficient

incoupling into radial nanowire guided and leaky waveguide modes.

Broader context

Due to the voltage requirements to produce fuels from sunlight, water, and CO2 as the inputs, two light-absorbing materials, with band gaps of 1.7 eV and 1.1 eV,

respectively, are attractive as the foundation for high-efficiency articial photosynthesis. The integration of materials with 1.7 and 1.1 eV band gaps is, however,

very challenging. Accordingly, a nanowire-growth strategy has been developed to integrate single crystal III–V nanowires (e.g. GaAs) with highly mismatched Si

substrates. In this work, GaAs nanowire arrays grown on Si were studied using a non-destructive contact method involving non-aqueous photoelectrochemistry.

The approach has allowed us to understand the interplay of nanowire growth with the optical absorption and electrical properties of such systems, and will aid

in the design and optimization of nanowire-based systems for solar energy-conversion applications.

Photoelectrolysis of water for the production of renewable H2

from sunlight faces a constraint in that a potential difference of

1.23 V is required thermodynamically to sustain the water-

splitting reaction under standard conditions. In an integrated

photoelectrochemical system for water splitting, the operating

voltage produced by the light absorber should exceed the sum of

the thermodynamic minimum required potential difference,

the resistance losses of electrolytes, and any overpotentials that

are required to drive water splitting at a given current density in

the device structure of interest. When this requirement is met,

the solar-to-hydrogen (STH) efficiency is limited solely by the

photocurrent density generated from the light absorber.

By sequentially stacking light-absorbing materials with

different band gaps to utilize various wavelengths of light in the

solar spectrum, a dual-junction tandem structure can provide a

sufficient photovoltage as well as high current densities to drive

the water-splitting reaction. Assuming that the combined over-

potentials for the hydrogen-evolution and oxygen-evolution

reactions are 450 mV at a current density of 25 mA cm�2, and

assuming that the resistance to ionic transport is 10 ohm, a

theoretical STH efficiency of 27.0% is possible for a 1.7 eV/1.1 eV

tandem band-gap pair under Air Mass (AM) 1.5G 1-Sun illumi-

nation.1Under these conditions, epitaxial, lattice-matched, dual-

junction light absorbers formed from a 1.85 eV/1.42 eV InGaP/

GaAs combination would provide a theoretical STH efficiency of
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16.9%. Light absorbers that consist of more than two materials

will providemore photovoltage and less photocurrent density, in

general, and thus are not optimal for water splitting.

For a dual-junction solar cell, the detailed-balance calculation

that considers no angular restriction in photoemission sets an

optimal efficiency limit of 43.6% at 1-Sun for a band gap combi-

nation of 1.7 eV/1.1 eV,2whereas the reported record efficiency for

epitaxial InGaP/GaAs solar cells is 30.9% at 1-Sun,3 still far from

the theoretical limit. Planar, dual-junction, semiconductor light

absorbers are typically constrained by the requirement that the

two semiconductormaterialsmust be essentially lattice-matched

to realize high-quality growth of thematerials. Structureswith 1.7

eV/1.1 eV band-gap combinations could be produced by the

growth of lattice-mismatched thin lms, e.g. III–V ternary

compounds on silicon–germanium (SiGe), but large lattice-

mismatches and polar–nonpolar interfaces between III–V mate-

rials andSi(Ge) can lead todeleterious threadingdislocationsand

a high density of interfacial defects, thus adversely affecting the

energy-conversion performance of such devices.4,5 Because the

lattice-matching criterion restricts the accessible band-gap

combinations that can be produced experimentally, design

schemes for integration of highly mismatched light absorbers

having 1.7 eV/1.1 eV band gaps are very attractive for both solar

water-splitting and solar photovoltaic applications.

The lattice-mismatched growth of III–V nanowire-arrays on

silicon (Si, Eg ¼ 1.12 eV) is one strategy for fabrication of high

quality, dissimilar, and current-matched light absorbers. The

small cross-sectional area of nanowires (NWs) allows for elastic

relaxation of the strain induced by the lattice mismatch

between the nanowires and the substrate.6,7 Furthermore, a

1.7 eV/1.1 eV band gap tandem structure would produce

optimal energy-conversion efficiencies that are comparable to

those of commercial triple-junction cells obtained by lattice-

matched growth of inorganic III–V semiconductors.8–11 The use

of Si substrates, and the low lling-fraction of NW arrays, would

signicantly reduce the materials cost by allowing the replace-

ment of the expensive planar III–V or Ge substrates.

In this work, the optical, electrical and photoelectrochemical

energy-conversionpropertiesofperiodicarraysofGaAsNWsgrown

on Si and GaAs have been systematically investigated via experi-

ment and theory. Although the performance of Si or GaAs-based

nanowire photovoltaics has been described previously,12,13 the

GaAs (Eg ¼ 1.42 eV) used herein serves as a model system to

demonstrate thequalityofNW-array light absorbers enabledby the

III–V NW-on-Si strategy. Several compounds that satisfy the 1.7 eV

band gap requirement can be obtained in the composition space

afforded by ternary and quaternary III–V semiconductors.14–16

Subsequently, this NW-on-Si strategy can therefore be applied to

ternary In0.65Ga0.35P, GaAs0.78P0.22, Al0.20GaAs0.80 NWs and/or to

quaternary systems17–19 that have a 1.7 eV direct band gap.

GaAsNWscanbe synthesizedby selective-areagrowth (SAG)or

by vapor–liquid–solid (VLS) growth viametal–organic chemical–

vapor deposition (MOCVD). SAG has been used to synthesize

GaAs,20GaP, InP21 and InAs22NWs. Using a nano-patternedmask,

III–V nanowires with hexagonal cross-sections can be grown on

either (111)A- or (111)B-oriented III–V substrates via vapor-solid

deposition. High-yield vertically oriented GaAs23 and InAs24

nanowires have been produced on non-polar Si substrates,

demonstrating the growth of III–V NWs on lattice-mismatched,

inexpensive substrates. III–V NWs can also be fabricated by a

vapor–liquid–solid (VLS) growthmethod, inwhich the precursors

in their vapor phase are dissolved into the liquid phase of metal

catalysts (e.g. Au or Ga) that then initiate the growth of NWs. The

VLS-catalyzed growth of III–V NWs on Si substrates has also been

demonstrated,25,26 but with lower delity than SAG growth.

Although high crystal quality can be obtained from VLS-grown

III–V NWs, the catalyst material can be unintentionally incorpo-

rated into the NWs during growth, possibly creating deep-level

traps that can degrade the electrical performance of the resulting

devices. Ga-assisted VLS has been proposed to address this issue,

but the solubility of ionizable dopants in liquid VLS catalysts is

oen large enough to prevent facile production of abrupt doping

and composition transitions. We have therefore used the SAG

method to grow III–V NW/Si substrate structures.

Fig. 1a illustrates the gas ow and temperature proles as a

function of time for growth of n-GaAs NWs on an n+-Si

substrate. The Si (111) substrate (phosphorus doped, doping

concentration 0.8–1.3 � 1018 cm�3, to eliminate Si photo-

activity) was patterned with a silicon nitride (SiNx) mask by

electron-beam lithography. Initially, the patterned Si substrate

was annealed in H2(g) at 965
�C for 5 min to remove residual

silicon oxide in the openings of the mask. The Si substrate was

then annealed in AsH3 at 440 �C for 2 min to create an As-

passivated Si surface that resembled a GaAs (111)B surface. The

formation of the As-terminated surface was crucial to attaining

high-delity growth of the GaAs NWs. A low-temperature

nucleation step at 440 �C for 8 min in the presence of trime-

thylgallium (TMGa) and arsine (As2H6) was then followed by a

high-temperature step for nanowire growth at 790 �C for 30–60

min, with disilane (Si2H6) as the n-dopant source. Fig. 1b

illustrates the gas ow and temperature proles as a function of

time for the growth of GaAs NWs on an n+-GaAs (111)B substrate

(Si doped, doping concentration 3 � 1018 cm�3). High-temper-

ature annealing and low-temperature nucleation steps were not

necessary in this process ow to produce GaAs NWs.

The length of GaAs NWs was determined by the duration of

the growth, whereas the diameter and pitch of the nanowires in

the array were dened by electron-beam lithography. Fig. 1c

displays a typical SEM image of arrays of GaAs NWs that were

grown on a Si substrate (also however being representative of

typical arrays of GaAs NWs that were grown on a GaAs

substrate). The measured diameter of the GaAs NWs on Si or

GaAs substrates was �135 nm, and the pitch was 600 nm. A

600 nm pitch was chosen to minimize the bunching of wires

that occurred during processing and to accommodate the

limitations on wire diameter that were imposed by the lattice-

mismatched growth. The GaAs NWs on Si substrates were 2.5

mm long from a 30 min growth, and the GaAs NWs on GaAs

substrates were 3 mm long from a 1 h growth. Longer growth

times did not signicantly improve the optical absorption of the

resulting NW arrays. High-resolution transmission-electron

microscopy (Fig. 1d) indicated that the GaAs NWs had a zinc

blende crystal structure, {110}-type sidewall facets, and a high

density of twin defects along the (111)B growth direction.
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To measure the optical properties, free-standing GaAs NW

arrays were embedded in a thin lm of polydimethylsiloxane

(PDMS) and exfoliated from the substrate (see ESI†). Fig. 2a

compares the optical absorption at normal incidence of a GaAs

NW-array embedded in PDMS, an array embedded in PDMS on

a silver (Ag) back reector, and the as-grown array on a GaAs

substrate. The absorption of the array that also had a back

reector exhibited broadband enhancement relative to the

absorption of the array embedded in PDMS, because the back

reector doubled the path length of photons through the array.

Over 80% of the incident light was absorbed in the NW array

with a Ag back reector, approaching the absorption measured

by the array on the GaAs substrate (and including the contri-

bution of the substrate to the overall absorption).

The optical absorption of these GaAs NW arrays is remark-

able, given that the NWs comprised a 4% lling fraction and

corresponded to only a 125 nm planar equivalent of GaAs, yet

exhibited similar total optical absorption to that of a thick

planar GaAs lm.27 The results shown in Fig. 2 indicate that

these arrays exhibit both antireective and enhanced optical

absorption characteristics. To explain these results, a full-eld

electromagnetic simulation and analytical modal analysis was

performed for NW arrays that had a similar diameter, pitch and

length to the as-grown NW arrays (see ESI† for a more detailed

description of methods). As reported previously,28,29 the array

absorption characteristics varied with the wire diameter and

length, as well as with the pitch of the array. For example,

increasing the diameter of the nanowires red-shied the

absorption peak at 760 nm (see ESI†).

Fig. 2c compares the simulated absorption of the free-

standing GaAs NW arrays, of arrays on a back reector, and of

arrays on a GaAs substrate at normal incidence. The simula-

tions showed similar trends to those observed experimentally

(Fig. 2a). Potential sources for the minor deviations between

experiment and simulation include an experimentally broader

distribution of wire diameters due to processing variations, and

Fig. 1 Growth schematics and structural characterization of n-GaAs NWs after MOCVD at 790 �C. (a and b) Schematic illustrations of the gas flow and temperature

sequence for growth of GaAs NWs on Si and on GaAs, respectively. (c) 30� from plan-view scanning electron microscope image of arrays of GaAs NWs grown on Si

substrates. (d) Transmission electron microscope image of a single GaAs NW. The incident electron beam was normal to the (1�10) facet. The red arrows indicate twin

boundaries along the (111)B growth direction. (e) Process schematics of selective-area MOCVD growth.
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slightly off-normal growth due to a substrate miscut. Typically,

these departures from perfect delity result in peak broadening

and reduced absorption, which would account for the main

discrepancy between the experiments and simulations. Simi-

larly, Fig. 2b and d compare the experiment and simulation,

respectively, of the wavelength- and angle-dependence of the

absorption in peeled-off NW arrays. Again, the trends observed

in the optical simulation agreed well with the experimental

data.

A non-aqueous photoelectrochemical (PEC) method was

employed to investigate the electrical and energy-conversion

properties of GaAs NW arrays. A semiconductor/liquid junction

was formed between the as-grown n-GaAs NWs and the ferro-

cenium/ferrocene redox couple (FeCp2
+/0) in dry acetonitrile

(CH3CN) that contained lithium perchlorate as the supporting

electrolyte. When n-GaAs NWs were brought into contact with

this non-aqueous electrolyte, charge was transferred non-far-

adaically between the semiconducting photoelectrode and the

electrolyte. Consequently, the photoelectrode had excess posi-

tive charge, due to the ionized dopants and spreading over the

depletion width. A rectifying junction was therefore formed

around each of the NWs, facilitating radial separation of pho-

togenerated carriers. As shown in Fig. 3a, photogenerated holes

(positively charged) inside the NW will diffuse and dri to the

Fig. 2 Experimental and simulated optical absorption of GaAs nanowire-arrays. (a) Overlaid normal-incidence absorption measurements of a GaAs NW array

embedded in PDMS; a GaAs NW array embedded in PDMS on a Ag back-reflector; and an as-grown NW array on a GaAs substrate without a PDMS infill. (b) Angle-

dependent optical absorption of a GaAs NW array embedded in a thin sheet of a peeled-off transparent PDMS film. (c and d) Simulation equivalents of a and b, and (e)

simulated field intensity profiles at various wavelengths, incident angles and polarizations by 3D-FDTD methods, illustrating coupling into optical waveguide modes

(field of view is one periodic unit of the NW array).
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n-GaAs/liquid interface and oxidize the FeCp2
0 species to

FeCp2
+, contributing to the photocurrents. The conformal

liquid contact therefore reveals the energy-conversion proper-

ties of the as-grown, three-dimensional GaAs NW arrays, by

allowing measurement of current densities, J, at a given

potential, E, of the Fermi level of the semiconductor relative to

the electrochemical potential of solution that consists of a

molecular redox pair formed from an oxidized species, A (e.g.

ferrocenium), and a reduced species, A� (e.g. ferrocene). As

shown in Fig. 3b, the reference electrode was poised at the

solution potential, and the Pt counter electrode regenerated the

FeCp2
0 species by reducing FeCp2

+. The kinetically facile, one-

electron, reversible FeCp2
+/0 redox couple was chosen to ensure

that the electron-transfer kinetics at the semiconductor/liquid

interface were not rate-limiting,30–32 so that only the energy-

conversion properties of GaAs NWs were measured. The

reported data are for wire-arrays with a donor concentration

that was found to maximize the open-circuit voltage (see ESI,

Fig. S2†). The doping concentration of the NWs was controlled

by specifying the Si2H6 ow rate during the NW growth step.

The enhanced optical absorption of GaAs NW arrays, in

conjunction with radial carrier-collection, resulted in high

external quantum yields (EQYs) when these GaAs NW arrays

were used as energy-conversion devices. The EQYs (Fext) vs.

wavelength were measured from photocurrent densities at

normal incidence while the GaAs NW photoelectrodes were

held at the solution potential. Fig. 3c shows the EQYs of GaAs

NW arrays on the GaAs substrate in contact with CH3CN–

ferrocene+/0 (FeCp2
+/0), as well as the EQYs corrected for solu-

tion absorption, and the simulated absorption in the GaAs NW

arrays on a GaAs substrate. The procedure used to obtain the

solution-corrected collection efficiency is discussed in the ESI.†

Fig. 3d is analogous to Fig. 3c but depicts the data for GaAs NWs

that were grown on a Si substrate. No photocurrent was

observed at wavelengths beyond 860 nm, indicating that the

contribution to the photocurrents from the Si substrate was

negligible.

Near-unity carrier collection efficiencies, i.e., internal

quantum yields (IQYs), were observed for broad ranges of

photon energies above the band gap of GaAs. Because the radial

dimension (�67.5 nm) is comparable to the diffusion length

measured in a passivated GaAs NW,33 complete carrier collec-

tion is expected (IQY ¼ 1). This expectation is supported by the

observation of near-unity IQYs at 760 nm for GaAs NWs on both

GaAs and Si substrates. The observed decrease in the measured

EQYs (solid purple curves in Fig. 3c and d) at �450 nm was due

to solution absorption, which was measured and used for

correction of the EQYs (see ESI†). The simulated optical

absorption in the NW arrays matched well with the experi-

mentally measured EQYs, again suggesting a nearly complete

collection of photogenerated carriers.

Fig. 4 compares the current density vs. potential ( J–E)

behavior under illumination of n-GaAs NW arrays grown on n+-

GaAs substrates relative to the behavior of planar n-GaAs

Fig. 3 External quantum yields (EQYs) and simulated optical absorption of GaAs NWarrays, the experimental setup and principle of PECmeasurements. (a) Schematics

of a semiconductor/liquid junction and its energy band diagram under illumination. (b) Three-electrode potentiostatic setup of the non-aqueous PEC measurements. (c

and d) Overlay of normal-incidence EQYs; of corrected EQYs taking into account absorption by the solution (see ESI†); and optical absorption of a GaAs NW array on

GaAs (c) and on Si (d).
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photoanodes. Because the sidewalls of the NWs in the array

(i.e. the junction area) were mainly comprised of {110} crystal

facets, the J–E characteristics of planar n-GaAs {110} photo-

electrodes were investigated for comparison to the behavior of

the GaAs nanowires. The NW arrays (Fig. 4a, blue curve)

produced an open-circuit voltage, Voc, of 590 � 15 mV, a short-

circuit current density, Jsc, of 24.6 � 2.0 mA cm�2, and a ll-

factor, ff, of 0.32 � 0.03, with an energy-conversion efficiency

of 4.56% under tungsten–halogen ELH-type illumination that

produced a current on a calibrated Si photodiode equivalent to

that produced under 100 mW cm�2 AM1.5 G illumination. The

n+-GaAs (111)B substrates with the nanowires physically

removed (Fig. 4a, red curve) produced a Voc of 202 � 3 mV, Jsc
of 0.34 � 0.21 mA cm�2, and ff of 0.22 � 0.02. To ensure that

the MOCVD growth step did not alter the substrate, electron-

beam patterned n+-GaAs (111)B substrates without growth of

GaAs NWs were made into photoelectrodes and were found to

produce similar J–E characteristics to substrates from which

the wires had been removed aer growth. Due to the low

photocurrent and poor diode characteristics of the substrate,

the photoresponse of the NW arrays on the substrate was

therefore almost completely associated with the NWs. Aer

correcting for the concentration overpotential and uncom-

pensated solution resistance losses (see ESI†), to thereby

determine the intrinsic J–E behavior of the semiconductor

photoelectrodes, the ff of n-GaAs NW arrays was determined to

be 0.56 � 0.02, Voc was 590 � 15 mV, and Jsc was 24.6 � 2.0 mA

cm�2, resulting in a corrected efficiency (hEff) of 8.1%. The Jsc
value is in good agreement with the integrated value for the

AM 1.5G solar spectrum at 1-Sun obtained from the measured

wavelength dependence of the EQY.

The planar n-GaAs photoelectrodes (Fig. 4b) displayed a Voc
of 700 � 21 mV, Jsc of 20.1 � 2.3 mA cm�2, and ff of 0.31 � 0.03.

Correcting for solution losses, the inherent photoelectrode

Fig. 4 Photoelectrochemical current density-potential (J–E) characteristics of n-GaAs NW/CH3CN–FeCp2
+/0 and planar n-GaAs (110)/CH3CN–FeCp2

+/0 junctions. (a

and b) Overlay of J–E data for (a) GaAs NW arrays and (b) GaAs planar photoelectrodes, and the corresponding data corrected for the solution effects, including

uncompensated electrochemical cell resistance (�298 ohms) and concentration overpotentials, so that the inherent properties of the photoelectrodes are displayed.

The red curve in (a) shows the photoresponse of n+-GaAs (111)B substrates with the nanowires physically removed. (c and d) J–E data of GaAs NW arrays and GaAs

planar photoelectrodes as a function of the tungsten–halogen illumination intensity. In panel (e) and (f), the same data as in (c) and (d) are plotted in the form of

integrated EQY, calculated based on the fraction of the measured photocurrent density relative to the estimated total photon flux at all energies above the band gap of

GaAs.
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properties were ff¼ 0.66� 0.04, Voc ¼ 700� 21 mV, Jsc ¼ 20.1�

2.3 mA cm�2, and hEff ¼ 9.2%. The nanowire photoelectrodes

exhibited a higher Jsc than the planar samples largely because

the intrinsic antireective nature of the NW arrays decreased

the reection losses in the NW-based system. In fact, the 700

mV Voc from planar n-GaAs corresponds closely to the value

obtained from bulk, defect-free, single-crystal GaAs (100) with

an optimal n-type doping concentration in contact with this

non-aqueous electrolyte.30

Fig. 4c and d show the effect of illumination intensity on the

J–E characteristics of n-GaAs NWs/CH3CN–FeCp2
+/0 and planar

n-GaAs/CH3CN–FeCp2
+/0 junctions. The illumination from the

ELH-type W–halogen lamp was attenuated through a series of

neutral density lters, corresponding to 0.086–1.45 Sun, and the

light-dependent Voc vs. Jsc pairs were measured and are plotted

in the insets of Fig. 4c and d. These data allowed for the

determination of diode quality factor, n, via the following

equation:34,35

Voc ¼
nkT

q
ln

�

Jph

gJ0
þ 1

�

(1)

where k is Boltzmann's constant, T is the absolute temperature,

q is the unsigned charge on an electron, Jph is the photocurrent

density, J0 is the total recombination current density, and g is

the junction roughness factor which is the ratio of the junction

area, or total surface area of NW arrays, to the geometric area of

the NW photoelectrodes. The planar GaAs photoelectrodes

exhibited a change in photovoltage of 52.5 mV as Jsc was varied

from 6.1 to 31.3 mA cm�2, while the GaAs NW photoelectrodes

exhibited a photovoltage change of 129.3 mV as the short-circuit

current density changed from 2.3 to 30.8 mA cm�2. The diode

quality factor was found to be 1.1 for planar n-GaAs/CH3CN–

FeCp2
+/0 junctions, whereas n was 1.8 for n-GaAs NWs/CH3CN–

FeCp2
+/0 contacts. Depletion-region recombination is signi-

cant for nanowires because the depletion regions make up the

majority of the NW volume, which extends approximately 35 nm

inward from the sidewall surfaces of the GaAs NWs.

Fig. 4e and f compare the potential dependence of the inte-

grated EQYs for GaAs NW arrays and planar GaAs electrodes,

respectively, for the same illumination intensities shown in

Fig. 4c and d. The integrated EQY was calculated by dividing the

measured photocurrent density by the estimated total photon

ux at all energies above the band gap of GaAs. As expected, the

integrated EQYs measured at short circuit under various illu-

mination intensities were constant, within experimental error.

In contrast, the ll factors increased with decreasing photo-

current densities, indicating a signicant solution resistance at

a current density of >20 mA cm�2 under 1-Sun illumination,

thus justifying correction of the J–E characteristics.

Mott–Schottky plots for n-GaAs NWs/CH3CN–FeCp2
+/0 and

planar n-GaAs/CH3CN–FeCp2
+/0 electrodes were obtained by

electrochemical impedance spectroscopy (Fig. 5a and b, and

ESI†). The built-in voltage of n-GaAs (110)/CH3CN–FeCp2
+/0

junctions was determined to be 1.23 � 0.04 V from determi-

nation of the intercept of the inverse square of the differential

capacitance (Cdiff
�2) as a function of the applied potential

(Fig. 5b). The doping concentration of n-GaAs (110) (calculated

from the Mott–Schottky plot) was 3.11–3.32 � 1017, in good

agreement with the manufacturer's specication. By tting the

averaged slope in Fig. 5a with the numerical calculation (see

ESI†), the doping concentration of the n-GaAs NWs was found to

be 2.45–4.35 � 1018 cm�3. The energetics of n-GaAs NWs/

CH3CN–FeCp2
+/0 junctions were also estimated from the inter-

cept with the horizontal axis, and yielded a built-in voltage of

1.13 � 0.05 V. The values for the built-in voltage fall within the

range of values (1.05–1.27 V) reported previously for n-GaAs/

liquid junctions in contact with the FeCp2
+/0 redox couple.31,32

The Voc of the GaAs NWs/liquid junctions approached the

recombination limit of bulk, defect-free, single-crystal GaAs,

with a major voltage loss due to the ve-fold increase in the

junction area of the NW array relative to a planar sample. The

experimentally observed Voc from the NW array is determined

by the separation of the electron and hole quasi-Fermi levels,

which can also be estimated by the Voc of the planar (Voc,planar)

sample aer correction for a series of voltage losses:

Voc;nanowireszVoc;planar �
nkT

q
lnðgÞ � VSRH (2)

Fig. 5 Mott–Schottky plots of (a) GaAs NW/CH3CN–FeCp2
+/0 and (b) planar GaAs (110)/CH3CN–FeCp2

+/0 junctions. The cell solution and configuration were the same

as that used for the data of Fig. 3 and Fig. 4, and the measurements displayed in Fig. 5 were performed in the dark. The electrode areas were�0.01 cm�2 and�0.3 cm�2

for the nanowire and planar (110) photoelectrodes, respectively. The data represent upper bounds and lower bounds, respectively, on the measured built-in voltages.
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where
nkT

q
lnðgÞ accounts for the loss due to photocurrents

diluted over an increased junction area with a roughness factor

g, andVSRH is denedas additional voltage loss in thenanowires,

likely due to Shockley-Read-Hall recombination. The Voc dis-

played by both planar (110)- and planar (100)-oriented n-GaAs is

�700mV in contact with the FeCp2
+/0 electrolyte. For the n-GaAs

NW arrays, gz 5 and the diode quality factor equals 1.8, which

corresponds to a voltage loss of �75 mV. Therefore, the 100 mV

decrease in Voc for the GaAs NW-array as compared to planar

GaAs photoelectrodes arose primarily from the voltage loss due

to an increase in the junction area in conjunction with the

change in the diode quality factor. The remaining difference in

Vocmight be due to (1) Shockley-Read-Hall recombination due to

the presence of high density of twin defects in the nanowires

(Fig. 1d) and/or (2) the distinctive behaviours of optical absorp-

tion and radiative emission inNWarrays.36 Synthesis of twin-free

III–V nanowires with either pure zinc-blende37,38 or a pure

Wurtzite structure39,40 has been demonstrated by two-tempera-

ture VLS growth.41Nonetheless, the Voc loss due to the roughness

factor for defect-freeNWs can be 46mVatminimum (n¼ 1), with

an improvement of �30 mV possible. Furthermore, increasing

the built-in voltage close to 1.42 V forGaAs, e.g.by forming a p+–n

junction or semiconductor/liquid junctions with more positive

redox couple potentials, could increase the open-circuit photo-

voltage by up to �300 mV.

In comparison to bulk or planar thin lms of GaAs, the GaAs

NW arrays exhibited dramatically enhanced optical absorption

across the UV and visible portions of the solar spectrum, via

scattering events and light trapping effects that minimized

reection losses. Because the dimensions of the GaAs NW

arrays were on the order of the optical wavelength of light, a full

wave-optics model analysis and simulation approach was per-

formed to evaluate the observed optical behavior.42,43 The anti-

reective characteristics of NW arrays with sub-wavelength

features can be partially explained by the low lling fraction of

NWs (only a few %), thereby reducing the fraction of reected

light.44 In addition, when the wavelength of incident light is

shorter than the dimensions of the GaAs NWs, multiple

reection and scattering events at the NW sidewalls and growth

substrates may contribute to the enhanced absorption.45

A more comprehensive understanding of the absorption char-

acteristics of the GaAs NW arrays, particularly those with diame-

ters on the order of the wavelength of the incident light, requires

examination of the spatially and spectrally dependent optical

mode proles (Fig. 2e). Light could conceivably couple into (i)

guided and leaky optical waveguide modes (radial modes),29 (ii)

photonic crystal modes46 or (iii) longitudinal modes (Fabry–Perot

resonances) of NWs or NW arrays, resulting in enhanced absorp-

tion. The experimental and theoretical analysis of the absorption

properties of these GaAs NW arrays suggested that guided and

leaky optical waveguide modes were predominantly responsible

for thehigh optical absorption andminimal reection of theGaAs

NW arrays at broadband wavelengths of 400–900 nm.

To further understand the observed enhancement in optical

absorption, various optical simulations were used to identify

the responsible optical modes. For the wire lengths used

experimentally, only very high-order longitudinal modes can be

excited within the relevant spectral range of 400–900 nm,

because only greater than 20th order modes exist for wire

lengths L z 3 mm. Hence, absorption via longitudinal modes

can be ruled out as the predominant contribution to the

observed absorption enhancement. Wave interactions are

possible in which the square array of NWs acts as a two-

dimensional photonic crystal, but photonic crystal modes

depend on both the radius of the wire and on the pitch of wires

in the array, whereas the resonant wavelengths for optical

waveguide modes in individual wires will depend only on the

wire radius. Simulations for a range of wire radii and array

pitches indicated that the spectral location of the strong

absorption peaks depended only on the wire radius (see ESI†),

suggesting that resonant optical waveguide modes are

predominantly responsible for the observed enhanced absorp-

tion. Qualitatively similar proles of the electric-eld intensity

were observed for an isolated individual wire and for a wire in

the array, although the eld magnitude of an isolated wire was

much smaller (see ESI†) than that for wires in the array. These

ndings indicate that each wire acted as an independent optical

waveguide. However, the “in-array” increase in modal intensity

indicated that scattering off of neighboring wires enabled effi-

cient incoupling into optical modes.

A detailed understanding of the absorption behavior

required identication of the specic resonant optical wave-

guide modes that are responsible for each spectral peak. Such

an in-depth understanding will facilitate optimization of the

array dimensions to produce maximum light absorption. Elec-

trical-eld intensity of cross-sections of NW arrays was recorded

at various incident angles and wavelengths for both TE and TM

polarizations, and was compared with the calculated electric-

eld intensity proles of the fundamental optical waveguide

modes at their resonant wavelengths. Interestingly, the mode

proles calculated by conventional waveguide theory47,48 can be

directly compared to the observed electric-eld intensity

proles of sub-wavelength NW cross-sections in FDTD simula-

tions. Waveguide modes are typically denoted as TMmn or TEmn,

where m and n are the azimuthal and radial mode numbers,

respectively, indicating the number of eld maxima in a given

direction. The eigenvalue equations for both (1) conned and

(2) leaky optical waveguide modes can be obtained (see ESI†) by

solving Maxwell's equations under the constraint of continuity

of the tangential z- and q-components of the electric and

magnetic elds, yielding:
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where a is the wire radius, k0 and b are the total and z-compo-

nent of the wave vector in free space, k1 (k2) and n1 (n2) are the

transverse components of the wave vectors and refractive

indices inside (outside) the nanowire, and Jm, Km, and Hm are

the Bessel (1st kind), modied Bessel (2nd kind), and Hankel (1st

kind) functions. Solutions to the eigenvalue equations for k0, to

obtain the resonant wavelengths for conned and leaky modes,

occur at b ¼ n1k0 and b ¼ 0, respectively (Table 1; also see ESI†

for the electric-eld intensity proles of each mode at their

resonant wavelengths).

A comparison between the eld proles obtained via 3D

FDTD simulation and these analytically calculated resonant

wavelengths and electric-eld intensity proles provided a full

explanation of the experimentally observed absorption trends.

The following analysis examines and identies the relevant

modes at the normal incidence peaks (440 and 710 nm) and

trough (550 nm) and at 50� incidence peaks (500 and 670 nm)

for both TE and TM polarizations. The simulated electric eld

intensity proles for these wavelengths are shown in Fig. 2e (at

normal incidence, TE and TM polarizations are degenerate in a

square-packed array of GaAs NWs).

At normal incidence (0� in Fig. 2e), the electric-eld intensity

proles are conned to, and are more intense around, the wire

at 440 and 710 nm (absorption peaks) than at 550 nm

(absorption trough), revealing that the absorption peaks corre-

sponded to coupling into resonant waveguide modes. The

electric-eld intensity prole at 710 nm has a dipole feature that

is characteristic of the TM11 mode, which matches precisely

with the calculated wavelength of a leaky mode resonance. This

peak was observed experimentally to be slightly red-shied, to

�760 nm, corresponding to a wire radius of 72.5 nm. This value

is within the distribution of wire radii in the array. As expected,

this mode is also observable at 550 nm, but the incoupling

efficiency is much lower than that at the resonant wavelength,

as evidenced by the lower intensity prole of electric elds. At

440 nm, the mode prole within the wire is fainter because of

the large absorption coefficient of GaAs, and is characteristic of

the leaky TM12mode prole, which is resonant at 400 nm. Thus,

the two absorption peaks at normal incidence can be explained

via an optical waveguide analysis.

In Fig. 2b and d, the angular-dependent absorption data

revealed a shi in the resonant wavelengths at large incidence

angles, indicating that light couples into additional optical

modes. By comparing the intensity proles of fundamental

modes with the electric-eld intensity proles at the shied

peaks of 500 and 670 nm for 0� and 50� incidence (Fig. 2e),

excitation of additional modes was conrmed at off-normal

incidence. At 670 nm, the normal incidence eld prole is

nearly identical to that at 710 nm, which allows the character-

ization of the incoupling into the dipole TM11 mode. At off-

normal incidence, the TM-polarized eld intensity has a center

lobe feature that is highly concentrated in the NW, indicating

that light is coupling into the guided TM01 mode (calculated

resonance at 650 nm). The TE polarized eld exhibits an outer

ring that is also fairly concentrated within the nanowire, char-

acteristic of the TE01 mode. At 500 nm, the TM-polarized wave

exhibits a quadrupole feature in addition to the center lobe

feature identied as the guided TM01 mode at 670 nm. The

quadrupole feature matches the leaky TM21 mode, which

matches extremely well with a calculated resonance at 500 nm.

The TE-polarized wave exhibits an asymmetric inner intensity

with an outer dipole character, which is characteristic of the

leaky TE11 mode (calculated resonance at 500 nm). Thus, all of

the signicant peaks in the angular and wavelength-dependent

absorption spectrum of the GaAs NW-array can be explained by

incoupling into resonant optical waveguide modes.

In conclusion, n-GaAs nanowire arrays were fabricated on

GaAs and Si substrates using selective-area MOCVD growth. The

optical absorption and spectral response data indicated near-

unity internal quantum yields for photon energies above the

band gap of GaAs, due to efficient incoupling into the resonant

waveguide modes. In contact with a non-aqueous solvent, n-

GaAs NW photoanodes produced inherent energy-conversion

efficiencies of �8.1%, with open-circuit photovoltages of 590

mV and short-circuit current densities of 24.6 mA cm�2. These

results demonstrate that n-GaAs nanowire arrays are excellent

light absorbers with the potential for high solar energy-

conversion efficiency, providing a signicant step towards dual-

junction systems that integrate III–V nanowires and Si for

scalable solar energy conversion and storage applications.

Methods

Selective-area growth of GaAs nanowires

Fig. 1e illustrates the process schematics that were used to

perform selective-area growth by MOCVD. A thin layer of 30 nm

thick SiNx was deposited onto the GaAs (111)B surface by

plasma-enhanced chemical-vapor deposition (PECVD). Elec-

tron-beam lithography was then used to dene square-arrays of

100 nm diameter holes on a 600 nm pitch. The square array was

1 mm by 1 mm in size, and was surrounded by a skirt region

that consisted of an exposed GaAs surface. The skirt region was

used to absorb excess gas-phase precursors, because a lack of

Table 1 Calculated and observed resonant wavelengths for optical waveguide

modes of GaAs NWs with a radius of 67.5 nm

ma

Leaky Guided

nb

1 2 1

TE Calc. Obs. Calc. Obs. Calc. Obs.

0 770 —c 425 —c 650 670
1 500 500 <300 —c

N —c

2 430 —c <300 —c <300 —c

TM

0 1770 —c 480 —c 650 670
1 710 710 400 440 480 —c

2 500 500 <300 —c 420 —c

3 420 —c <300 —c <300 —c

a m: azimuthal mode number. b n: radial mode number. c —: indicates
that the mode was not observed in the simulated eld proles.
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deposition of GaAs on the SiNx mask affected the growth

behavior of GaAs in the square-array region.

Growth of GaAs NWs was performed on the nanopatterned

samples using a vertical, showerhead, low-pressure MOCVD

reactor that was operated at 0.1 atm. Trimethylgallium (TMGa)

was theprecursor for the group III element, arsine (As2H6) was the

precursor for the group V element, and disilane was the n-dopant

precursor. GaAs NWswere grown in a H2(g) atmosphere with a V/

III ratio of 127, at a partial pressure of 3.74� 10�7 atm for TMGa

andof 4.78� 10�5 atm for arsine. The growth rate of theNWswas

�8.33 Å s�1, as calibrated from a 30 min growth at 790 �C.

Exfoliation of polymer-inlled GaAs nanowire-arrays

GaAsNWarrayswere inltratedwithapolymerusingaprocedure

that closely followed a publishedmethod.49 Aer inltration, the

arrays were peeled-off from the underlying wafer. The polydi-

methylsiloxane (PDMS) base and curing agent were mixed in a

10 : 2 w/w ratio and then sonicated (Sylgard 184, Dow Corning).

Thismixture was spin-coated for 1min at 1000 rpmonto thewire

arrays, degassed for 30 min, and then cured overnight at 80 �C.

The polymer-inlled GaAs NW arrays were mechanically

removed from the underlying GaAs substrate by use of tweezers.

Optical absorption and reection measurements

Wavelength-dependent absorption spectra and reection

measurements were obtained using a UV-vis spectrometer

(Varian Cary 5000) that was equipped with an integrating

sphere. A small-spot kit was used to produce a beam size of

<1 mm (FWHM) for focused illumination. The divergence angle

of the incident beam was 9�. The internal surfaces of the sphere,

baffles, port blocks and port apertures were coated with a

barium sulfate coating, to achieve nearly ideal Lambertian

reectivity. In a center-mount mode for absorption measure-

ments of non-opaque samples (e.g. GaAs NW arrays embedded

in peeled-off PDMS), each sample was supported on a quartz

slide that was placed at the center of the sphere. In a rear-mount

mode for reection measurements of opaque samples (e.g. as-

grown GaAs NW arrays on GaAs or Si substrates, GaAs NW

arrays embedded in PDMS placed on a Ag back reector), each

sample was mounted behind a 2 mm diameter port aperture at

the rear port of the sphere, with light at normal incidence. More

detailed procedures for the determination of the absorption of

the samples are described in the ESI.†

Electrode fabrication

1 mm by 1 mm arrays of GaAs nanowires were grown in the

center of 5 mm by 5 mm square pieces of n+-GaAs substrates.

Sequential evaporation of metal lms on the backside of the

chip was used to provide the electrical contacts, which consisted

of a layered stack of 100 nm Au–Ge eutectic alloy (12 wt% Ge)/

30 nm nickel/100 nm gold, followed by rapid thermal annealing

in forming gas (4% H2 in N2) at 400
�C for 1 min. The chip was

then attached to a coiled, tin-plated Cu wire using conductive

Ag paint, and epoxy (Hysol 9460F) was used to seal, face-down,

the assembly at the end of a segment of glass tubing. The active

area of each electrode was dened by the epoxy, with a typical

value of 0.009 cm2. Only the GaAs nanowire array was exposed to

the electrolyte, while the remaining area of the chip was covered

by sputtered SiNx and then by epoxy.

Prior to photoelectrochemical measurements, the n-GaAs

nanowire-array and planar n-GaAs photoelectrodes were etched

in a solution of 0.04% (v/v) Br2 in methanol (CH3OH, low water,

J. T. Baker) for 15 s, followed by immersion in 1.0 M KOH(aq) for

15 s. The KOH solution was then replaced with 2.0 M NH3 in

CH3OH, aer which the electrode was dried in a ow of N2(g)

and quickly transferred into a glovebox that was continually

purged with ultra-high purity (UHP) argon.

Photoelectrochemical (PEC) measurements

For the non-aqueous PEC experiments, acetonitrile (CH3CN,

anhydrous, 99.8%, Sigma Aldrich) was dried by owing through

a solvent column and storing the solvent over 3 Å activated

molecular sieves. LiClO4 (battery grade, 99.99%, Sigma Aldrich)

was dried by fusing the salt under <1 � 10�3 Torr at 300 �C, and

the resulting material was stored under UHP Ar(g) that con-

tained <0.2 ppm O2(g). Bis(cyclopentadienyl) iron(II) (ferrocene,

FeCp2
0) was purchased from Sigma Aldrich and was puried by

sublimation in vacuo. Bis(cyclopentadienyl) iron(III) tetra-

uoroborate (ferrocenium, FeCp2
+
$BF4

�) was purchased from

Sigma Aldrich, recrystallized in a mixture of diethyl ether and

acetonitrile, and dried in vacuo before use.

A standard three-electrode potentiostatic setup, with ferro-

cenium/ferrocene (FeCp2
+/FeCp2

0) as the redox couple and dry

acetonitrile (CH3CN) as the solvent, was used for all of the

photoelectrochemical experiments. The reference electrode was

a Pt wire poised at the solution potential, and the counter

electrode was a Pt mesh with an area more than 10 times larger

than the working electrode. The working photoelectrodes were

oriented vertically downward and were illuminated by an ELH-

type tungsten–halogen bulb whose intensity was adjusted by the

use of neutral density lters. To obtain the photo-

electrochemical data, all three electrodes were immersed in a

dry CH3CN solution that contained 0.5 mM ferrocenium,

90 mM ferrocene, and 1.0 M LiClO4 as the supporting electro-

lyte. The solution was vigorously stirred to minimize mass-

transport limited effects on the current density. Current density

vs. potential ( J–E) data were collected at 50 mV s�1 using a

Gamry Reference 600 potentiostat. External quantum yield and

Mott–Schottky measurements used the same electrochemical

setup as that used for the collection of the J–E data.

Simulation setup for optical absorption

The Lumerical FDTD Solutions Soware Package was used for

3D full-eld electromagnetic simulations of the GaAs NWs.

The standard wire dimensions were L ¼ 3.24 mm, R ¼ 67.5

nm, and pitch ¼ 600 nm. For the wires on Si substrates, a

value of L ¼ 2.5 mm was used. The NW arrays were modeled

using periodic boundary conditions at normal incidence and

Bloch boundary conditions at off-normal angles. Broadband

simulations were used with a range of 350–900 nm, and the

absorption was calculated from transmission and reection

monitors in 2 nm intervals. At normal incidence, the TE and
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TM polarizations are degenerate, so the behavior of only one

polarization was computed. At off-normal incidence, both

polarizations were simulated and the results were averaged to

produce a result for the total absorption, to thereby simulate

the situation in unpolarized sunlight. For normal incidence,

proles of the electric eld intensity were obtained by

recording the electric eld data with a 3-D eld prole

monitor in 10 nm wavelength intervals. At off-normal inci-

dence, single-wavelength simulations were used to record the

electric eld data, due to angular distributions that are

intrinsic to nonzero angles of illumination for broad-band

simulations in Lumerical FDTD.
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