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The conversion of sunlight into electricity by photovoltaics is currently a mature science and the foundation of a lucrative industry. In conventional excitonic
solar cells, electron—hole pairs are generated by light absorption in a semiconductor and separated by the “built in” potential resulting from charge
transfer accompanying Fermi-level equalization either at a p—n or a Schottky junction, followed by carrier collection at appropriate electrodes. Here we
report a stable, wholly plasmonic photovoltaic device in which photon absorption and carrier generation take place exclusively in the plasmonic metal. The
field established at a metal—semiconductor Schottky junction separates charges. The negative carriers are high-energy (hot) electrons produced
immediately following the plasmon's dephasing. Some of the carriers are energetic enough to clear the Schottky barrier or quantum mechanically tunnel
through it, thereby producing the output photocurrent. Short circuit photocurrent densities in the range 70—120 1A cm 2 were obtained for simulated
one-sun AM1.5 illumination with devices based on arrays of parallel gold nanorods, conformally coated with 10 nm Ti0, films and fashioned with a Ti metal
collector. For the device with short circuit currents of 120 1A em 2, the internal quantum efficiency is ~2.75%, and its wavelength response tracks the
absorption spectrum of the transverse plasmon of the gold nanorods indicating that the absorbed photon-to-electron conversion process resulted
exclusively in the Au, with the Ti0, playing a negligible role in charge carrier production. Devices fabricated with 50 nm Ti0, layers had open-circuit voltages
as high as 210 mV, short circuit current densities of 26 .2A cm 2, and a fill factor of 0.3. For these devices, the Ti0, contributed a very small but measurable

fraction of the charge carriers.
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he idea behind an all-metal photovol-

taic is rather simple. When two metals

M1 and M2 for which the work func-
tion of M1 (e.g., Au) is greater than that of
M2 (e.g., Ti) are brought into contact, they
equalize their Fermi levels by electron trans-
fer from M2 to M1. But because both phases
are good conductors, the interface does not
sustain an internal potential difference.
However, if a very thin dielectric or semi-
conductor layer is interposed between the two
metals, creating a metal—insulator—metal
(MIM) device, equalization of the chemical
potentials occurs across the three phases
which renders M1 negative and M2 positive,
and a potential difference is created across
the thin interstitial layer (Figure 1a). If M1 is
a bulk metal, then shining visible or near IR
light on it does not create easily separable
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electrons and holes on account of the facile
electron/hole recombination and other scat-
tering events, resulting in negligible photo-
currents across the MIM device."? Moreover,
since many of the filled and empty electronic
states belong to the same band, momentum
conservation considerations would strongly
limit the number of allowed transitions. If the
two metal layers are sufficiently thin (as com-
pared to the electronic mean-free path and
the absorption length of the metal), and light
at an appropriate, wavelength-dependent
angle of incidence is directed into the device
through a prism pressed against the surface
of M2, then a surface plasmon polariton can
be excited at the metal—air interface of M1
that can produce a measurable, although very
small electron excess in M1 over M2 which can
produce a current across the device.
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Figure 1. Structure and hot carrier transfer process in the plasmonic photovoltaic device. (a) A schematic showing how
excited electrons created by plasmon decay are transmitted as conduction electrons to a contiguous TiO, layer. A fraction of
the energetic electrons have sufficient energy to directly overcome the Schottky barrier (i). Some quantum mechanically
tunnel (ii) through the barrier of width, t, to enter the conduction band of TiO,. The relevant energy levels pertaining to the
device structure are shown schematically: the Schottky barrier, g¢g, the Fermi energy, E¢, and the valence (Eyg) and
conduction band edges (Ecg) of the semiconductor with its band gap, E,. (b) Artist's conception of the device shown in cross
section: the oriented gold nanorod arrays are coated TiO, using ALD. Titanium metal (whose work function is less than that of

Au) serves as the back contact.

Far greater currents are in principle possible if metal
M1 is appropriately nanostructured, for example, by
producing it in the form of a two-dimensional array
of aligned gold nanorods. This will almost completely
lift the momentum conservation restriction allowing
visible light to couple with the metal by direct illumina-
tion, producing strong localized surface plasmons
excitations, which, when illuminated continuously,
decay to a large number of hot electrons per second.
A significant fraction of these will flow from M1 to
M2 under the influence of the internal field. A load
connected across the two metals completes the circuit
allowing work to be performed. In other words, by
following this prescription, one should be able to
fabricate a photovoltaic device in which all of the
charge carriers derive from the metal. Two devices
illustrating this principle have recently been reported
both of which,>* however, produced very small photo-
currents at zero bias for gold based plasmonic devices,
and large IPCE values were reported only when the
devices were operated with significant forward biases.
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(One notes in passing that nanostructuring M1 will,
in general, also modify its work function both because
high-index planes with varying values of the work
function could be created, and also on purely electro-
static grounds. For example, classically, the ionization
potential (IP) of a perfectly conducting metal sphere
of radius R is given by IP(R) = W + €%/2R in which Wis
the work function of the bulk metal® and IP(R) func-
tions as the effective work function of an assembly of
nanoparticles with radius R. A nanosphere with a small
radius will, therefore, appear to have a larger work
function than the bulk. By nanostructuring the two
phases differently, for example, by constructing M1
and M2 out of ensembles of gold nanospheres, with
smaller radii in M1 than in M2, one could, in principle,
fabricate a photovoltaic, albeit not a very efficient one,
using only one metal.)

That plasmon decay can create hot electrons with
significant kinetic energies is now fairly well estab-
lished.°~® The energy distributions of such electrons
had already been measured in the 1990s,° and over
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two dozen publications have recently appeared that
report a number of photophysical and photochemical
processes carried out by plasmonically derived hot
electrons, such as (i) photoinduced currents between a
plasmonic metal and an adjacent semiconductor;'®~ '3
(ii) photoelectrocatalytic processes;'*'® and (jii) photo-
detection.'”'®

Here, we report the successful fabrication of a
photovoltaic device in which all of the charge carriers:
electrons and holes are derived from plasmonic and
electronic processes occurring in metals with negligi-
ble contribution from its nonmetallic components.

RESULTS AND DISCUSSION

Photovoltaic devices were constructed as a metal—
semiconductor Schottky diodes consisting of an array
of parallel gold nanorods (~550 nm in length and
90 nm in diameter) coated conformally with TiO,
films of various thicknesses ranging from 10 to 50 nm
laid down by atomic layer deposition (ALD); e-beam
deposited titanium forms the lower work-function
second metal (M2) and simultaneously as an Ohmic
back contact (Figure 1b). A thin film of Au (10 nm) on
the ITO serves as an almost-transparent (transmission
~80%) front metal contact (Supporting Information
Figure S1). The Au/TiO, Schottky junction should have
a barrier, ¢sg, of ~1.0 eV." The plasmon resonances
of the gold nanorods occur in the visible and near-
infrared, with photon energies far below the band gap
of TiO, (E4 of anatase = 3.2 eV),”° so that no significant
photocurrent results from the excitation of the semi-
conductor when the device is illuminated by visible
light, and the (transverse) plasmon resonance of the
gold nanorods used corresponds approximately to the
fluence maximum of the solar spectrum.

The gross features of the dynamics of the hot
electrons produced in the Au nanorods pursuant to
plasmonic dephasing are fairly well understood.?'*?
Plasmons dephase over a time span of a few femto-
seconds creating a shower of electrons that interact
adiabatically by electron—electron interactions to form
a short-lived energy distribution with a temperature
that can reach several thousand Kelvin. Electron—
phonon interactions, which operate over times char-
acteristic of nuclear vibrational motion (~1—-5 ps),
sharply reduce the mean electron temperature over
that time span. Hot holes are also formed which quickly
migrate to the Fermi surface. Further thermalization
with the device's environment then occurs over several
hundred picoseconds. This means that an efficient
plasmonic solar device must be able to collect and
utilize hot electrons within ~5 ps of their generation.
Although the above aspects of the hot electron dy-
namics are rather well understood, a great deal re-
mains unknown regarding the hot electron energy
and momentum distributions and their time evolution.
Likewise, the properties of the steady state electron
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energy distribution in a plasmonic system illuminated
continuously are not well understood. For example, we
do not know what the steady-state concentration of
electrons with energies above some threshold energy
would be in an ensemble of gold nanorods (such as
those used in this study) illuminated by white light in
which plasmons are presumably continually excited
and decay; and specifically the extent to which nor-
mally unfilled levels of the metal's conduction band
with energies greater than hwsp (the SP photon
energy) above the Fermi level. Nevertheless, the num-
ber of carriers produced is quite remarkable. Assuming
a plasmonic lifetime of 10 fs and 10'° nanostructures
cm2 (as in our device), and assuming that each
plasmonic excitation results in a single hot electron
one, one expects over a mole of hot electrons
(1 Faraday) to be produced (inside the metal) per
second, per cm?, assuming the surface absorbed a
sufficient luminous flux. The challenge is to extract
and utilize these carriers.

The steps through which the hot electrons lead to
photocurrents are summarized in Figure 1a. Hot elec-
trons that are able to clear the Schottky barrier, or to
quantum mechanically tunnel through it into the con-
duction band of the thin TiO, layer, can be conducted
to the Ti collector electrode. Since the hot electrons
continually lose energy as they thermalize, the elec-
trons that have successfully crossed the interface into
the semiconductor will continue to lose their excess
energy thereby reducing the probability of their return
into the metal. The positive charges that remain in the
gold, function as holes, greatly limiting the opportunity
for electron—hole recombination. This charge separa-
tion produces a photovoltage, whose maximum value
will be the work function difference between gold and
titanium (~0.9 eV). The hot holes are collected by the
Au/ITO contact completing the circuit.

Devices fabricated with 10 nm layers of TiO, pro-
duced respectrable short circuit photocurrents (Jsc)
in the range 70—120 uA cm 2 when illuminated
with (simulated) one-sun AM 1.5 light. However, the
open circuit voltages (Voc) of these devices were only
~10 mV (Figure 2a) and the devices shorted when a
large external bias was applied, likely due to dielectric
breakdown of the very thin TiO, layer possibly asso-
ciated with defects. Increasing the TiO, layer to 50 nm
produced gold-nanorod/TiO,/Ti devices with stable
Voc as high as 210 mV, a Jsc of 26 uA cm~2, and a fill
factor of 0.3 and a power conversion efficiency of
~0.002% (Figure 2b). The large decrease in current
density is likely due to the poor crystallinity of the
TiO, reducing its conductance, thereby increasing
recombination events in the thicker film prior to the
electron's reaching the Ti electrode (Supporting Infor-
mation Figure S2). The wavelength response of the
three classes of devices fabricated shows that only
for the devices fabricated with 50 nm of TiO, does the
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Figure 2. (a) Measured short circuit current densities (J;.) and open circuit voltages (V,) as a function of the TiO, films
thickness. The error bars indicate the range of values measured for devices of nominally equal TiO, film thickness. Note the
logarithmic ordinate scale. (b) Current vs voltage response of a plasmonic photovoltaic device based on Au nanorods coated
with a conformal 50 nm thick TiO, film measured in the dark (black squares), and with one sun (AM 1.5) illumination (orange

circles).

semiconductor contribute measurably (~25%) to the
device's overall efficiency (Figure 3). With 10 and 30 nm
layers of the semiconductor, the TiO, contributes,
respectively, 5% and 10% to overall device's photo-
current. And with visible light illumination (4 > 420 nm)
only photoprocesses in the metal contribute to the
photocurrents in all of the devices. Accordingly, the
cell's action is not determined by the semiconductor's
bandgap, which for TiO, would have limited the cell's
response to the ultraviolet, but by the energy con-
straints related to the metal nanostructure's plasmon
resonances.

Our conclusion that the observed photocurrents
are almost wholly due to surface-plasmon absorption
in the metal is corroborated by photocurrent spectro-
scopy measurements. The incident photon-to-electron
conversion efficiency (IPCE) under short circuit condi-
tions is shown in Figure 3b as a function of wavelength
for devices fabricated with 10, 30, and 50 nm TiO;, layers.
For comparison, we include the absorption spectrum of
the gold nanorods coated with 10 nm TiO, (Figure 3a),
determined using an integrating sphere, which shows
the expected wavelength shift for the transverse plas-
mon maximum from ~510 to ~580 nm on coating
the Au nanorods with TiO, (Supporting Information
Figure S3). The Au nanorods also possess a longitudinal
plasmon, whose wavelength is sensitive to the Au-NR's
aspect ratio. In our Au-NR arrays, that feature occurs at
~1150 nm. We observed no significant photocurrent
with illumination in the IR for two reasons: (i) the long-
itudinal modes cannot be formally excited with light
polarized transverse to the rod, as is the case for light
incident normal to our device; (i) more seminally, an
1150 nm plasmon would produce hot electrons with
initial energies <1.08 eV. During approximately the first
one or two picoseconds after the plasmon dephases,
an electron energy equilibration is established by e—e
interaction. One expects relatively few electrons in that
electron-energy distribution to have sufficient energy to
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overcome the device's ~0.9 eV Schottky barrier. This
explains the relatively low current yield due to the
excitation of the longitudinal plasmon. Of course, this
constraint could be ameliorated were one to use a
coating material resulting in a lower Schottky barrier.

We note that IPCE (or external quantum efficiency
(EQE)) values larger than those we report have
been previously claimed for plasmonically enhanced
photodiodes/photoelectrochemical cells?®* 27 and for
plasmonically enhanced photovoltaics.>* However,
for the photoelectrochemical and the plasmonically
enhanced photovoltaic cells, those large values were
obtained only when the device was forward biased.
At zero bias (i.e., when the device functioned as a true
power source), the IPCEs we report are the highest
yet reported.

The action spectra (Figure 3b) show distinct exci-
tonic features at photon energies corresponding to
the absorption spectrum of gold nanorods covered in
TiO,, consistent with the mechanism summarized in
Figure 1a, and indicate that only electrons produced
as a result of surface plasmon decay contribute to
the photocurrents measured with visible light. The
IPCE values measured at ~580 nm increase dramati-
cally with decreasing the TiO, layer thickness (Jsc =
110 uA cm 2 (IPCE ~ 1.0%) for a device with 10 nm of
TiO5; and Jsc = 26 uA cm ™2 (IPCE ~ 0.23%) for one with
50 nm of TiO,, implying an increased extraction effi-
ciency of hot electrons with decreasing TiO, thickness
(Figure 2a). This observation also suggests that improv-
ing the crystallinity of the TiO, should lead to improved
collection of hot electrons over what is possible
with the amorphous films produced by ALD.?® It also
suggests the possibility of finding insulator or semi-
conductor materials with better “electron filtering”
performance than TiO,. The near constancy with in-
creasing TiO, thickness of IPCE for illumination wave-
lengths in the range 300—400 nm (i.e.,, when Aw >
E4mio2) is consistent with our reasoning that the major
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Figure 3. Extinction spectra and wavelength dependent photoresponse of plasmonic photovoltaic device. (a) The absorption
spectrum of gold nanorod arrays capped with 10 nm ALD-deposited TiO, film (orange squares) on a ~100 nm thick ITO coated
glass substrate, measured by separating the absorptance from the transmittance and both specular and diffuse reflectance
in an integrating sphere. (b) Incident photon-to-electron conversion efficiency (IPCE) spectra plotted as a function of
wavelength of the incident light, of devices fabricated with TiO, layers of varying thickness (t): (i) 10, (ii) 20, and (iii) 50 nm. The
IPCE values were determined by using wavelength cutoff filters. The number of incident photons in each wavelength tranche
was measured with a calibrated Si photodiode. The IPCE value is plotted as the solid square in the center of each tranche, while
the cutoff wavelengths of the two adjacent cutoff filters that defined the wavelength tranche are shown as solid horizontal
lines. (c) Internal quantum efficiency (IQE) spectra as a function of wavelength plotted for devices with TiO, thickness () (i) 10,
(ii) 20, and (iii) 50 nm. The IQE reflects the absorbed photon-to-hot-electron injection and collection efficiency of the device.
The right-hand panel shows: (d) the absorption spectrum of a 10 nm gold film deposited on ITO, then covered with 10 nm of
ALD-deposited TiO, followed by 50 nm of Ti metal (device schematic is inset in (d)) with corresponding (e) IPCE and (f) IQE

spectrum. All measurements were carried out at zero bias.

causes of carrier loss are unfavorable recombina-
tion and scattering events occurring in the TiO,
layers. Negligible photocurrents were measured for
photon energies, gosg < Aw < Awsp ruling out internal
photoemission as a major contribution for observed
photocurrents.?® Finally, the short-circuit photocur-
rents produced are determined largely by the photon
capture efficiency, and by the internal quantum effi-
ciency, IQE, defined as the number of hot electrons
injected from the plasmonic metal into the semicon-
ductor per absorbed photon, assuming all the injected
electrons are collected at the contacts (Figure 3c). IQE is
evaluated by dividing IPCE by the fraction of incident
photons absorbed by the gold nanorods at a given
wavelength. For gold nanorod devices coated with
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10 nm TiO, layers, the maximum IQE was ~2.75%. It
is worth noting that in contrast to semiconductor-
based PV cells, where the IQE is weakly dependent
on wavelength, the IQE of a plasmonic device is
more strongly wavelength dependent. We believe
this is because the absorption spectrum of our device
(Figure 3a) contains two types of contributions: a short
wavelength absorptance (at ~350 nm) that is domi-
nated by direct single-electrons absorptions, i.e. band
to band absorptions in the TiO, and interband transi-
tions in the gold, and the 550 nm absorption due
to the plasmon. The observed IQE vs wavelength data
(Figure 3c) suggests that for the devices with the
thinnest TiO, layer, the former are not as efficient as
the latter in producing extractable carriers. In a normal
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photovoltaic, all of the current results from band to
band transitions and therefore result in photocurrents
with greater uniformity of efficiency.

That plasmonic production of hot electrons in-
creases the IQE values dramatically is demonstrated
by comparing the performance of our Au nanorod
device to a metal—insulator—metal (MIM) device of
similar construction but using a continuous gold film.
Figure 3e,f report the IPCE and IQE values for such a
nonplasmonic MIM device (depicted schematically in
the inset to Figure 3d) constructed using a 10 nm Au
thin film capped with 10 nmTiO, layer (see Methods
section). The device's IPCE and IQE values are very low
across all wavelengths with a maximum IPCE of 0.5%
and IQE of 1.5% observed at hiw > Eg. Its absorption
spectrum (Figure 3d) shows strong absorptions only at
wavelengths shorter than ~400 nm where the band-
to-band (hw > Eg) absorptions by the TiO,, and the
(mostly d to sp) interband transitions of the gold occur.
It is hard to determine the relative contribution of the
gold and the TiO, to the observed IQE in the <400 nm
region. However, the low value of IQE for hw > E
implies that to whatever extent the TiO, contributes
to the photocurrent its energy conversion efficiency is
very low, likely on account of its poor crystallinity.
Continuing this line of reasoning in regard to the IQE
values of the plasmonic devices (Figure 3c) for wave-
lengths shorter than 400 nm, and noting that the IQE
values in that spectral region does not scale with the
thickness of the TiO, layer used, one concludes that the
gold nanorods contribute a fraction of the photo-
current in these devices even in the wavelength region
A <400 nm.

We note in passing that the plasmonic solar cells
reported here showed significant stability against
photo-oxidation and high ambient humidity. Figure 4
shows the current—voltage response of plasmonic
gold nanorod solar cells coated with 50 nm of TiO, at
simulated one-sun AM 1.5 illumination after 30 days
of open-circuit exposure to ambient atmosphere and
lighting. The cell showed less than 8% decrease in short
circuit current, and the open-circuit potential actually
rose by ~5% during the aging period. This translated in
a decrease in overall power conversion efficiency of
only ~5% following a month-long aging test. Soaking
the device in DI water for 24 h at open-circuit condi-
tions resulted in less than 10% reduction in the overall

METHODS

Device Fabrication. Devices were fabricated on gold (10 nm)
coated ITO substrates, which served as the Ohmic front contact
through which light is incident. The gold front electrode
absorbed (and therefore wasted) approximately 15% of the
incident radiant energy. The fabrication method of gold nano-
rod arrays using templated electrodeposition was reported
previously.3 Briefly, high purity, 1 um thick, aluminum films
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Figure 4. Current vs voltage response at simulated one-sun
AM1.5 illumination for a typical plasmonic photovoltaic
device (Au nanorods conformally coated with a 50 nm thick
TiO, film) upon first exposure to light, after 43 200 min of
exposure to ambient atmosphere and light and after 1440 min
of water soaking at open circuit conditions.

power conversion efficiency. The devices' response to
environmental challenges contrasts with the behavior
of traditional (and organic) photovoltaics for which atmo-
spheric humidity often dramatically reduces efficiency.

CONCLUSIONS

We report a plasmonic photovoltaic device in which
the majority of charge carriers are derived from the
excitation of surface plasmons in gold nanorods that
operates like a traditional photovoltaic delivering
power into a load without the assistance of a forward
bias and characterized by respectrable values of open-
circuit voltage, short-circuit current and fill factor. The
device consists of a dense array of vertically oriented
gold nanorods ALD-coated with a thin layer of a wide-
band gap oxide (TiO,) and a low work function metal
(Ti). Under short circuit conditions, these cells extract
hot-electrons with visible wavelength IPCE values of
~1.0% and IQE of 2.75%, considerably higher than
what has been reported previously for plasmonic
photovoltaics under zero-bias conditions. The cells
show noteworthy stability in accelerated aging tests.
The short-circuit current densities and open-circuit
potential depend markedly on the oxide layer quality
and thickness, pointing the way to future strategies for
improving the devices' performance, that would lead
to the construction of “all-metal” photovoltaics with
significant power conversion efficiencies.

were e-beam deposited on Au/ITO substrates, then electro-
chemically anodized to form porous aluminum oxide (PAO)
with pores averaging ~30 nm diameter.3' The pores were
widened to a final diameter of ~100 nm in 5 wt % phosphoric
acid, which also completely removed the barrier layer at the
alumina/aluminum interface, thereby facilitating DC metal elec-
trodeposition. Gold nanorods (rod lengths ~500—550 nm)
were electrodeposited inside the pores. The alumina matrix
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was removed by chemical etching and the gold nanorod array
was conformally coated using atomic layer deposition (ALD)
with TiO; films ranging from 10 to 50 nm in thickness. Prior to
ALD deposition, the gold nanorods were subjected to an O,
plasma treatment for 2 min at 100 mW. ALD of TiO, was carried
out in an Oxford FlexAl ALD tool at 200 °C using tetrakis-
(dimethylamino)titanium (TDMAT) and water as precursor and
reactant, respectively. Devices were annealed at 500 °C for
60 min under ambient atmosphere to improve the crystallinity
of the TiO,. A 50 nm thick layer of titanium, which functioned as
metal M2, and 50 nm thick gold film that served as the Ohmic
back contact were e-beam deposited through a shadow mask.
For a nonplasmonic MIM device, 10 nm gold film was e-beam
evaporated on ITO/glass substrates at a rate of 0.1 A/s followed
by ALD deposition of 10 nm TiO; film. The device was then
capped with 50 nm titanium and 100 nm gold to form Ohmic
metal back contact. The ITO serves as the transparent front
contact.

Device Characterization. The photoresponse of the devices
was evaluated under 100 mW cm~2 standard air mass 1.5 global
(AM 1.5) sunlight with cells placed on a controlled temperature
block to reduce heating. The light source was a 300 W xenon
arc lamp. Intensities were determined using a calibrated Si
photodiode. A 0.1 cm? shadow mask that limits the beam size
to an area smaller than the area of back contacts (0.2 cm?) was
carefully aligned between the light source and the solar cell; this
defined the active area of the device. Current—voltage curves
were measured using a Keithley power supply at a voltage ramp
rate of 0.01 V/s. IPCE was estimated using a set of cutoff optical
filters with varying short-wavelength cutoff, by measuring the
current density under short circuit conditions and the photon
flux for each wavelength region using the calibrated Si photo-
diode. The IQE was estimated using absorption measurements
deduced from the transmission and (specular plus diffuse)
reflectance spectra of the device measured using an integrating
sphere and fiber-optic coupled monochromator.
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