Photoelectric Energy Conversion of
Plasmon-Generated Hot Carriers in
Metal—Insulator—Semiconductor

Structures

F. Pelayo Garcia de Arquer, Agustin Mihi, Dominik Kufer, and Gerasimos Konstantatos™*

|CFO—Institut de Ciéncies Fotoniques, Mediterranean Technology Park, 08860 Castelldefels, Barcelona, Spain

ABSTRACT Plasmonic excitation in metals has received great attention for light localization and
control of light-matter interactions at the nanoscale with a plethora of applications in absorption
enhancement, surface-enhanced Raman scattering, or biosensing. Electrically active plasmonic devices,
which had remained underexplored, have recently become a growing field of interest. In this report we
introduce a metal —insulator—semiconductor heterostructure for plasmo-electric energy conversion, a
novel architecture to harvest hot-electrons derived from plasmonic excitations. We demonstrate
external quantum efficiency (EQE) of 4% at 460 nm using a Ag nanostructured electrode and EQE of
1.3% at 550 nm employing a Au nanostructured electrode. The insulator interfacial layer has been
found to play a crucial role in interface passivation, a requisite in photovoltaic applications to achieving
both high open-circuit voltages (0.5 V) and fill-factors (0.5), but its introduction simultaneously
modifies hot-electron injection and transport. We investigate the influence passivation has on these

processes for different material configurations, and characterize different types of transport depending on the initial plasmon energy band, reporting

power conversion efficiencies of 0.03% for nanopatterned silver electrodes.
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lasmonic structures offer unique ca-

pabilities to control light-matter inter-

action in the nanoscale.! The ability
to manipulate photon absorption, emission,
and localization to artificially modify the
photonic density of states in such structures is
of great interest for several applications such
as sensing, medicine, quantum optics and
energy conversion>™> Once a plasmonic
mode has been excited, it can be damped
through a number of pathways: reradiation or
scattering of light, and the promotion of elec-
trons to the conduction band of the metal®
These excited electrons lose their energy by
electron—electron or electron—phonon scat-
tering, resulting in dissipation of heat to the
structure.”® The latter is a lossy phenomenon
which has impeded the use of metals from
effectively harvesting light. However, in the
presence of a Schottky junction in the vicinity
of hot carrier generation, it has been shown
that their collection is possible before cooling
via tunneling through the Schottky barrier.>'°
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Plasmonic resonances in metals depend
both on material properties and geometry.
In particular, metal nanostructures support
localized surface plasmon resonances (LSPRs).
These collective electron oscillations intro-
duce highly tunable additional quantized
electronic states, whose tailored absorption
is followed by the creation of very strong and
localized electromagnetic fields.! These phe-
nomena have been widely employed in op-
toelectronics to improve the performance of
solar cells and photodetectors, relying on
the increased optical absorption in the vicinity
of such structures. Unlike semiconductors,
where light is absorbed within a thickness of
1 um (for direct bandgap semiconductors) to
100 um (for indirect-bandgap semiconductors),
appropriately designed metal nanostructures
exhibit total light absorption within thick-
11714 or show omnidirec-
tional coupling.”® The direct use of LSPRs
to harvest light would open the exciting
possibility of creating artificial materials with

nesses below 90 nm
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a tailored absorption, but without the bandgap limita-
tions of bulk semiconducting materials.”

The injection of excited electrons from metal nano-
particles into high band gap semiconductors has been
demonstrated to be an efficient process.'® On that
basis, metal nanostructures have been employed in
photocatalytic devices and dye-sensitized solar cells.'”'®
Solid-state photodetectors relying on hot-electron
harnessing have also been reported utilizing tunable
resonant nanoantennas for hot-electron transfer from
gold antennas to Si or graphene.®'® Nishijima et al.
reported TiO,/Au Schottky electrolyte-based diodes,
where hot-electrons are transferred to TiO, from Au
nanoantennas which were regenerated in the pre-
sence of an electrolyte."” Patterning the metal elec-
trode, Lee and co-workers studied hot-electron injection
in TiO,/Au diodes.® A detailed study of plasmonic photo-
sensitization of a TiO, photoconductor with embedded
Au nanoparticles (NPs) was also reported, relating the
dependence of hot-electron transfer with absorption in
the NPs, and calculating the effective dielectric constants
of the resulting composites.®® Recently, the effect of
metal nanoparticles as sensitizers in TiO,/spiro-O-MeTad
device was reported as a solid-state alternative?' The
possibility of collecting the hot electrons in structures
other than Schottky junctions was presented by Wang
et al> The authors present a complete theoretical analy-
sis of metal—insulator—metal (MIM) devices, where
excited surface plasmon polaritons provided by a
Kretschmann coupling mechanism result in hot elec-
trons tunneling through the insulator barrier. In sum, to
date, photoconductors, Schottky, and MIM diodes
showing plasmonic-based hot-carrier generation have
been reported as a promising route toward energy
harvesting. However, important figures of merit for solar
cells such as open-circuit voltage (V) and fill factor (FF)
and their origin of optimization have largely remained
unexplored. In this work we report a novel architecture
to harvest solar energy with the use of hot-carriers
derived from the plasmonic excitation of metal nano-
structures, and investigate the crucial role of the metal—
semiconductor interface in transport to achieve high
Voc and FF.

RESULTS AND DISCUSSION

We demonstrate here all-solid state hot-electron
based solar cells, consisting of a high bandgap semi-
conductor (TiO,) Schottky junction with a nanotex-
tured metal contact. To take advantage of excited
hot-electrons a number of conditions need to be simulta-
neously satisfied: (i) an incident light to LSPR efficient
coupling structure compatible with device architec-
ture, (ii) a static electric field to separate plasmonically
created electron—hole pairs in the metal before they
thermalize, and (iii) a passivation layer in the interface
to reduce recombination and control the junction. In
the present work we rely on TiO, nanotextured films to

GARCIA DE ARQUER ET AL.

pattern a top-evaporated metallic contact, in such a
way that metal serves both as a source of hot-electron
generation and as the cathode. Alumina (Al,Os) bar-
riers have been widely used to reduce recombination
in dye sensitized solar cells.*** To mitigate recombi-
nation due to traps at the interface, we introduce a
passivation layer of alumina between them and study
the effect on hot electron transfer and device perfor-
mance, depending on the LSPR excitation for different
metals.

The schematic of the reported structures is shown in
Figure 1.TiO; films are deposited on top of transparent
conducting oxides. Flat devices (Figure 1a) consist of
50 nm of TiO, (anatase) deposited by atomic layer
deposition (ALD) on top of an indium tin oxide (ITO) flat
film and were used as control devices. Nanotextured
devices are fabricated from TiO, nanocrystals spin-
coated on top of a fluorine tin oxide (FTO) electrode
(see Materials and Methods section). The morphology
of the resulting films prior to metal deposition is shown
in Figure 1¢,d, as characterized by atomic force micro-
scopy (AFM), revealing random features of around
80 nm height in the patterned devices as opposed to
the flat control ones. After metal evaporation, the contacts
follow TiO, roughness, thus being flat or textured depend-
ing on the substrate. The absorption of patterned and flat
electrodes deposited over glass is shown in Figure 1ef.
Nanotextured metal—semiconductor structures provide
much higher coupling efficiency, showing a resonance
peak around 475 nm. Flat films on the other hand do not
exhibit such a large absorption or a well-defined plasmon
resonance, which is also supported by numerical simula-
tions (see Supporting Information, section S1). This differ-
ence can also be visually inspected by looking at the back
of the metal contacts (Figure 1ef insets). The gray,
metallic-like reflection from the back of the flat contact
is in accordance with a reflection from a flat metallic
silver surface. Nanotextured samples exhibit yellow-orange
colors, indicative of increased in-coupling and a modified
plasmon resonance due to film roughness. The external
quantum efficiency (EQE), which is the number of
generated carriers per incident photon (also called
IPCE—incident photon to carrier conversion), of textured
and flat devices is shown in Figure 1ef, respectively.
Patterned devices show a well-defined resonance close
to 460 nm, in agreement with the absorption profile of
similar films, whereas the EQE of flat devices does not
show any resonance but instead follows a Fowler law (see
Supporting Information, section S2).

A hot-carrier photocurrent is obtained when ener-
getic electrons derived from LSPR damping are
emitted over or tunnel to the semiconductor (Figure 2a
dashed lines). This mechanism has three competitive
processes, which might impede electrons in the metal
from reaching the TiO,. Excited electrons can be lost via
intraband thermalization (dashed arrows Figure 2a,d),
interband transitions, or surface recombination at the
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Figure 1. Flat and nanopatterned device structures. Flat control device structure consisting of ITO—TiO,—Al,03—Ag layers:
(a) schematic and (c) AFM image. Nanopatterned device structure consists of FTO—TiO,—Al,05;—Ag layers: (b) schematic and
(d) AFM image. Typical dimensions included in panel a. EQE (marked lines) and absorption (solid lines) in the metal for similar
films on glass, both for flat device (e) and patterned device without spacer (f). The insets show photographs of the metal
contact as seen through the TiO,, illustrating the difference of flat and nanopatterned metal electrodes and the arising
plasmon resonance.
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Figure 2. The effect of the interface on the junction properties and resultant /—V characteristics. LSPR excited by an incoming
photon can result in the creation of an electron—hole pair, which can be split by the built-in field in the interface. Un-passivated
interfaces (a) contain traps that can result in Fermi level pinning deteriorating the junction from the ideal case (solid versus
dashed lines, respectively). This results in a suppression of open-circuit voltage (V,.) and no power conversion efficiency (PCE)
(c). Passivation of interface states prevents pinning (b). Depending on their energy, the excited electrons can either tunnel to the
TiO, or undergo Schottky emission over the barrier. The height of the barrier determines the difference of metal work-function
(Wy) and insulator electron affinity (yins). (d) Current—voltage characteristics in dark and under simulated AM1.5G solar
illumination of a typical passivated device with 1 nm of alumina. Capacitance—voltage spectroscopy of un-passivated devices (e)
and passivated devices (f) revealing the appearance of a built-in potential (Mott—Schottky analysis shown in the inset).
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Figure 3. Solar cell parameters as a function of Al,Os thickness (0) for Ag electrodes. (a) Short-circuit current (J,), (b) fill-factor
(FF), (c) Voo, and (d) PCE. Error bars correspond to the standard deviation and an average in the plotted parameter for at least
five similar devices. Champion values for each parameter are also shown (triangle marker). A maximum PCE of 0.029% is

found for 6 = 0.5 nm.

interface.5%2 The first two processes are intrinsic to both
metal and geometry,>® whereas the third factor can be
mitigated by controlling the passivation at the interface.
The current—voltage characteristic of the device shows
very high photocurrent despite the absence of photovoltaic
effect (Figure 2¢). Without a protective barrier (Figure 2a
solid lines), the Ag-TiO, interface surface states result in
Fermi level pinning and a reduced built-in potential
compared to the theoretical one, which would be derived
from the difference of metal workfunction and semicon-
ductor Fermi level®® To further corroborate the origin
of open-circuit-voltage and the effect of Al,Os passiva-
tion, we performed capacitance—voltage spectroscopy of
these devices (Figure 2e/f). This reveals that, in the absence
of the insulator layer (Figure 2e), the built-in field vanishes
which results in the absence of open-circuit voltage. The
effect of the Al,Os layer (Figure 2f) leads however to built-
in potentials on the order of 600 mV (see Mott—Schottky
plot in the inset). This value comprises both the Schottky
barrier (®sp) in the semiconductor and the voltage drop
across the insulator.?*?’ In the current structure, electron—
hole pairs derived from LSPR are split when, depending on
their energy, electrons tunnel through or are emitted over
the Al,O;3 barrier. It should be noted that in our structures
hot-carriers generated in the metal and transferred to the
titania rapidly thermalize in the titania to the conduction
band, giving rise to open circuit voltage determined by the
built-in electric field of the junction. Current—voltage
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characteristics of a typical device with 1 nm of Al,O;
barrier are shown in Figure 2d, in dark and under
AM1.5G simulated illumination, demonstrating the ability
of these metal—insulator—semiconductor (MIS) devices
to harvest solar energy and convert it to electricity. To
experimentally assess the contribution of plasmonic hot-
electrons in the total PCE, we performed measurements
under solar irradiation employing various filtering condi-
tions to eliminate photon absorption from the TiO, phase
in the devices. In doing so we find that ~80% of J is
attributed to hot electron generation (see Supporting
Information, section S3) and the titania contributes with
~20% in the case of Ag-based devices.

The influence of the insulator layer thickness (9),
which determines the transfer of hot-carriers to TiO,,
on device performance is studied in Figure 3, resulting
in an optimized device architecture. Short circuit cur-
rent density (panel a) increases with decreasing o,
indicative of a more efficient transfer of the excited
hot electrons to the semiconductor. This is maximum
in the absence of the Al,O3 barrier, but as previously
discussed, Fermi-level pinning results in a tiny V, and
no net PCE. No appreciable difference is observed for
the dependence of FF and V. on d. For increasing
values of o, FF marginally decreases due to increasing
sheet resistance of the thicker Al,Os film.2” We find that
the dependence of the PCE with thickness is stron-
gly correlated with J;, provided there is no Fermi-level
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Figure 4. Solar cell parameters as a function of Al,Os thickness (9) for Au electrodes. (a) Short-circuit current (J,), (b) fill-factor
(FF), (c) Voc and (d) PCE. Error bars correspond to the standard deviation and an average in the plotted parameter for at least
five similar devices. Champion values for each parameter are also shown (diamond marker). For 6 = 4 nm the tunneling
current is negligible and the subsequent parameters omitted in the plots.

pinning. The maximum PCE = 0.029% is found for d =
0.5 nm devices, with short-circuit current density (Js.) of
0.14 mA cm™2, V,,. of 0.48 V, and fill-factor of 0.46.
The spectral harnessing potential of these structures
can be selected by the choice of the metal and/or
geometry, which will modify both the electrical and
optical properties of the devices, due to the change
in workfunction, and the shift of the corresponding
plasmon resonance. We proceed now to study the
effect of the alumina layer for gold electrodes (Figure 4).
Capacitance—voltage spectroscopy measurements of
these devices (see Supporting Information, section S4)
reveal a reduced built-in potential, around 300 meV, as
compared to 500—600 meV for silver. These lower built-
in potentials are subsequently accompanied by lower
open-circuit voltages (Figure 4c). Short-circuit currents
(Figure 4a) are also lower in this scenario (around one
order of magnitude), and increase with decreasing alumi-
na thickness as in the silver case. Despite a similar trend in
efficiency with thickness, it is evident that both the
electronic properties and the plasmo-electric conversion
performance of devices with gold electrodes are different
compared to silver. By studying the bias dependence of
hot-electron injection in both scenarios we attribute the
origin of these differences to the different types of electron
transport through the interface in both configurations.
The EQE of Ag-based devices is shown in Figure 5a,
to illustrate their bias dependence. It is worth noting
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the difference in amplitude of the EQE of these devices
(with Al,O3 barrier) with the EQE of the device in
Figure 1f (without Al,Os barrier). This comes as a
consequence of the introduction of the thin alumina
barrier, which reduces the efficiency of the hot carrier
injection. The EQE in this case is weakly dependent on
the external bias as shown in Figure 5a, which could
indicate thermionic emission as the main mechanism
of electron transfer; photoexcited electrons in the Ag
have energies near the band-edge of the alumina
barrier. The height of the Ag—Al,O3 barrier can be
estimated via photoemission by fitting the obtained
spectrum from a flat device.?® This yields an effective
barrier of approximately 2 eV (see Supporting Informa-
tion, section S2), which is in good agreement with the
difference of Al,Os electron affinity, taken from other
studies for a similar fabrication process,’® and the
reported values of the workfunction of Ag (~4.7 eV).
The thermionic emission transport is further supported
by the observed dependence of the photocurrent for
nanopatterned devices at short-circuit conditions,
which depends on the square root of barrier thickness
following a law | exp(—aém),29 (see Supporting
Information, section S5).

The case of gold (Figure 5b) is different, showing a
pronounced bias dependence on EQE. In the absence
of bias, the EQE of these devices is roughly one order
of magnitude smaller than for silver, which is in
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Figure 5. Comparison of silver and gold and the effect of
reverse bias (Vg). (a) Silver and (b) gold. Note gold EQEat 0 V
has been scaled (x10) to facilitate interpretation. Sche-
matics illustrating the transport properties for each config-
uration are shown in the respective insets. Electrons derived
from Ag LSPR can be emitted over the barrier, whereas Au
LSPR electrons will undergo Fowler—Nordheim tunneling.
The EQE of devices with ITO electrodes is shown for com-
parison, to discard TiO, midgap states as the origin of
photosensitization.

agreement with the reduced J,c and PCE shown in
Figure 4. In the presence of reverse bias the EQE for
gold devices is markedly increased, from roughly
0.03% up to around 1.3% at the plasmon resonance
for 1V of reverse bias. The different behavior compared
to silver can be accounted for by the different nature
of electron transport across the insulator. In this case
it is found that the dominant mechanism is Fowler—
Nordheim field-assisted transport.?° This type of transport
obeys an exponential dependence law of the type I «<
exp(—ad) with barrier thickness,®® which is in excellent
agreement with the fits of the experimental photocurrents
at short-circuit conditions and 635 nm illumination for
different barriers (see Supporting Information, section S6).

To eliminate possible midgap states in the titania as
the source of visible photosensitization in these de-
vices we fabricated devices in which the metal has
been replaced by a transparent conductive oxide (ITO).
Figure 5 shows the spectral EQE of these structures and
the absence of visible response as opposed to the case
of metal-based structures demonstrates the plasmonic
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Figure 6. Short-circuit current dependence with incident
light intensity for gold and silver. Statistics also included for
at least three different measurements (when not shown
error-bars smaller than the corresponding symbol). The
data are linearly fitted, the slope a yielding the power law
dependence of the current (/ o< P%).

generation of hot carriers in the metal as the source of
the sensitization in those devices.

Intensity dependent measurements of short-circuit
current are shown in Figure 6. A linear law between
short-circuit current and incident light power (/ =< P%) is
expected for generation-limited devices. In our case
both silver (oc & 0.90) and gold (a = 0.97) are close to
unity, suggestive of the absence of space charge
formation as the limiting factor in the performance of
these devices.>° An additional asset of these plasmonic-
based devices is their potentially superior long-term
stability compared to other technologies.?' In our
architectures, silver devices are stable within 22%
performance degradation after 2 months of storage
(Supporting Information, section S7).

CONCLUSIONS

The major roadblock toward higher performance
stems from the low quantum efficiency of this archi-
tecture. This initially modest number, far from the
injection yield obtained in similar processes,'® might
have its origin in a combination of the following: (i) a
poor efficiency of electron—hole generation over photon
reradiation for LSPR damping in the current structure,®
(ii) small tunneling probability, and (iii), cooling and re-
combination rates of electrons in the metal faster than
the tunneling rate into the semiconductor.” These limits
could be surmounted with the use of more complex
metallic structures, with tailored photonic density of
states able to increase the plasmon to hot-electron
conversion efficiency, and by manipulating the interface
electronic properties. A proper design of the plasmonic
nanostructures can modify the rates of radiative and
Landau damping mechanisms, resulting in favorable
hot electron generation.®” The use of structures sup-
porting Fano resonances could also reduce reradiation
channels increasing hot electron generation rates.'”
Engineered geometries seeking toimprove hot-electron
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collection from emitting nanostructures and the re-
search of novel passivating layers will also open exciting
opportunities to control the transport and electronic

MATERIALS AND METHODS

Device fabrication. ITO-coated glass substrates were pur-
chased from Stuttgart University and were cleaned with ace-
tone, ethanol, and DI water under sonication 10 min each in
sequence before use. FTO-coated glass substrates were pur-
chased from Xop Fisica and cleaned with the same procedure.
TiO; films were deposited on top of FTO substrates as reported
elsewhere®' Flat devices were fabricated by atomic layer
deposition (ALD) of 50 nm of TiO, over ITO substrates. TiO, and
Al,O3 were deposited by atomic layer deposition (Savannah 200,
Cambridge Nanotech). Water and trimethylaluminium were used
as precursors of Al,O3 with open valve times of 0.05 and 0.10 s,
respectively, followed by 65 s pump time (1.1 A per cycle). The
chamber was kept at 150 °C during the deposition process. TiO,
coatings were fabricated from water and titanium isopropoxide;
valves were set to 0.015 and 0.065 s, respectively, followed by 10 s
pump time (0.025 A per cycle). The deposition chamber tem-
perature was held at 200 °C. All TiO, substrates were heated
at 120 °C for 30 min to remove moisture traces prior to ALD.
There was 300 nm of metal deposited on a Kurt J. Lesker Nano
36 system ata rate of 0.5 A s~ for the first 30nmand 1.5 A s~ for
the remaining 250 nm, at a base pressure lower than 2 x 10°°
mbar. Final thickness was controlled together with deposition
rate monitoring via a quartz crystal. A 200 nm thick ITO film
was deposited by DC magnetron sputtering (AJA International
Orion 8) at room temperature. The sputtering was carried out at
60W DC-power and at a working pressure of 2 mTorr in a 5% in
oxygen argon atmosphere. A shadow mask with circles of 2 mm
diameter was used to define the contact pads area.

Device Characterization. All device characterization was per-
formed in ambient conditions. Current—voltage characteristics
were recorded using a Keithley 2400 source meter. lllumination
intensity of AM 1.5 was accomplished using a solar simulator
(Newport Oriel Sol3A class AAA). A shadow mask was placed just
before our device so that incident light area matches with the
device area. To avoid charging/discharging during EQE mea-
surements, devices were illuminated by a Newport Cornerstone
260 monochromator modulated with a 20 Hz chopper, and the
short circuit current measured with a Stanford Research System
SR830 Lock-In amplifier, in series with a 500 Q resistor and a
Keithley 2400 to establish the voltage across the devices. To
avoid impedance mismatches, the obtained spectra were nor-
malized accordingly to the obtained responsivities under a
406 nm laser illumination with a frequency of 50 mHz and a
power density of 2 mW/cm? measured with a Keithley 2636
source meter. Short-pulsed and continuous-wave illumination
at 406 and 635 nm was achieved by controlling a 4-channel
LASER with an Agilent 33220A waveform generator.

Absorption Measurements. Total absorption of our films was
measured using a Cary 5000 UV—vis—NIR spectrophotometer with
an integrating sphere attachment. The size of the samples was
increased to 1in. x 1 in. to match reflection and transmission ports.

Atomic Force Microscopy. Atomic force microscopy (AFM) stud-
ies were carried out using a tapping mode Vecco Dimension 3100
system.

Capacitance—Voltage Spectroscopy. Capacitance—voltage char-
acteristics were measured using an Agilent E4980A LCR meter,
with an AC signal modulation of 1 kHz and 50 mV amplitude.

Finite-Difference Time-Domain Simulations. Finite-difference time-
domain simulations (FDTD) were carried out using Lumerical
FDTD solutions suite version 8 (http://www.lumerical.com).
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