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The use of self-assembled monolayers (SAMs) to improve and
tailor the photovoltaic performance of plasmonic hot-electron
Schottky solar cells is presented. SAMs allow the simultaneous
control of open-circuit voltage, hot-electron injection and short-
circuit current. To that end, a plurality of molecule structural para-
meters can be adjusted: SAM molecule’s length can be adjusted to
control plasmonic hot electron injection. Modifying SAMs dipole
moment allows for a precise tuning of the open-circuit voltage.
The functionalization of the SAM can also be selected to modify
short-circuit current. This allows the simultaneous achievement of
high open-circuit voltages (0.56 V) and fill-factors (0.58), IPCE
above 5% at the plasmon resonance and maximum power-conver-
sion efficiencies of 0.11%, record for this class of devices.

Introduction

The unique light-matter interaction of plasmonic systems has
seen an increasing interest in the field during the last decades,
with applications in bio-sensing," photodetection,> and light
energy harvesting.” In particular, the use of metallic nano-
structures has proved beneficial in a number of systems, from
photovoltaics®™® to photodetectors.””® The enhanced perform-
ance in these devices typically stems from the superior light
trapping characteristics of such structures, which yield
increased absorption in the surrounding semiconductors.
In those approaches, metal nanostructures act as passive
elements that introduce parasitic ohmic losses. However, it
was shown recently that, a direct photoelectric energy conver-
sion from light absorbed in the metal is within reach, by prop-
erly harnessing the hot-electron population derived from
the Landau damping of these plasmonic resonances,’° This
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opens the exciting possibility of a new sensing and light har-
vesting technology, whose spectral response can be tailored by
properly modifying the topology of a metal nanostructure, and
is beyond the band-to-band absorption paradigm in traditional
semiconductors." Theoretical predictions set maximum
photovoltaic power conversion efficiencies that range from
10% to 22% depending on the applied model for hot electron
population and emission.>"** Reported experimental values
are, however, far from this limit challenging the community
for new advances in plasmonic hot-electron photovoltaics.

One critical step in order to achieve efficient hot-electron
optoelectronic devices is the collection of the plasmonically
derived hot-electron population before it thermalizes via
the coexisting electron-electron and electron-phonon
scattering."®>**® To this end, metal-semiconductor (MS)
Schottky junctions have been employed,""'**® that take advan-
tage of the built-in field in the vicinity of the metal nanostruc-
ture to separate the photogenerated carriers. The use of metal-
insulator-metal architectures was also successfully employed
for hot-electron photodetection."*® Photovoltaic devices
require the concurrent achievement of an open-circuit voltage
(Vo) and a short-circuit current (Jg.), which was hindered in
previous works by detrimental interface states resulting a
Fermi-level pinning and the suppression of V,.. The crucial
role of the metal-semiconductor interface for photoelectric
energy conversion and photovoltaics was recently reported,’
where it was shown that, by the inclusion of an ultrathin Al,O;
insulator layer, a high V,. and FF can be achieved. This
inorganic based approach, however, limits the roadmap of
plasmonic hot-electron solar cells for it does not allow the
simultaneous control over V,. and Js, an important step
required in exploiting the exotic physics of these devices for
reaching higher performance. Instead, a more versatile
approach can be envisaged through the exploitation of mole-
cular species in self assembled monolayers.”” Molecules,
unlike inorganic wide bandgap semiconductors, possess a
plurality of structural parameters that can be tuned in these
systems: the length of the molecule, the conjugated or ali-
phatic character and the end-functional groups that serve to
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strongly bind on a given surface and passivate electronic
defect states.>’ > Not to exclude also their solution process-
ability which is a significantly lower cost manufacturing
process compared to atomic layer deposition.

In this work we exploit these unique properties of SAM of
molecular species to tune the electronic properties of the
molecular interface in a plasmonic hot-electron photovoltaic
device to simultaneously control Ji. and V,.. We demonstrate
that hot-electron injection efficiency, and thus Jg, can be
modified in a twofold manner by either adjusting the mole-
cular length or their head-functionalization and that a highly
precise degree of control can be exerted over the open-circuit
voltage by modifying the interface dipoles formed by the SAM.
By doing so we report a PCE = 0.11%, the highest up to date to
the best of our knowledge for plasmonic-hot electron photo-
voltaic devices, with high open-circuit voltages and incident
photon conversion efficiencies (IPCE) in excess of 5% at the
plasmon resonance peak.

SAMs to passivate the metal-semiconductor interface

The solar cell structure is shown in Fig. 1a. Briefly, a titanium
dioxide nano-crystalline film electron transport layer is de-
posited on top of a transparent conductive oxide. The cross
sectional scanning electron micrograph (SEM) reveals that the
Ag follows TiO, roughness, in the order of 10-80 nm (ref. 9),
and enables the coupling of incident light to Ag plasmonic
resonances. The optical excitation of the plasmonic resonance
eventually results in a hot-electron population within the
metal.*”

For untreated TiO, films, the presence of surface states due
to the existence of dangling bonds and off-stoichiometry
defects results in a charge localization that modifies the
surface potential and prevents the formation of a built-in
potential in the eventual contact with the metal electrode
(Fig. 1b).” However, these defects can be overcome by passivat-
ing the TiO, surface with a set of molecules that containing a
compatible functional group give rise to a SAM over its surface

200 nm

—/ Y™\
TiO, HoMO VB TiO, _‘I p(x) TiO, N

View Article Online

Nanoscale

(Fig. 1¢).>**®*° In our case we employ carboxylic acid
(R-COOH) functionalized molecules, a commonly used
binding group to TiO,. Once grafted to the semiconductor
surface, the passivation of midgap states is observed as the
Fermi level is shifted (see ESI S17).

The adsorption of an oleic acid (OA) (C1sH360,) SAM to the
TiO, has been monitored with Fourier Transform Infrared
spectroscopy (FTIR) by looking at the different vibrational
characteristics of the molecules (see Fig. 2). The difference in
the symmetric and asymmetric stretching frequencies of the
deprotonated carboxyl group (of the order of 100 c¢cm™)
suggests a bidendate chelating binding mode of COOH to
TiO,.>® In this way each C;3H350, molecule will bind to a Ti
atom in the TiO, slab. After substrate functionalization the

098 Vas(CH2)

0.96

Reflectance

094 Vv,4(COO0-)

0.92 — TiO,/SAM

o TiO/SAM/Ag 3 nm

0.9

1400 1500 1600 2800 2900 3000 3100
Wavenumber (cm™) Wavenumber (cm™")

b TiO,-COOH binding modes
R

LAANLAL

6 @0

O-T-O
O-T-0O
o
O
O,
o

NI /
Ti Ti :
Bidendate |  Bidendate
bridging !  chelating

electrostatic

> H-bonding
atraction

Monodendate

Fig. 2 Molecular bridging mode and integrity of SAM after metal depo-
sition. (a) FTIR reflectance spectra of a TiO2/SAM sample before (solid
line) and after (circle marked dots) the deposition of an ultrathin Ag layer
(3 nm). (b) Possible molecule binding modes. The difference in the sym-
metric and asymmetric stretching frequencies of the deprotonated
carboxyl group of the order of 100 cm™ suggest a bidendate chelating
binding mode of COOH to TiO,.¢ In this way each C;gH360, molecule
will bind to a Ti atom in the TiO,.
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Fig. 1 Molecular interfaces for plasmonic hot electron photovoltaics. (a) Cross-sectional SEM of a plasmonic hot-electron solar cell, comprising a
transparent conductive bottom electrode, a high bandgap semiconductor layer (TiO,) which is covered by a molecular self-assembled monolayer
(SAM). An Ag electrode is used to harvest the hot-electrons generated by plasmonic damping. Without the presence of the SAM (b) TiO, defect
states create a space charge region which would result in Fermi level pinning and no photovoltaic effect upon contact. (c) The SAM allows the passi-
vation of these detrimental states and the simultaneous control over the interface conformation and charge distribution. (d) This ultimately allows
the control over the photovoltaic figures of merit of the plasmonic hot-electron devices.
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most critical step in the fabrication of SAMs junctions is the
deposition of the top electrode, as it can compromise the
integrity of the underlying molecular layer. The influence of
the deposition conditions has been widely studied in other
systems,*®*°™** and soft-electrode transfer or indirect evapor-
ation reported as the less harming methods to the SAM. In our
case we have also found that direct metal evaporation is
capable of maintaining the quality SAMs for low enough depo-
sition rates and temperatures (see Experimental section for
more details). In order to assess the integrity of the OA-metal
buried interface, we first cross-compared the vibrational
modes of the SAM in a TiO,-SAM configuration before and
after metal deposition. We started by monitoring how the SAM
is affected during the first, more aggressive nanometers, where
the bare SAM is exposed to the impinging metal atoms. To do
that, we deposited 3 nm of Ag on top of the SAM and
measured by FTIR in an attenuated total reflection configur-
ation the absorption of the SAM.** The coincidence of the
characteristic stretching frequencies for COO-, CH, and CH;
suggest that the SAM has not been substantially modified after
the first steps of electrode deposition (Fig. 2). The bridging
mode of the SAM constituent molecules remains bidendate
chelating (Fig. 2b) and both the CH, backbone and the CHj;
molecule end are not damaged. To further characterize the
quality of the SAM after the full deposition of the final elec-
trode (where FTIR cannot be employed since both front and
back electrodes are opaque in the relevant IR frequencies), we
sought to take advantage of the strong fields associated with
the plasmonic resonances in the Ag textured electrode, and
measured the SAM vibrational modes by plasmon-enhanced
Raman spectroscopy from the FTO side (Fig. 3a). In doing so
we found that both the (CH;) and (CH,) stretching frequencies
were coincident in both cases, which pointed towards a
majorly undamaged SAM in the final configuration. The
photovoltaic performance of a representative OA device is
shown in Fig. 3b, yielding a V,. of 0.36 V. The average power
conversion efficiency (PCE) of these devices is 0.05%. The
superior performance of this approach, compared to inorganic
passivation schemes,® stems from the higher J,. (0.264 versus
0.140 mA c¢cm™>) of these devices and points towards a more
efficient hot-electron injection from the plasmonic electrode.
The IPCE is shown in Fig. 3c. The spectral response is clearly
dominated by the plasmonic character of the textured elec-
trode and shows a maximum value of 2.1% at resonance. Flat
unpatterned control references consisting of OA functionalized
TiO, atomically-layer-deposited substrates show on the other
hand no significant contribution in the visible region of the
spectrum. We note that in the absence of OA no measurable
photovoltaic response was monitored.’

SAMs to control hot-electron injection and J.

Once the ability of the SAMs to correct detrimental interfacial
states—shown to be critical for the photovoltaic performance
of TiO, metal plasmonic solar cells—has been demonstrated,
we proceed now to study how both the electronic properties
and hot-electron injection mechanism can be controlled in
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Fig. 3 Molecular interfaces to passivate interfacial states. (a) Vibrational
signatures of the grafted oleic acid (C1gH360,) self-assembled mono-
layer (SAM) before and after metal electrode deposition. (b) Current—
voltage characteristics under simulated solar illumination AM 15 G
showcasing the photovoltaic performance of these devices due to
midgap states passivation. (c) The IPCE of these devices illustrates that
the dominant photocurrent generation mechanism is the injection of
plasmonic hot electrons from the Ag metal electrode.

these devices by the modification of the SAM. For that purpose
we started by selecting a set of carboxyl aliphatic chains of
different lengths of the form of R-COOH, where the number of
carbons and saturation of the R chain is modified (Fig. 4a). In
this way, the COOH functional group will bind to the TiO,
surface as shown in the OA case, exposing the unfunctiona-
lized methyl end to the Ag metal electrode.

The adhesion of the different SAMs to the TiO, was verified
by FTIR for all molecules (see ESI S2t). The thickness of the
resulting SAM will modify charge transport and injection
across the nanoscopic junctions, thus offering the possibility
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Fig. 4 Molecular length to control hot-electron injection efficiency. (a) The length of the SAM constituent molecules will determine its thickness,
and can therefore be controlled by selecting a proper set of molecules. As a consequence, the hot-electron injection efficiency (b) is expected to
change as the Ag—TiO, distance diminishes. The IPCE increases as the length of the SAM decreases, from 18C (stearic acid) to 5C (valeric acid) yield-

ing a maximum value beyond 5%. (c). This is correlated with the increase in short-circuit current (d), from 0.25 up to 0.475 mA cm™.

to modulate hot-electron injection efficiency (i.¢) (Fig. 4b).
The IPCE for the different molecules is shown in Fig. 4c,
demonstrating the correlation of the injection efficiency with
the length of the molecules. Longest molecules (such as
stearic acid, with 18 carbons and an approximate length of
22 A) yield the lowest IPCEs, around 2%, whilst the maximum
IPCE (in excess of 5%) is reached with the shortest length
molecule (valeric acid (VA), 5 carbons and approximately 6 A).
The same trend is observed for the short-circuit current
(Fig. 4d), which increases from 0.26 mA cm™> to 0.44 mA cm™>
(average values). A maximum PCE of 0.10% and Js. = 0.50 mA
cm ™2 are obtained for VA. The relevant figures of merit for this
set of devices are shown in Table S3.T The IPCE for an Au elec-
trode with the same SAM is also shown in Fig. S4,f showcasing
the different contribution from the Au plasmonic resonance
and an over an order of magnitude improvement compared to
the best inorganic interfaces.” It can be seen, interestingly,
that there is also a dependence of the open-circuit voltage with
molecules length. Due to the similar dipole moment of the
molecules under study, this trend could be accounted for by a
different packing, orientation and/or density of the molecules
within the SAM. As the textured nature of our substrates
impedes a proper characterization of the SAM density, we con-
sider now a set of molecules with similar geometries but
different dipole moments.

SAMs to concurrently tailor open-circuit voltage and
hot-electron injection

To get further insights into the ability of the SAM to modify
the open-circuit voltage in hot-electron solar cells, we proceed
now to study a set of molecules with fixed structural para-
meters but different chemical functionalities (HOOC-CsH,-X),
such that their dipole moment can be tuned independent of
their length, by the selection of different functional species in
both molecular ends. The electrostatic potential induced by
the molecule’s dipole will result in a local modification of the

2284 | Nanoscale, 2015, 7, 2281-2288
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charges across the interfaces and the vacuum level, thus
enabling the nanoscale control over the band alignment and
electrostatic fields along the interface (see Fig. 5a). In this way
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Fig. 5 Molecular dipoles to control open-circuit voltage. (a) The
electrostatic potential of the SAM can modify the local vacuum level
also changing the effective barrier after contact. The resulting open-
circuit voltage can therefore be tuned by selecting molecules of
different dipole moments. (b) There is a clear correlation of the V. with
molecule’s dipole, which enables to linearly control the V. with a rate
of 104 mv D%,
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we can expect the barrier and the injection to be dominated by
the dipole moment as described in eqn (1).

quc = WAg - ()(sc + an - q¢SAM) (1)

where W), is the metal work function, y. is the semiconductor
electron affinity, qV,, is the energy difference from the Fermi to
the semiconductor conduction band and q¢say is the contri-
bution from the SAM. The latter can be further written as,

By = Ny cos(6) 2)
Eo€r

and depends on the surface density of dipoles (N), their mag-
nitude (1) and orientation angle (¢). Therefore the open-circuit
voltage can be increased by selecting a set of molecules such
that once attached to the TiO, lower the local vacuum level in
the other end (i.e. a negative dipole moment) resulting in an
increase of the net barrier after contact.*>*® The results are
shown in Fig. 5b. Conjugated molecules with lower dipole
moment (benzoic acid and 4-mercaptobenzoic acid) yield con-
sistently the lower open-circuit voltages (0.26 V and 0.32 V
respectively). Molecules with higher dipole moments, such as
4-aminobenzoic (ABA) acid and 4-hydroxybenzoic acid (HBA)
yield on the other hand higher V,.. There is a clear linear
dependence of the obtained V,. with individual molecules
dipole moment, suggesting that both the density of dipoles
and orientation angle is similar in these SAMs. The rate of
change of V,. with dipole moment, calculated from the best
linear fit, yields a value of 104 mV D™". This trend is further
confirmed by the V,-CPD shift dependence (ESI S3f). A
maximum PCE of 0.11% with a V,. of 0.56 V is obtained for
HBA. The relevant figures of merit of this set of devices are
summarized in Table S6.7

On top of the ability of the SAMs to control the open-circuit
voltage in these devices, we interestingly found that a simul-
taneous control can be exerted over the hot electron injection
process and subsequently to Ji. Fig. 6a depicts how hot elec-
tron efficiency varies with the selected molecule that constitute
the SAM. Fig. 6b shows the IPCE peak dependence on the
chemical species of the molecules in the vicinity of the metal.
An evident increase from 2.6% up to 4.5% for HBA (corres-
ponding to 0.273 + 0.040 to 0.440 + 0.03 mA cm™ > respectively)
has been witnessed revealing a trend of increasing IPCE with
increasing binding energy of the exposed chemisorbed func-
tional groups with the Ag electrode.”” We hypothesize that this
could either be attributed to electrical or geometrical effects: a
stronger interaction of the metal-molecule interface and a sub-
sequent higher density of tunneling states would promote hot-
electron injection compared to more weakly interacting inter-
faces;*® in the same way the differences at the SAM/Ag inter-
face arising as a result of the different interaction of the
exposed species with the metal during deposition could yield
to different interface morphologies (i.e. metal penetration into
the SAM and molecule/metal binding configuration) and thus
IPCE and J,..**”° This is supported by the blue-shift observed
in the IPCE of MBA devices. In this configuration, the highly

This journal is © The Royal Society of Chemistry 2015
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Fig. 6 Molecular dipoles to control hot-electron injection. (a) IPCE for
different SAM showing and its dependence with monolayer constituent
molecules. (b) The injection efficiency was found to follow a trend with
the binding energy between the exposed functional group and the
metal electrode.

reactive thiol group may reduce the penetration of metal atoms
through the SAM during the electrode deposition, resulting in
a lower refractive index environment and a subsequently blue-
shifted resonance elucidating the underlying mechanisms
behind this new exciting functionality merits further investi-
gation and will be subject of future work. We note that the
aforementioned trends in solar cell performance are also
maintained for the case of gold electrodes (see ESI S7t), thus
enabling molecular interfacial control as a promising tool for
hot-electron plasmonic optoelectronics.

Conclusions

In summary, we have shown that SAMs is a versatile platform
to tune the metal-semiconductor interface in order to improve
the photovoltaic response of plasmonic hot-electron solar
cells. Molecular linkers can serve to passivate localized midgap
states detrimental to the photovoltaic performance of these
devices also offering the extra functionalities to tune the opto-
electronic properties that go beyond the capabilities of in-
organic layers. The injection efficiency can be tailored by
morphological or electrochemical factors, either by adjusting
the length or the functionality of the constituent molecules. By
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doing so, we report the highest Ji. and IPCE (over 5%) in solid
state plasmonic hot-electron solar cells. We have also shown
that the open-circuit voltage can be further optimized (at a rate
of ~100mV D) by selecting a set of molecules with a proper
dipole moment. This allows the simultaneous achievement of
high open-circuit voltages (0.56 V) and fill-factors (0.58). Com-
pared to their best inorganic passivation scheme counterparts
(ref. 9), or to other plasmonic hot-electron architectures,'>>"
this represents a significant improvement for plasmonic hot-
electron plasmonic based photovoltaics both in terms of
Jses Voe and IPCE. The use of molecular layers to modify inter-
facial properties opens also exciting avenues in hot-electron
photodetectors, where the height of the Schottky barrier, ulti-
mately limiting up to what extent IR light could be harvested,*®
can now be tailored. Further functionalities could be envi-
sioned by studying the interaction of the metal hot electron
population with particular molecular linkers potentially
enabling coherent and/or resonant transport.

Experimental section
Substrates fabrication

ITO coated glass substrates were purchased from Stuttgart Uni-
versity and were cleaned with acetone, ethanol and DI water
under sonication 10 minutes each in sequence before use.
FTO coated glass substrates were purchased from Xop Fisica
and cleaned with the same procedure. TiO, films were de-
posited on top of FTO substrates as reported elsewhere. Flat
devices were fabricated by atomic layer deposition (ALD) of
80 nm of TiO, over ITO substrates (Savannah 200, Cambridge
Nanotech).

SAM functionalization

TiO, substrates were incubated for 24 h in solutions of the
different molecules in toluene. All substrates were annealed at
200 °C for 30 minutes prior to incubation to remove traces of
moisture. The concentration was kept constant for all mole-
cules at 0.2 M when possible, otherwise limited by the satur-
ation solubility of each compound. Incubation baths were
stirred periodically before sample cleaning. TiO, functiona-
lized substrates were cleaned by vigorously rinsing them in
toluene to remove ungrafted molecules. Reincubation and
cleaning processes were repeated for 3 times to ensure mono-
layer coverage.

Electrode deposition

200-300 nm of silver were deposited on a Kurt J. Lesker Nano
36 system. The evaporation conditions were critical so as to
avoid junction damage, which would lead to short-circuited or
unpassivated devices. The chamber base pressure was kept
lower than 1 x 107° mbar for all evaporations. A low evapor-
ation rate was required for at least the first 40 nm (always
bellow 0.3 A s™) after which it could be increased up to 1 A s~
for the remaining thickness. The chamber temperature was
monitored and kept bellow 50 °C. At higher chamber tempera-
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tures device performance deteriorated which we attributed to
increased metal penetration and induced defects within the
SAM in view of the higher kinetic energy of metal clusters inci-
dent on the devices. The final thickness and deposition rates
were controlled with a quartz crystal sensor. A shadow mask
with 2 mm diameter circles was used to define the contact
pads area.

SAMs characterization

After incubation, the presence of the SAMs was assessed by
FTIR spectroscopy (Agilent FTIR spectrometer 660 attached to
an optical microscope and through a 15X Cassegrain objec-
tive). Prior to that, samples were kept in a vacuum chamber for
30’ at a 1 x 10~® mbar base pressure to reproduce pre-electrode
deposition conditions. After electrode deposition the
vibrational signatures of the SAM were acquired with a
Renishaw inVia Raman microscope. Samples were illuminated
with a 532 nm laser excitation from the FTO side and confo-
cally focused on the TiO,-metal interface; the measured
Raman spectrum had a range from 100 to 5000 cm ™', with a
resolution of 0.6 cm™'. The integrity of the SAM after metal
deposition was also corroborated with ATR-FTIR measure-
ments over a thin, 3 nm Ag layer. The potential presence of
pinholes within the SAM could not be quantified due to the
intrinsic roughness and grain size of the TiO, substrates
employed for our solar cells, which are on the order of 80 nm.
Even in the presence of defects in the SAM, the electronic pro-
perties of the interface can be dominated by the properties of
the SAM provided those defects are scarce and small enough.>?
The systematic correlation observed between SAM properties
such as length and dipole with the figures of merit of our solar
cells suggests that the presence of pinholes do not dominate
or limit their performance.

Device characterization

All device characterization was performed in ambient con-
ditions. Current-voltage characteristics were recorded using a
Keithley 2400 source meter. Illumination 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.
The spectral characterization was carried out by illuminating
the devices with by a Newport Cornerstone 260 monochroma-
tor, modulated with a 20 Hz chopper, and monitoring the
short circuit current with a Stanford Research System SR830.

Molecule modeling and dipole moments calculation

All molecules’ coordinates were retrieved from the HIC-Up
online database (Uppsala University, http:/xray.bmec.uu.se/
hicup/). Their geometries were subsequently optimized with
a Broyden-Fletcher-Goldfarb-Shanno algorithm and dipole
moments calculated theoretically using AM1 parametrization
with the semi-empirical chemistry program
Arguslab.>?

quantum
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