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Hemicyanine dye molecules, containing a thiol functionality, form a self-assembled monolayer

(SAM) on thin films of gold. The combined SAM-gold layer system supports surface plasmons and

can be converted into a diode using a liquid electrolyte top contact. Diodes fabricated on a quartz

prism allow for incoupling of incident light to surface plasmons and show a spontaneous photocur-

rent under short-circuit conditions. Measurement of the short-circuit photocurrent as function of

incident angle of the light shows that the photocurrent arises from dissociation of surface plasmons

into pairs of charge carriers. VC 2015 Author(s). All article content, except where otherwise noted, is
licensed under a Creative Commons Attribution 3.0 Unported License.

[http://dx.doi.org/10.1063/1.4919900]

Surface plasmons (SPs) are excitations of electrons at a

metal-dielectric interface.1,2 Surface plasmons can be guided

on chip via plasmonic nanostructures and offer interesting

possibilities for high bandwidth data transport and manipula-

tion.3 To realize this potential, electro-optical transducers

need to be developed.4

Conversion of surface plasmons into electrical signals

has been realized making use of, e.g., photocurrent genera-

tion involving bulk semiconductors5–9 or nanowires,10 light

induced changes in the tunneling in gold quantum point con-

tacts,11 the thermoelectrical effect in metallic structures12

or superconductors,13 and hot carrier extraction in metal-

insulator-metal structures.14–17

Here, we show electrical detection of surface plasmons

using self-assembled monolayers (SAMs) of hemicyanine

dye molecules on gold. Short-circuit photocurrent generation

using molecular monolayers has been demonstrated previ-

ously.18–21 We find that surface plasmon-polaritons on a thin

gold film functionalized with a monolayer of hemicyanine

dye can generate a photocurrent under short-circuit condi-

tions, i.e., can be detected electrically without consumption

of electrical power. Additional advantages of this type of

detection are the intrinsic nanoscopic dimension of the self-

assembled monolayers and the possibility to use easy, solu-

tion based deposition methods (e.g., printing).

The chemical structure of the hemicyanine dyes (1-(10-

acetylsulfanyldecyl)-4-[2-(4-dimethylaminophenyl)vinyl]

quinolinium hexafluorophosphate (1) and 1-(10-acetyl sulfa-

nyldecyl)-4-[2-(4-dimethyl- aminophenyl)vinyl] pyridinium

hexafluorophosphate (2)) is illustrated in Figure 1. After hy-

drolysis of the thioester group, these molecules form dense

self-assembled monolayers on gold.20,22,23 SAMs of these

hemicyanines were completed to a photovoltaically active

diode by complementing them with a second liquid electro-

lyte contact involving hydroquinone as redox mediator

(0.1 mM in water) and KCl (1.0 mM) as supporting electro-

lyte. Indium tin oxide (ITO) coated glass was used as trans-

parent top electrode.

To excite SPs in a thin gold film, we apply the

Kretschmann configuration using a quartz prism (see

Figure 1) and illuminate with p-polarized light from a HeNe

laser at 1.96 eV photon energy into a prism (n(1.96 eV)

¼ 1.46), on which a thin gold is deposited. Thin gold films

were deposited by vacuum sublimation on the rage face of

right angle quartz prisms. To obtain robust metal films, a

thin (<5 nm) Cr adhesion layer is deposited on the quartz

before subliming the Au layer. SAMs were grown by

immersing the prisms in a solution of the dye.20 Reflection

spectra for the bare Au film and Au/SAM layers were meas-

ured in air in the Kretschmann configuration, using a vari-

able angle scanning ellipsometer (J. A. Woollam & Co.). To

measure short-circuit current generation as function of inci-

dent angle, the prisms were mounted on a rotation stage and

illuminated with �20 mW intensity of 1.96 eV photons with

p-polarization. Short-circuit photocurrents and photovoltages

were measured using mechanical modulation of the incident

light (273 Hz modulation frequency) and direct lock-in

detection of the current or voltage.

FIG. 1. (a) Chemical structures of the molecules 1 and 2 for SAMs. (b)

Schematic picture of the photovoltaic cell.a)Electronic mail: s.c.j.meskers@tue.nl

0003-6951/2015/106(18)/183303/4 VC Author(s) 2015106, 183303-1

APPLIED PHYSICS LETTERS 106, 183303 (2015)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions.  IP:  131.155.151.8 On: Mon, 07 Mar 2016 15:06:29

http://dx.doi.org/10.1063/1.4919900
http://dx.doi.org/10.1063/1.4919900
http://dx.doi.org/10.1063/1.4919900
mailto:s.c.j.meskers@tue.nl
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4919900&domain=pdf&date_stamp=2015-05-05


Figure 2(a) shows the internal reflection spectra for p-

polarized light for monolayers of 1 on the gold coated of

prism (100 nm Au) for different angles of incidence. The

reflection spectra show a minimum, characteristic of the sur-

face plasmon resonance (SPR) due to resonant coupling of

incoming photons to SPs and subsequent non-radiative decay

of the SPs. Upon modification of the gold surface with the

SAM, the minimum in reflection at HSPR¼ 45.0� shifts to

slightly higher photon energy, indicating that the plasma

oscillations of the dynamics of the free electrons at the gold

surface are modified upon binding of the monolayer. From

the incident angle HSPR (for definition, see Figure 1), the

wavevector kSPR for the surface plasmons can be calculated.

In Figure 2(c), we plot the photon energy associated with the

minimum in reflection as function of kSPR. for only an Au

film of 100 nm (red circles) and for the SAM of 1 on 100 nm

Au (black squares). The resulting dispersion curve is charac-

teristic for SPs1 and deviates from the linear dispersion

behavior of photon indicated by the dashed line. The binding

of the SAM hardly changes the fundamental dispersion rela-

tion for the SP. Also for SAMs of molecule 2, the dispersion

curves were determined and here also the thickness of the

gold film was varied (see Figure 2(d)). We conclude that

gold films decorated with a SAM can support surface plas-

mon excitations for a variety of layer thicknesses of the gold

layer.

Excitation of surface plasmons in a thin gold film func-

tionalized with a SAM on a quartz prism with transparent

liquid electrolyte top contact (see Fig. 1) results in a photo-

voltaic effect. In Figure 3(a), we show the short-circuit

photocurrent, generated in the SAM diode upon illumination

with 1.96 eV photons. The photocurrent is measured for dif-

ferent internal angles of incidence of the photon on the gold

film. As can be seen, for incidence angle below 45�, the

spontaneous photocurrent is essentially zero. For angles

equal and exceeding 45�, a significant photocurrent is

detected. The angle corresponding to the onset of photocur-

rent generation matches with the onset angle for excitation

of surface plasmons in the gold film. This indicates that a

surface plasmon can dissociate into an electron hole-pair of

photogenerated charge carriers of which each carrier can be

collected at the appropriate electrode.

Also for diodes incorporating a SAM of 2, photocurrents

can be detected. These are shown in Fig. 3(b), as function of

the incident angle. The use of thin Au films (20 nm) results

in large photocurrents. We find that the photocurrent

decreases approximately exponentially with the thickness of

the gold layer. Apart from a short-circuit current, the diodes

can also generate an open-circuit voltage. This is illustrated

in Fig. 3(c), which shows the photovoltage as a function of

internal angle of incidence. Also here we find that the angle

corresponding to the onset of photovoltage generation

matches with to the angle at which excitation of surface plas-

mons sets in.

The photophysical processes involved in generation of

the photocurrent and photovoltage are illustrated in Fig. 4(a).

The incoming photon of 1.96 eV energy can excite a surface

plasmon. At the metal surface, plasmons of different ener-

gies exist and depending on the angle of incidence, a particu-

lar plasmon is created with energy of <1.96 eV. The surface

FIG. 2. (a) p-polarized reflectance versus photon energy of a SAM of 1 on 100 nm thick gold layer parametric in the internal incident angle HSPR (see Fig. 1).

(b) p-polarized reflectance at incident angle HSPR¼ 45.0� from two 100 nm gold film with identical thickness, one unmodified and one modified with a SAM

of 1 (c) SPR dispersion relation between surface plasmon energy (xSPR) and wave vector (kSPR) for a 100 nm thick gold with SAM of 1 (black squares) and

without SAM (red circles). (d) SPR dispersion for SAMs of 2 on Au film of different thicknesses.
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plasmon can decay via electron capture from the monolayer,

resulting in the formation of a charge transfer (CT) state,

indicated by Au�/SAMþ. The quinone (Q) redox mediator in

the electrolyte solution can neutralize the monolayer by

donating an electron. The oxidized mediator (Qþ), in turn,

can be reduced at the transparent ITO top electrode after dif-

fusion though the liquid electrolyte. In order to assess the im-

portance of the lowest excited singlet (S1) state of

hemicyanine molecules in the monolayer, we have first tried

to determine the energy of the singlet state. Measurement of

the optical absorption of 1 and 2 in solution and as mono-

layer on a very thin gold film (5 nm) is shown in Figs. 4(b)

and 4(c). The transition from the ground state to the S1

excited state is optically allowed and can be used to estimate

the energy of the S1 state. Note that due to excited state inter-

actions between the dye molecules in the tightly packed

monolayer, the absorption spectrum of the SAM changes in

comparison with the spectrum for isolated molecules in solu-

tion.20 For 1, we find that the onset of absorption, both in so-

lution and in film, is below 1.96 eV and so in the experiment

the S1 state of the dye is, in principle, energetically accessi-

ble via illumination. For 2, however, the energy of the S1

state is estimated to be above 1.96 eV and so the S1 state is

energetically inaccessible and cannot play a major role in the

photocurrent generation process. Hence, in the photocurrent

generation process, surface plasmons can decay directly into

charge transfer states consisting of a spatially separated elec-

tron (on the Au metal electrode) and a hole (in the

monolayer).

The mechanism proposed here seems similar to the pho-

tovoltaic effect from plasmon derived, hot carriers in junc-

tions of wide bandgap metal oxides and gold.15–17,24 The

approach followed here using a junction comprised a self-

assembled monolayer of organic molecules has the advant-

age that the junctions require only a minimal amount of

space. The monolayers can be fabricated easily on complex

metal electrode shapes supporting localized surface plas-

mons, allowing for direct incoupling of light into surface

plasmons.24 Finally, the hemicyanine endgroups of the

groups organic molecules in the monolayer support charge

transport via the quinone/hydroquinone redox electrolyte and

thus facilitate electrochemical conversion of the photogener-

ated charges. An additional advantage of the organic self-

assembled monolayers is that the endgroup may be varied so

that also other electrochemical reactions can be catalyzed

that convert photogenerated carriers into other useful fuels.

In conclusion, we find that thin gold films modified with

a self-assembled monolayer of p-conjugated molecules with

semiconducting properties show photovoltaic activity result-

ing from dissociation of surface plasmon excitations into

FIG. 3. (a) (Left axis) Photocurrent versus the internal incidence angle HSPR

for a SAM of 1 on a 100 nm thick gold film on a prism with liquid electro-

lyte top contact. (Right axis) p-polarized reflectance versus photon energy

for the same SAM/Au layers. (b) Photocurrent versus HSPR for a SAM of 2

on a 20 nm thick gold film and reflectance (c) Photovoltage for a SAM of 2

on a 20 nm thick gold film and reflectance.

FIG. 4. (a) Jablonksi diagram illustrating photophysical processes leading to

photocurrent generation. (b) Molar extinction coefficient e of 1 in dilute

chloroform solution and absorbance of a monolayer of 1 on a semi-

transparent 5 nm thick Au layer. (c) Same for 2.

183303-3 Gholamrezaie, Vijayaraghavan, and Meskers Appl. Phys. Lett. 106, 183303 (2015)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions.  IP:  131.155.151.8 On: Mon, 07 Mar 2016 15:06:29



charge carriers. The charge generation does not require par-

ticipation of the singlet excited state on the hemicyanine

moiety, indicating a hot carrier mechanism. The monolayer

facilitates charge transport via a redox electrolyte, indicating

a potential for direct electrochemical conversion of (local-

ized) surface plasmons by molecular monolayers on gold

structures.
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