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Noble metal nanostructures display remarkable optical properties that 
arise from the coupling of incident light to the collective motion of the 
conduction electrons. The excitation, propagation and localization of 
these plasmons can be tailored by nanoscale control of metal size and 
shape (1). Metal nanostructures exhibiting subwavelength optical con-
finement (2) have enabled nanoscale photonic waveguides, modulators, 
enhancement of second harmonic generation, light trapping structures 
for photovoltaics, and biological labeling techniques (1, 2). Coupling of 
laser light to plasmonic structures can also result in efficient localized 
heating, because the resonant absorption cross section for plasmonic 
nanostructures is much larger than their physical cross section. 

Recent work has demonstrated control over the plasmon resonance 
frequency (ωp) of metal nanostructures when an external electrostatic 
field alters the carrier density in the metal (3). Increasing the carrier 
density in a noble metal nanoparticle leads to a blueshift of the reso-
nance, while decreasing it leads to a redshift, as illustrated for a 20-nm-
diameter Ag nanoparticle in vacuum (Fig. 1). Interestingly, the reverse 
effect, the optical generation of an electrostatic potential due to an opti-
cally driven change in carrier density in a plasmonic nanostructure has 
so far not been observed. Thermodynamically, however, such a plasmoe-
lectric effect is expected to occur. We demonstrate direct experimental 
evidence of plasmoelectric potentials in the range 10-100 mV on colloi-
dal assemblies and plasmonic light harvesting device geometries, in 
qualitative agreement with a thermodynamic model. These results may 
provide a new route to convert optical energy into electrical power. 

Figure 2A shows the measured scattering spectrum for 60 nm Au 
colloids on ITO/glass, showing a clear plasmon resonance around λ = 
550 nm. Kelvin probe force microscopy (KPFM) (4) with a conductive 
AFM tip in noncontact mode was used to probe the local static potential 
difference between the tip and sample surface at room temperature (Fig. 
2). While the illumination wavelength is gradually scanned through the 
plasmon resonance spectrum, from 480-650 nm (~1 nm s−1), we probe 
the potential on the illuminated Au nanoparticle array (5). A clear opti-

cally induced surface potential is ob-
served, that varies with illumination 
wavelength (Fig. 2B). We observe neg-
ative induced potentials during excita-
tion to the blue side of the neutral-
particle plasmon resonance wavelength 
near 550 nm, and positive potentials 
during excitation on the red side of the 
resonance, with the measured potential 
changing sign near the peak of the 
plasmon resonance. 

To model the experimentally ob-
served plasmoelectric effect we consid-
er a metal nanostructure placed on a 
grounded conducting substrate that is 
illuminated with monochromatic radia-
tion at a wavelength just below the 
plasmon resonance λp. Random charge 
fluctuations between particle and sub-
strate will cause the plasmon resonance 
spectrum to vary by minute amounts 
(Fig. 1). If an electron is randomly 
added to the particle, the resonance will 
blueshift, leading to a concomitant 
increase in light absorption of the parti-
cle, which in turn leads to a small in-
crease in the nanoparticle temperature. 
The changes in number of electrons N 
and temperature T(N) change the free 
energy F of the particle, and an equilib-

rium charge density is achieved when the free energy is minimum: 
( ),

0
T N

F N T F F dT
N N T dN
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  (1)  

Here, we assume that both the intensity and wavelength of the illumina-
tion is constant. Using, by definition, (∂F/∂N)T ≡ μ, with μ the electro-
chemical potential, and –(∂F/∂T)N ≡ S, with S the entropy of the particle, 
we find: 

dTS
dN

µ =        (2) 

Equation 2 shows that under illumination the plasmonic particle 
adopts a electrochemical potential that is proportional to dT/dN. This 
quantity, which is only determined by the plasmon resonance spectrum 
and the heat flow from the particle to the substrate, provides the unique 
thermodynamic driving force in this system. It favors charge transfer to 
or from the particle that increases absorption, and thereby temperature, 
in order to lower the free energy. The factor dT/dN is largest on the 
steepest parts of the resonance spectrum; it is positive for irradiation on 
the blue side of the resonance, leading to a positive chemical potential 
for the electrons, and hence a negative voltage; the reverse is observed 
for irradiation on the red side of the resonance. All these trends are ex-
actly as observed in the experimental spectra of Fig. 2B: the surface 
potential vanishes at the peak of the resonance where dT/dN is zero; the 
largest (negative) potential is observed at a wavelength of 500 nm, coin-
ciding with the steepest slope in the resonance spectrum of Fig. 2A. 

Equation 1 can be used to quantitatively estimate the equilibrium 
plasmoelectric potential, writing F(N, T) as the sum of the free energies 
of electrons and phonons, using the well-known free energy functions of 
an electron and phonon gas (6, 7). The electronic term is composed of a 
contribution due to the chemical potential of the electrons that is directly 
given by the Fermi function, and an electrostatic contribution due to 
charging of the metal nanosphere; the phonon term is given by the De-
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bye model. Taking the derivatives to N and T we find analytical expres-
sions for μ(N, T) and S(N, T), that are then input in Eq. 2 (5). 

Before applying the model to the experimental geometry in Fig. 2 we 
calculate the plasmoelectric potential, i.e., the electrochemical potential 
gained by the particle from the electron transfer induced by optical ab-
sorption, for a spherical 20-nm-diameter Ag nanoparticle in vacuum 
under monochromatic illumination. For these particles analytical Mie 
theory can be used to calculate the absorption cross section spectrum, 
Cabs(λ, n), for a given electron density in the nanoparticle, by taking into 
account the dependence of the bulk plasma frequency, ωp, in the com-
plex dielectric function of the metal on carrier density, ωp ∝ n1/2 (5). To 
calculate the nanoparticle temperature, we use a steady-state heat-flow 
model in which heat is dissipated from the nanoparticle by radiation. 
Figure 3A shows the calculated plasmoelectric potential of the Ag nano-
particle as a function of illumination wavelength at an incident flux of 1 
mW/cm2, under which the particle obtains a maximum temperature of 
~400 K (5). The model predicts a clear negative surface potential below 
the plasmon resonance and a positive one, up to 150 mV, above it. The 
asymmetry in the plasmoelectric potential below and above the reso-
nance wavelength is due to the intrinsic non-resonant interband absorp-
tion in the metal. Figure 3B shows the corresponding relative absorption 
increase for the Ag nanoparticle, it ranges up to 2.5 × 10−5. 

The model for the simple geometry in Fig. 3 describes the key fac-
tors in the plasmoelectric effect: an increase in carrier density under 
illumination at wavelengths shorter than the resonance peak, inducing a 
negative plasmoelectric potential and enhanced absorption compared 
with the neutral particle. Similarly, radiation at longer wavelengths in-
duces a lower carrier density, a positive plasmoelectric potential, and 
enhanced absorption. These results demonstrate that an excited plas-
monic resonator behaves as a heat engine that can convert absorbed off-
resonant optical power into a static electrochemical potential. 

Next, we use the model to calculate the wavelength-dependent and 
power-dependent plasmoelectric potential for the experimental geometry 
in Fig. 2, a spherical 60-nm-diameter Au particle on an ITO/glass sub-
strate. We calculated the factor dT/dN in Eq. 2 using Finite-Difference 
Time-Domain (FDTD) simulations of the absorption spectra for an Au 
particle on an ITO/glass substrate to take into account radiative damping 
from the substrate not captured by simple Mie theory and a 1D model for 
heat conduction into the substrate (5). Due to variations in interparticle 
coupling and clustering (see SEM in Fig. 2A), and possible adsorption of 
water on the particle-ITO interface, the ensemble dielectric environment 
is complex. The broadened, red-shifted scattering spectrum in Fig. 2A is 
evidence for some particle aggregation. In the FDTD simulations we 
model these effects by assuming a background index of n = 1.4 for the 
medium above the ITO substrate, such that the absorption spectrum 
matches the experimentally observed spectrum. As can be seen in Fig. 
2C for the high-power data, the modeled trends correspond well with the 
experimental trends: the modeled minimum potential occurs at 530 nm 
(experimental: 500 nm), the modeled zero potential at 545 nm (experi-
mental: 560 nm), and a large positive potential is observed for wave-
lengths above the resonance, both in model and experiment. The extent 
of the measured potential to wavelengths up to 640 nm in Fig. 2B is in 
agreement with the long-wavelength tail in the spectrum of Fig. 2A. At 
555 nm the modeled particle temperature peaks at 308 K, 15 K above 
ambient (5), in good agreement with other experimental observations 
(8). 

To aid interpretation of our findings, we comment briefly on other 
mechanisms for generating photopotentials with metals. A thermoelec-
tric effect is several orders of magnitude weaker (~μV ΔK–1) than the 
observed potentials (9). Hot-carrier induced effects would require recti-
fying contacts which are not present in our geometry. Moreover, both 
these effects would not result in a bisignated signal (10). “Plasmon drag” 
or similar direct photon-to-electron momentum transfer mechanisms on 

Au colloids would not produce a bisignated signal; nor for the symmetric 
hole arrays described below under normal-incidence irradiation (11). 
Future work will focus on obtaining further insight in the microscopic 
mechanisms that contribute to the observed effect. 

To demonstrate the generality of the observed plasmoelectric effect 
we measured the plasmoelectric potential on 10-micron-sized arrays of 
subwavelength holes in an optically thin Au film on a glass substrate. In 
these microarrays, light is absorbed by the resonant excitation of inter-
acting surface plasmon polaritons that propagate between the holes on 
the Au-air and Au-glass interface (5, 12). The absorption spectrum of a 
single array is determined by the coherent interaction of plasmons within 
the array, and the study of such arrays thus enables probing the plasmoe-
lectric effect on a single absorber geometry. Moreover, the metal hole 
array architectures provide a first step toward future plasmoelectric inte-
grated circuitry in which plasmoelectric power is harvested. 

Figure 4, A and B, shows a fabricated 10 × 10-μm hole array com-
posed of 100-nm-diameter holes in a square array with a pitch of 200 
nm, made in a 20-nm-thick Au film on a glass substrate. Figure 4C 
shows the measured absorption spectra of hole arrays with a pitch of 175 
– 300 nm (5). Increasing the pitch leads to a clear redshift in the absorp-
tion spectrum. Figure 4D shows the corresponding measured surface 
potential as a function of the wavelength of illumination (100 mW cm−2), 
as measured with KPFM. A transition from negative to positive surface 
potential is seen for each array geometry. Also, the measured potential 
spectra show a clear redshift with increasing array pitch, in accordance 
with the trend in the absorption spectra. The maximum plasmoelectric 
potential observed for each measurement shows a gradually decreasing 
trend with increasing pitch, also in agreement with the trend in the ab-
sorption spectra. A slight difference is observed between the zero-
crossing in the potential measurements and the peak in the correspond-
ing absorption spectrum, which is attributed to the difference in numeri-
cal aperture (NA) of the microscope objective used for the two 
measurements (5). All surface potential spectra show clear minima and 
maxima and then decrease as the wavelength is tuned further away from 
the resonance, as expected. The measurements in Fig. 4D show a plas-
moelectric potential as large as ±100 mV and demonstrate the generality 
of the plasmoelectric effect for arbitrary plasmonic absorbers. 

The observed plasmoelectric phenomenon takes advantage of the 
remarkable spectral tailorability of plasmonic nanostructures and can be 
extended to a variety of material systems, absorber geometries, and radi-
ation environments. Plasmoelectric devices may enable development of 
entirely new types of all-metal optoelectronic devices that can convert 
light into electrical energy by replacing the usual function of doped sem-
iconductors with metal nanostructures that are optically excited off-
resonance. 
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Fig. 2. Plasmoelectric effect on 
dense Au nanoparticle arrays on 
ITO/glass. (A) Dark-field scattering 
spectrum of 60-nm-diameter Au 
nanoparticles on ITO/glass. The inset 
shows an SEM image of the 
nanoparticle array. (B) Kelvin probe 
force microscopy measurements of the 
surface potential as a function of 
illumination wavelength (15-nm 
bandwidth) for three different 
illumination intensities. The surface 
potential of a flat region of ITO/glass 
adjacent to the nanoparticle array was 
monitored during scanned 
monochromatic illumination (see 
schematic geometry). A control 
measurement of an ITO/glass 
substrate without nanoparticles (1 
W/cm2) is also plotted (grey). (C) 
Modeled plasmoelectric potential for 
60-nm-diameter Au nanoparticles on 
ITO/glass for the three illumination 
intensities in (B). 

Fig. 1. Absorption cross section spectrum of a Ag 
nanoparticle and the plasmoelectric effect. Calculated 
absorption cross section for a 20-nm-diameter Ag 
nanoparticle in vacuum with bulk carrier density nAg and 
carrier densities that are reduced or increased by 1%. 
Schematics: Spontaneous charge transfer to or from the 
nanoparticle is thermodynamically favored when the 
consequent spectral shift increases the absorption, raising 
the temperature. Irradiation on the blue side of the 
resonance leads to a negative charge on the particle, 
irradiation on the red side to a positive charge. 
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Fig. 4. Plasmoelectric effect on Au nanohole arrays on glass. (A) Bright-field optical 
microscope image showing a 200-nm-pitch array of 100-nm-diameter holes in a 20-nm-thick Au 
film on glass. The dark green color directly shows the strong absorption in the hole array. (B) SEM 
image of a 200-nm-pitch hole array imaged under 52 degrees with respect to the normal. (C) 
Measured optical absorption spectra for hole arrays with a pitch of 175 nm (blue), 225 nm (green), 
250 nm (yellow) and 300 nm (red) (NA = 0.8). (D) Surface potential as a function of excitation 
wavelength measured using Kelvin force probe microscopy at 100 mW/cm2 for the four hole arrays 
in (C) (NA = 0.25). 

Fig. 3. Modeled plasmo-
electric response for Ag 
nanoparticles. A 20-nm-
diameter Ag particle in 
vacuum is illuminated with 
monochromatic light (1 
mW/cm2). (A) Plasmo-
electric potential and (B) 
relative absorption increase 
as a function of incident 
wavelength. 
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