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Abstract We propose to use collective lattice resonances in

plasmonic nanoparticle arrays to enhance and tailor photo-

electron emission in Schottky barrier photodetectors and solar

cells. We show that the interaction between narrow-band

lattice resonances (the Rayleigh anomaly) and broader-band

individual-particle excitations (localized surface plasmon res-

onances) leads to stronger local field enhancement. In turn,

this causes a significant increase of the photocurrent compared

to the case when only individual-particle excitations are pres-

ent. The results can be used to design new photodetectors with

highly selective, tunable spectral response, which are able to

detect photons with the energy below the semiconductor

bandgap. The findings can also be used to develop solar cells

with increased efficiency.

Keywords Nanoparticles . Localized Surface Plasmons .

Lattice Resonances . Photoelectron Emission .

Photodetectors . Photovoltaics

Introduction

Plasmonic nanostructures hold great promise in the design of

advanced photodetectors and photovoltaic devices [1–3]. In

particular, excitation of plasmonic resonances in metallic

nanoantennas and electron photoemission from them was

shown to extend the spectral response of photodetectors to

the energies below the semiconductor bandgap edge [2, 4–6].

Photoelectron emission from plasmonic nanoparticles can

generate a photocurrent in addition to that originating from

direct band-to-band absorption in semiconductor, increasing

the device efficiency, and putting forth a new concept of

photoconductive metamaterials [2, 5, 8–10]. Electron photo-

emission can be enhanced by optimizing the individual nano-

particle shape and/or the Schottky barrier configuration at

metal–semiconductor interfaces [2, 4, 8].

On the other hand, when metal particles are properly ar-

ranged in a lattice, collective effects become important, offering

a further enhancement of local fields in the resonant plasmonic

modes. Collective effects result from coherent interference of

individual nanoparticle excitations in the far-field zone due to

the dipole–dipоlе interaction between the nanoparticles

[11–16]. These effects are strongly resonant, since they occur

when the wavelength of incident light is close to the lattice

period, satisfying the condition for the Rayleigh anomalies

(RAs) in diffractive gratings [9, 10, 17, 18]. The resonance

conditions also give new possibilities of self-organizing pro-

cess of Au film fragmentation and nanoparticles formation

[19].

It was shown earlier that strong dipole interactions in a

periodic array of large nanoparticles produce strong optical

fields near their surface, up to orders of magnitude higher

than for isolated nanoparticles of the same size and shape [20].

Furthermore, when the localized surface plasmon resonance

(LSPR) frequency of an individual particle is close to the

frequencies of RAs, the collective effects lead to narrow-band
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resonances with a Fano-like profile and quality factor much

larger compared to that of the single-particle LSPR [18, 21].

This effect can be utilized to enhance the performance of

various devices, e.g., sensors [22] and light sources [23].

Similar resonant effects were also very recently observed in

subwavelength one-dimensional diffraction gratings, facilitat-

ing narrow-band photodetection [6].

In this paper, we report how collective effects can be

exploited to increase electron photoemission from the

nanoparticles in an array as compared to isolated nanoparticles.

In particular, we show that the interaction of narrow-band RAs

with broader-band LSPR of individual nanoparticles results in

narrow, Fano-shaped, highly tunable photoemission reso-

nances in the array. These effects can be useful in the design

of new narrow-band frequency and polarization-selective pho-

todetectors in the infrared range and in further improvement of

plasmon-assisted photovoltaic devices by extending their

operating spectrum beyond the band-to-band transition spec-

trum in semiconductors.

Resonant Absorption in Plasmonic Nanoparticle Arrays

We consider an array of metallic (Au) nanodisks with radius r

and thickness h , embedded into a semiconductor (GaAs)

matrix with refractive index nm (Fig. 1a) on which light of

frequency ω is normally incident. We are interested in the

regime when

W b < ћω < Eg; ð1Þ

where Eg is the band gap energy for the semiconductor matrix,

and Wb is the work function for the metal/semiconductor

interface. If ћω < Eg, no photocurrent is generated in semicon-

ductor due to phоton absorption in band-to-band transitions.

Nevertheless, if ћω >Wb, photocurrent can result from photo-

emission of “hot” electrons from metal nanoparticles into the

semiconductor matrix across the Schottky barrier (Fig. 1b). For

gold nanodisks in a GaAs matrix (Eg=1.43 eV) the work

function is Wb∼0.8 eV (with image force correction). Thus,

Eq. (1) is fulfilled for ћω from 0.8 to 1.43 eV, which corre-

sponds to wavelengths between 870 and 1,550 nm.

Each single nanodisk can exhibit an LSPR at frequency

ωLSPR. If ħω fulfills Eq. (1) and the frequency ω is close to

ωLSPR, “hot” electron photoemission becomes resonantly

plasmon-enhanced [2, 5, 8].

Furthermore, the nanoparticle lattice (Fig. 1a) can be viewed

as a two-dimensional (2D) diffraction grating with periods

a x and a y, where RAs occur at wavelengths λRA
(mx ,my ),

for which evanescent diffracted waves become propagat-

ing. In metallic gratings, RAs can be regarded as wave-

lengths where the grating couples the incident light to a

surface plasmon-polariton wave propagating in the grating

plane [15, 17–19]. For normal incidence of light, λRA
(mx,my)

are determined by [17].

ð2Þ

The collective lattice resonances become significantly pro-

nounced once λRA
(mx,my) approaches λLSPR=2π /ωLSPR. Thus

we aim at designing a 2D grating with λRA
(mx,my) close to

λLSPR. It is important to stress that a refractive index step close

to the lattice plane suppresses collective effects [12, 13, 24].

For this reason, we consider complete embedding of the

nanoparticles into the semiconductor matrix. In addition, em-

bedding expands the area of the metal–semiconductor contact,

thereby increasing the photocurrent.

In dense lattices [2, 4, 8], where both ax and ay are less

than λLSPR/nm, the RA wavelengths (2) are far from the

operating wavelength range λ ∼λLSPR and the LSPR peak is

the dominant feature in the absorption spectra. In contrast to

that, we consider a rectangular lattice and only keep it dense in

one (y ) direction, making it sparser in the other (x ) direction

Fig. 1 a Schematics of the

nanodisk array embedded in

uniform GaAs. b Schematics of

the Schottky barrier at the Au/

GaAs interface. c Local field

enhancement (z-component of

the electric field plotted for the at

the bottom facet of the nanodisk)

at the absorption peak (see

Fig. 2b) for ax=400 nm
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(see Fig. 1a). Thus, we fix ay at a constant small value and

vary ax up to the values for which the greatest RAwavelength

λRA ¼ λ
1;0ð Þ
RA ¼ axnm ð3Þ

approaches λLSPR. Varying ax in order to move λRA towards

λLSPR complements another mechanism of bringing these two

resonances together, namely, moving λLSPR towards λRA by

changing the nanoantenna size and geometry, also shown to

result in narrow-band absorption [18].

Note that RAs are lattice effects related to coherent cou-

pling between many nanoparticles distributed over a distance.

Such coupling occurs through the long-range terms in the

dipole radiation of each individual scatterer [11], which van-

ishes in the direction parallel to the induced dipole moment

(i.e., polarization of incident light). Therefore, plasmonic

properties of a rectangular nanoparticle lattice should be most

sensitive to variation of the lattice constant in the direction

perpendicular to the light polarization under normal incidence.

Specifically, if we vary ax, we expect stronger and narrower

plasmonic resonances (and hence, greater capabilities for pho-

toemission enhancement) for the y -polarization of incident

light.

As an example we considered the structure similar to the one

studied earlier [8], with r =25 nm, h =18 nm, nm=3.6, ay=

100 nm, and ax varied between 100 and 400 nm. Permittivity

of gold was described by the Drude model with plasma fre-

quency 2.18×1015 s−1 and collision frequency 6.47×1012 s−1

[25]. Full-wave numerical calculations were carried out in the

frequency domain using CST Microwave Studio [26].

The calculated absorption spectra are shown in Fig. 2. For

the dense lattice (ax=ay=100 nm), we note that the absorp-

tion spectrum is identical for both polarizations and closely

resembles the absorption cross-section of an individual nano-

particle (Fig. 2a, inset), in full accordance with prior knowl-

edge [8]. As expected, the LSPR resonance is broadened due

to there being many particles in a lattice. For light polarized

along the x -axis (Fig. 2a), there is a slight narrowing of the

LSPR absorption peak and a very slight shift of its wavelength

with changing ax so that the maximum of response is close

to the resonance wavelength λLSPR of an individual particle

(as it occurs in the dense array [8]) even if λRA approaches

λLSPR.

However, for light polarized along the y -axis (Fig. 2b), the

effect of the lattice resonances becomes much stronger in the

spectral response. We see that absorption turns to zero at

ћω =2πћc /λRA (Fig. 2b, dots), where higher-order diffraction

appears [15]. We also see a sharp peak in the absorption

spectra, apparently associated with the interaction of a

narrow-band lattice RA resonance with a broader LSPR of

the individual nanoparticle. This absorption peak follows λRA

towards lower frequencies and acquires an asymmetric Fano-

like shape for larger ax. Finally, it can be noticed that the

individual-particle LSPR response reappears in the absorption

spectra when λRA becomes significantly larger than λLSPR.

For even larger ax the individual-particle response is expected

to resume [16].

Photoemission on Metal–Semiconductor Interface

Calculating the field distribution at the absorption peak fre-

quency reveals that the strongest local fields are located in the

vicinity of the nanodisk surface (see Fig. 1c). This field

enhancement underlies the enhanced electron photoemission

from the nanoparticles.

Two different physical mechanisms of electron photoemis-

sion can be defined [27–29]. The first one is absorption of a

photon by an electron as it collides with the nanoparticle

boundary, causing electron emission from the metal (the sur-

face photoelectric effect). The secondmechanism is absorption

Fig. 2 Calculated absorption

spectra of nanodisk lattices with

ay=100 nm and varying ax for

light polarized along a x-axis and

b y-axis. The dots show the

energy corresponding to λRA for

each ax. The plots are separated

by 0.1 in the y-axis to improve

readability. The inset in a shows

the absorption cross-section of a

single nanodisk (a Lorentzian fit

to time domain calculations)
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of a photon by an electron inside the nanoparticle (the volume

photoelectric effect) with subsequent transport of the “hot”

electron to the surface and its emission over the Schottky

barrier [30]. While the question on which of these two mech-

anisms is prevalent in each particular metallic structure is still

open, the crucial role of strong field enhancement near the

metal surface is undoubted.

Assuming that the surface-driven effect prevails over

the bulk effect in small nanoparticles [27], a detailed

theory of photoemission from plasmonic nanoparticles was

developed [5, 8]. If particle sizes are larger than the de Broglie

wavelength of the electron, the photocurrent from such nano-

particle is proportional to the squared normal component of

the electric field En integrated over the particle (disk) surface

[5, 8].

INP λð Þ ¼ Cem λð Þ∮disk Enj j2dS ð4Þ

The proportionality coefficient C em(λ ) depends on the

properties of the Schottky barrier between metal and semi-

conductor, and in particular, on the work functionWb [5, 30].

The photocurrent density per unit area of a photodetector

device is then

J device ¼
INP

axay
¼ Cem λð Þ Eoj j2ξ ð5Þ

where the dimensionless quantity

ξ ¼ E0j j−2a−1x a−1y ∮disk Enj j2dS ð6Þ

is the field enhancement factor relatively to the incident field

E0. The intensity of the incident light in GaAs matrix is

S =сnm|E0|
2/8π so that the quantum efficiency η =(Jdevice/e )/

(S /ℏω ) of photoemission from the nanoparticle array can be

expressed as

η ¼ η0⋅ξ; η0 ¼
8πℏωСem

nmec
ð7Þ

The dimensionless coefficient η0 is about 10−5 to 10−3

depending on material parameters and wavelength for the

chosen mechanism of photoemission [5, 8]. It can be consid-

ered as the quantum yield of conventional Au/GaAs Schottky

barriers photodetector with a flat interface. Small value of η0
usually limits practically useful applications of such conven-

tional photodetectors to the determination of barrier height

Wb. However, if the plasmonic enhancement factor ξ is large

enough, the overall quantum yield is expected to reach values

that would permit a wider range of applications.

Photoemission Enhancement Due to Collective Effects

Calculating the photocurrent using Eqs. (4)–(7) with the numer-

ically obtained field profiles shows that increased absorption is

indeed accompanied by corresponding increase in the photocur-

rent. Thus, an enhanced absorption resonance resulting from

coupling effects in the nanoparticle lattice (Fig. 2b) gives rise to

a sharp spectral peak both in the photocurrent from an individual

nanoparticle INP (Fig. 3a) and in the device photocurrent en-

hancement factor ξ (Fig.3b).

Specifically, comparing the shape of INP (ℏω ) for different

ax reveals that the photoemission peak becomes much higher

but narrower for larger ax. As an example, increasing ax from

300 to 400 nm nearly doubles the peak value of INP (Fig. 3c).

Compared to the reference dense lattice with ax=ay=100 nm,

where, in fact, only the individual-particle resonances exist in

the operating frequency range (1), the total photocurrent from

one particle increases almost by a factor of three.

Fig. 3 Spectral dependence of a

one-particle photocurrent INP and

b photocurrent enhancement

factor ξ for different values of the

lattice period ax. Also shown is

the dependence of c Imax(ax) and

d ξmax(ax). Incident light is

y-polarized

286 Plasmonics (2014) 9:283–289



Although the maximum of current INP from a nanoparticle

rises very substantially when a x is increased from 100 to

400 nm, the rise in the spectral maximum of the “macroscop-

ic” property Jdevice=INP/(axay)∝ξ , as well as in η ∝ξ , is more

modest [see Fig. 3d for ξ(a x)]. It is because the increase in the

photoemission from one nanoparticle due the lattice reso-

nances is partially compensated by the decrease in the nano-

particle density: ξ ∝1/(axay). Thus, one can achieve the same

photocurrent densities with a much sparser lattice of

nanoparticles than previously reported [8]. Additionally,

Figs. 3b and d indicate that the quantum yield of the nanopar-

ticle array η can be between 0.05 and 10 %, depending on the

value of η0. The accurate estimation of the overall quantum

yield, as well as its enhancement by optimizing the geometri-

cal parameters of the nanoparticles, is a subject of forthcoming

research.

As mentioned above and in earlier works [7, 8], the reso-

nant photoemission for photons with energies below the semi-

conductor bandgap edge can be used to increase the solar cell

efficiency. This concept would work only if reflection and

absorption in the nanoparticle array do not reduce effective

absorption of solar visible-range photons in semiconductor.

In this respect, a sparse nanoparticle lattice (with the cover-

age of ∼5 %) is preferable to denser arrays [2, 8], let alone

grating-like structures [6] where the coverage of the device

surface is between 69 and 77 %. Estimations show that in-

creasing ax from 100 to 400 nm increases the average visible-

range (1.43<ћω <3 eV) transmittance of the particle array

from 89 to 97 % and decreases the undesired light absorption

by the particles from 9 to 3 %.

One has to keep in mind that as photoelectrons are emitted

by an electrically insulated nanoparticle, the charge build-up

will raise the potential barrier at the particle surface, which

may eventually prevent further electrons from being emitted.

To counteract this effect, there should be a mechanism to

replenish the emitted electron in the nanoparticle. For discrete

particles (i.e., without direct electric contact), one possible

approach is to cover the nanoparticle array with a layer of

transparent conductive oxide (TCO), which provides an elec-

tric contact with an external circuit, from which electrons can

flow to the nanoparticles [2, 8].

However, as was mentioned above, the mismatch between

refractive indices of TCO and GaAs is detrimental to collec-

tive resonances in the nanoparticle array [13]. To remedy this,

we consider a symmetric structure, where nanoparticles are

embedded in a thin TCO layer and sandwiched between semi-

conductor layers (Fig. 4a). The electric contact to replenish

emitted electrons in nanoparticles is provided through the side

walls, whereas photoemission itself happens at the Schottky

barriers at the front and back facets of the nanodisks.

Calculation results for the TCOmaterial taken to be indium

tin oxide (ITO) annealed in N2 at 450 °C [31] are shown in

Figs. 4b, c. It can be seen that the absorption and photoemis-

sion spectra show similar features as for completely embedded

nanoparticles (the design from Fig. 1a). The peak values of

both absorption and photocurrent are seen to be slightly lower,

especially for a x>300 nm, when the resonance becomes

extremely narrow-band. Still, the contribution of lattice reso-

nances to photoemission enhancement in the sparse array

configuration remains strong, so the alternative design of

Fig. 4 can provide increased photoemission as well.

Conclusions and Outlook

In conclusion, we report that collective effects in plasmonic

nanoparticle arrays can result in enhanced photoemission of

electrons from nanoparticles embedded into Schottky barrier

photodetectors. The lattice resonances lead to a strong

narrowing of the absorption spectral peak and increasing of

the electron photoemission from each nanoparticle by several

times. As a result, one can achieve the same peak photocurrent

densities (or, similarly, the same high levels of the quantum

efficiency of photoemission) as in the previously reported dense

arrays [8] but with a much lower density of nanoparticles.

Owing to the dipole–dipole coupling between the particles in

Fig. 4 a Schematics, b

absorption spectra (same as

Fig. 2b, separated by 0.1 in the

y-axis to improve readability),

and c photocurrent spectra (same

as Fig. 3a) for the modified design

where the nanodisk array is

embedded in a transparent

conductive oxide film (ITO) and

sandwiched between GaAs

layers, providing an Au/GaAs

interface at the front and back

facets of the nanodisk. Incident

light is y-polarized

Plasmonics (2014) 9:283–289 287



the lattice, a greater degree of control over photoelectron emis-

sion can be achieved, resulting in narrow-band photoemission

with strong potential for tunability. In this respect, nanoparticles

can be regarded as nanoantennas, and the proposed coupled

nanoantenna arrays can be useful in the design of photodetec-

tors with high sensitivity, selectivity, and efficiency. The pho-

toemission spectra can be tuned and optimized by changing the

period of the structure, as well as the size and shape of the

nanoparticles. One promising direction is moving from single

nanodisk lattices to lattices of nanodisk clusters, as was done for

nanodisk dimers in Ref. [18].

The proposed nanoparticle arrays can also be useful in

photovoltaic applications. It was already suggested [7, 8] that

hot-electron photoemission from plasmonic nanoantennas can

increase the efficiency of solar cells by harvesting the energy

of photons in the solar spectrum, which are unable to produce

photocurrent via band-to-band transitions in semiconductors

but can cause electron photoemission from metal over a

Schottky barrier. In this respect, the implications of our results

are twofold. On one hand, denser lattices with a broader

absorption peak are more preferable from the point of view

of the efficiency across the infrared range, because a broad

response allows more photons to be harvested. On the other

hand, sparser arrays are more favorable for inclusion into

hybrid photovoltaic elements combining band-to-band and

plasmon-assisted photocurrent generation. There, lower parti-

cle density reduces reflection losses in the visible range, which

may benefit the overall efficiency. Again, a controlled cou-

pling between the individual particles (antennas) in the array is

a useful tool to tailor photovoltaic elements to the particular

needs.
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