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PACS 78.20.Bh — Theory, models, and numerical simulation
PACS 73.20.Mf — Collective excitations (including excitons, polarons, plasmons and other

charge-density excitations)
PACS 78.30.Fs — III-V and II-VI semiconductors

Abstract — Localized surface plasmons (LSP) in semiconductor particles are expected to exhibit
spatial nonlocal response effects as the geometry enters the nanometer scale. To investigate these
nonlocal effects, we apply the hydrodynamic model to nanospheres of two different semiconductor
materials: intrinsic InSb and n-doped GaAs. Our results show that the semiconductors indeed
display nonlocal effects, and that these effects are even more pronounced than in metals. In a
150 nm InSb particle at 300 K, the LSP frequency is blueshifted 35%, which is orders of magnitude
larger than the blueshift in a metal particle of the same size. This property, together with their
tunability, makes semiconductors a promising platform for experiments in nonlocal effects.

Copyright © EPLA, 2017

Introduction. — It has been known for a while that the
Drude model for metals is only applicable when the geom-
etry is sufficiently large compared to intrinsic length scales
of the electron gas. When analyzing nanoscale structures,
the model becomes less accurate and a different or aug-
mented model becomes necessary. A model which has
successfully described metal structures on the nanoscale
is the hydrodynamic Drude model (HDM) [1-5], where
wave vector dependence is added to the Drude dielectric
function. Due to this, the model has been able to explain
observable nonlocal effects, such as longitudinal waves in-
side the metal and a size-dependent shift of the resonance
frequency of localized surface plasmons (LSP) [6].

However, the HDM is not necessarily restricted to met-
als, but could be relevant for other nanoscale structures
with a free-electron-like plasma as well. In this paper, we
consider the application of the HDM to semiconductors,
where the charge carriers are electrons and/or holes. This
leads to new predictions, different from the well-known in-
sights obtained by application of the usual Drude model
to semiconductors [7]. Among the most notable differ-
ences between metals and semiconductors are the densities

and the effective masses of the charge carriers. Metals
have large free-carrier concentrations and effective masses
roughly equal to that of the free electron. Semiconductors
on the other hand mostly have lower charge carrier den-
sities, and these furthermore depend strongly on doping
level and temperature. The effective masses will vary from
material to material, and usually the effective masses of
holes and electrons are different.

As briefly mentioned by Hanham et al. [8], these charac-
teristics can be exploited to investigate nonlocal effects in
ways that are not immediately possible in metals. By us-
ing semiconductors, the frequency of operation shifts from
the optical spectrum to the infrared or THz bands because
the plasma frequency, which depends on the charge carrier
density, is lower than in metals. As we predict here, the
size-dependent nonlocal effects will simultaneously mani-
fest themselves in larger structures than in metals, which
is good news for both fabrication and observation.

The optical properties of semiconductors have already
been described by many semiclassical and quantum-
mechanical models (see for example [9]). In partic-
ular, semiconductors are known to exhibit quantum
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confinement when the size of the structure is on the
nanometer scale, such as in quantum wells and dots [10].
But in some cases, the plasma description is more suitable.
An example is InSb which is characterized by an extremely
small band gap (Ey ~0.17eV) and a high charge carrier
density at room temperature. This material was used by
Hanham et al., as well as in earlier papers on plasmon-
ics [11-13], and in all cases the charge carriers were treated
as a plasma. Another example is doped semiconductors
where additional charge carriers have been supplied by the
donors or acceptors. Plasmonics in doped semiconductors
has additional advantages such as tunability [14], and plas-
monic experiments with both n- and p-doping have been
conducted [15-21].

In the region between semiconductors described by a
plasma model (such as the Drude model) and quantum
dots is a transition zone, where neither macroscopic nor
microscopic theories are ideal. This region, which is de-
fined by the size of the structures as well as the number of
charge carriers, has been the subject of both experimen-
tal [22-27] and theoretical [28-32] studies. In this paper
we will investigate semiconductor particles that are large
enough to contain sufficient charge carriers to be described
by a plasma model, yet small enough to display nonlocal
effects (implying that the Drude model becomes inaccu-
rate). We will focus on spherical particles of intrinsic InSh
and n-doped GaAs and use the HDM to calculate the op-
tical properties. To set a lower limit of our model, we use
the results from Zhang et al. [29] who estimated the onset
of quantum confinement effects in semiconductors using
first-principles calculations. Although they find no hard
transition, their results show that for a nanoparticle with a
radius of 2.5 nm and only a few charge carriers, the plasma
model is able to reproduce the DFT calculations reason-
ably well. But to make sure we are in the plasma regime,
we will only consider particles containing more than 50
charge carriers (and, as seen in the results section, radii
much larger than 2.5nm).

We will mainly look at intraband transitions, as these
affect the properties of the plasma directly, while inter-
band transitions for simplicity are ignored. This is a rea-
sonable assumption as long as the energies considered are
smaller than the band gap. Another kind of excitations
characteristic of semiconductors is excitons, which give
rise to energy levels inside the band gap and modifications
to the conduction band edge. However, for materials with
a very narrow band gap, like InSh, the excitons are bound
so weakly that they usually can be neglected [9]. Similarly
for doped semiconductors, the screening effect of the high
charge carrier density weakens the excitonic bond. For the
materials that we study here, it is therefore a reasonable
approximation to ignore exciton effects.

Given the assumptions above, the hydrodynamic equa-
tions of motion can be rederived for charge carriers in
semiconductors, and in the next section, the key ex-
pressions in the model will be presented. These expres-
sions will then be applied to spherical nanoparticles, and

finally the results of the numerical simulations will be
discussed.

The model. —

Dielectric functions.  The hydrodynamic Drude model
is characterized by a nonlocal longitudinal dielectric func-
tion [33,34]

w2

- (1)

L) = e —

where w), is the plasma frequency, v is the damping rate,
€00 18 the background dielectric constant, and 3 is a pa-
rameter that describes the strength of nonlocality. In this
paper, €5 is chosen to be constant in w, which is a good
approximation for energies smaller than the band gap.
For the degenerate electron gas in metals, 3 is directly
related to the Fermi velocity vp (see refs. [5,6]), but for
semiconductors, the parameter depends on several condi-
tions. The most obvious complication in semiconductors
compared to metals is the presence of more than one kind
of moving charge carrier, including electrons and heavy
and light holes. The electrons, however, have a much
smaller effective mass than the holes for a typical semi-
conductor, and therefore they will determine the optical
properties almost entirely. This means that the holes can
be ignored as a first approximation whenever electrons are
present as majority charge carriers, as they are in this pa-
per. Semiconductors also differ from metals in the sense
that changes in charge carrier densities can be created by
different means. If the electrons are thermally excited to
the conduction band, and the bands are assumed to be
parabolic, one can derive the expression for the dielectric
function using a simple quantum-mechanical model simi-
lar to the Lindhard model (see the Supporting Informa-
tion Supplementarymaterial.pdf). In this derivation,
[ is given by
5= SkB*T’

o @)
where m} is the effective mass of the electron, 7" is the
temperature, and kg is the Boltzmann constant. This
expression is only valid for low temperatures where the
Fermi-Dirac distribution can be approximated with the
Boltzmann distribution. If this is not the case, the value
of B can be found with numerical methods.

If the semiconductor instead is n-doped (and we neglect
electrons thermally excited from the valence band to the
conduction band), then ( is given by

, 3 R
UF = =
5 5m}

=3

2
3

°, (3)

5 (37r2n)

where n is the electron density. Equation (3) can also
be used if the charge carriers are created by an external
energy source, e.g. a laser pulse that can excite carriers
across the band gap. This situation would of course be
complicated by the relaxation of the charge carriers over
time, and assumptions about a quasi-equilibrium would
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have to be made (and we will not consider this here). Note,
that the two expressions for [ also can be found in [12].

The equations for the plasma frequency w, and the
damping rate 7, however, are independent of the excita-
tion method and in all cases are given by

2
9 ne

= 4
wp eomz ’ ( )
e
= — 5
K m:,condue ( )

*

where g is the mobility of the electron. Here mg ., is
the conductivity effective mass of the electron, and this is
in general different from m?} (which is called the density-
of-states effective mass). Only for isotropic and perfectly
parabolic bands are they identical [35].

For doped semiconductors, n is equal to the doping con-
centration Ny if the donors are completely ionized (which
is a good approximation at room temperature). For ther-
mally excited electrons in intrinsic semiconductors, n is

given by [35]
). ©

% 3 3
n=2 (QF}I;BT) mZ“m;“ exp (—255
where mj is the density-of-states effective mass of the
holes. The equations is valid when the Boltzmann dis-
tribution is accurate, but numerical methods can be used
to find n if this is not the case.

While the longitudinal dielectric function in eq. (1) is
nonlocal in the HDM, the transversal dielectric function
is local [33,34], i.e.

w2

. (7)

W) = €00 — ———.
er(w) = oo w? +iyw

The hydrodynamic equations. The two dielectric func-
tions together with Maxwell’s equations produce the fol-
lowing equations in real space [6,36,37]:

2

w .
—VxVxE+ 6—2600E = —ipowd, (8a)
2 iwegw?
L.V(V'J)*FJ:#E, (8b)
w? + iyw w? + iyw

where the first is the classical wave equation, and the
second is the linearized nonlocal hydrodynamic equation.
These equations provide a relation between the electrical
field E and the induced current density J. In a local ap-
proximation (§ & 0), eq. (8b) would reduce to Ohm’s law,
i.e. J o« E with the constant of proportionality given by
the usual Drude conductivity op = iwegw?/(w? + iw).
The relation between these equation and er(k,w) and
er(w) is easily seen for an infinite medium by using a
Fourier transform [6,33].

Equations (8a) and (8b) can be solved for various ge-
ometries when provided with the necessary boundary con-
ditions, using either analytical approaches or numerical

methods [5,34,37-40]. The continuities of E; and By
across the boundary are the natural first two boundary
conditions. However, an additional third boundary condi-
tion is needed in the case of the HDM. Under the assump-
tion of an infinite work function, the boundary condition
is J; = 0, i.e. the charge carriers cannot escape the ma-
terial (see [6] for a discussion). This choice implies that
the spill-out of electrons at the interface is ignored [4].

The Mie coefficients.  Given the boundary conditions,
the solutions for E and J are found for spherical sym-
metry. This was originally done by Mie for transversal
waves [41], and then later Ruppin added the longitudinal
component which is present for the HDM [42]. The final
result is contained in two transversal coeflicients denoted
by al and bJ, and one longitudinal coefficient denoted by
¢l . Here n is an integer, and j indicates whether the field
is reflected from the sphere (j = r) or transmitted into the
sphere (j = t). The coefficient ¢!, is zero as the surround-
ing medium is assumed to be a dielectric and unable to
support longitudinal waves.

However, because our additional boundary condition is
different from Ruppin’s, we will instead of his results use
the solution from David et al. [38] where the reflection
coefficients are given by

v —in(@p)lrin(@r)] + ja(@r)[@pin(@D)]’
" D @p)eria(er)) — juler)zph (@p)]

by, =
—cpju(@D) (An+erjn(@r))) +erju(er)epin(@n))
eph) (@p) (An+[wrjn(@r))) —erjn(er)zphy (zp))’
(9b)

, (92)

!

Here, xp = Rkp = /epRw/c and zp = Rkp =
VeérRw/c. The parameter ep is the dielectric constant
of the surrounding dielectric and er is given by eq. (7).
The function j, is the spherical Bessel function of the first
kind, and hsll) is the spherical Hankel function of the first
kind. The differentiation (denoted with the prime) is with
respect to the argument. The nonlocal parameter A, is

given by [38]
(.

where x;, = Rkp, and the longitudinal wave vector is [38]

Jn (:CT)]n (xL)n(n + 1)

An == B
zrjy(wr)

1 w?
kp = =y /w? +iyw — —Z. 11
L= g\ +iyw o (11)

The coefficients a,, and b,, are related to oscillations of the
magnetic and electric type, respectively. Note that the
expression for a,, is identical to the classical local solution,
while the expression for b, is not [43]. Setting A, = 0,
however, reduces the b, coefficients to their classical local-
response counterparts as well.
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Table 1: Properties of GaAs and InSb. The intrinsic charge
carrier density is denoted by n;. The masses m; and m;j, for
InSb are taken from [44] and [45], respectively. For GaAs,
mg and m} .,nq (Which depends on the doping level Ng) are
from [46], and m;, is from [47]. E4 for InSb is taken from [48],
and pe and py, for GaAs are from [49]. The rest of the data are
taken from [50]. Note that for InSb, the conductivity effective
mass is assumed to be identical to the density-of-states effective
mass.

GaAs InSb InSh
(300K)  (300K) (200 K)
€oo 10.9 15.7 15.7
E, (eV) 1.42 0.17 0.20
n; (cm™3) 21x105 1.9x10'% 8.6 x10™
2y—lgt 2900° 77000 151000
pe (em*V7is™) 1100P
190*
pn (em?V—isTh) 30P 850 1910
mE/mo 0.0636 0.0118 0.0126
mi /mo 0.53 0.48 0.44
. 0.0695
MY cona/ M0 0.101° 0.0118 0.0126

aNd =10'® cm 2.

bNd =10 cm 3.

Once the a; and 0] coefficients are known, the extinc-
tion cross-section for single particles can be found with [43]

2
Geat = fk—;r 3" (@20 + 1)Re(al, +b5). (12)
D p=1

Results. — Using eq. (12), the extinction spectra for
spherical semiconductor nanoparticles will now be deter-
mined. To begin with, we will look at intrinsic InSb with
thermally excited charge carriers. The data for InSb at
T = 300K is given in table 1, and using eqs. (2), (4)
and (5) we find 8 = 1.07 x 105m/s, w, = 6.94 x 103571
and v = 1.94 x 102s~!. From the plasma frequency it
is immediately seen that excitation of the plasmon must
take place in the infrared domain.

In fig. 1(a), the extinction cross section for an InSb
nanoparticle at 7' = 300K in vacuum with R = 150 nm
is plotted. The dashed line is the local-response approxi-
mation obtained by setting A, equal to zero in eq. (9b).
This curve only has a single visible peak which can be
recognized as the classical dipole plasmon peak with a fre-
quency close to Waipote = Wp/ (€ + 2€D)1/2. Peaks from
higher-order poles also exist, but are too faint to see here.
The full line in the figure is the hydrodynamic solution,
and it differs from the classical local-response result in
several ways. The first thing we notice is that the dipole
peak is shifted towards higher frequencies, and secondly
we see that new peaks above the plasma frequency have
appeared. The new peaks and the blueshift are clear sig-
natures of nonlocality, and are well known phenomena in
metals [5,6,36,51,52]. There, the peaks are known to be

3000

T

InSb 1

2

Oext [nm ]
3
8

1000

.- —
+ +

—— Hydrodynamic Model

====Drude Model

0 20 40 60 80 100 120

Fig. 1: (Colour online) (a) Extinction spectrum for an InSb
nanoparticle in vacuum with R = 150nm. Charge carriers
are thermally excited, and the temperature is 300 K. (b) Ex-
tinction spectrum for a GaAs nanoparticle in vacuum with
R = 50nm. The doping level is Ny = 10'® cm 3. The dashed
line is the local Drude model, and the full line is the HDM.
Material parameters can be found in table 1.

associated with confined bulk plasmons, and the blueshift
of the dipole peak is found to increase as the particle
gets smaller [5]. The existence of such nonlocal effects
in semiconductors has, to our knowledge, not been pre-
dicted before. Furthermore, the blueshift in fig. 1(a) is
significant, thus facilitating the experimental verification
by, for instance, systematically measuring the peak posi-
tion as a function of particle size.

By using doping, wide-gap semiconductors can also be
used as plasmonic materials. To investigate the predictions
of the HDM for doped semiconductors, we will consider
n-doped GaAs with a donor (e.g. silicon [15]) concentra-
tion of Ny = 10'® cm=3. The data for GaAs is shown in
table 1, and using eqs. (3), (4) and (5) we find 5 = 4.36 x
10°m/s, w, = 2.24 x 10571 and v = 8.72 x 1012571,
In fig. 1(b) the extinction spectrum for a doped GaAs
nanoparticle with R = 50nm is plotted. Once again we
see oscillations above the plasma frequency and a clear
blueshift.

Although the results in fig. 1(a) and 1(b) appear promis-
ing, it should be noted that the amplitudes of the signals
are about a hundred times weaker than the signal from, for
example, a silver particle of the same size. Experimental
sensitivity is improving, however, and at least one group
has already measured signals of the same magnitude as
the ones predicted here [53].

For particles of intrinsic InSb, the temperature will have
a significant impact on the optical properties as it af-
fects the charge carrier density and thereby the resonance
frequency (as shown experimentally for a planar system
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250 400
TIK]
(b) 200 .
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Fig. 2: (Colour online) (a) Dipole resonance frequency as a
function of temperature for an InSb nanoparticle in vacuum
with R = 150 nm. (b) Dipole resonance frequency as a function
of doping level in a GaAs nanoparticle in vacuum with R =
50 nm. The dashed line is the local Drude model, and the full
line is the HDM. Material parameters can be found in table 1.

in [54]). To illustrate this, the temperature dependence of
the dipole resonance in an InSb nanoparticle is shown in
fig. 2(a). This time, to ensure that the results are accurate
at the higher temperatures, the Fermi-Dirac distribution is
used in the calculations instead of the Boltzmann distribu-
tion. As expected, the resonance frequency increases with
the temperature for both the local and nonlocal solutions.
This effect can be used in new plasmonic experiments
where the resonance frequency is controlled within a wide
range by varying the temperature.

Such a tunability also exists in doped semiconductors
where the resonance frequency instead is controlled by the
doping level (as shown experimentally in [23]). In fig. 2(b),
the dipole peak position in a GaAs nanoparticle is plot-
ted as a function of the donor concentration, and we see
how the resonance frequency goes up as the doping level
increases.

The appearance of nonlocal effects in semiconductors
is in a sense no surprise, as the model used is identical
to the one used for metals (except the expression for (3).
What is really noteworthy is the magnitude of the relative
blueshift. For metals, this shift is typically in the order of
5-15% for particles of a few nm [55-58], while the blueshift
seen in fig. 1(a) is as large as 35% despite a radius of
150nm. The strong blueshift is primarily explained by
the small effective electron mass in InSb, which according
to eq. (2) serves to increase (3. Interestingly, the relative
blueshift is directly related to the non-classical fraction of
the energy [59].

To make further comparison with metal nanoparticles,
the blueshift relative to the plasma frequency is in fig. 3

0.4 .
—— InSb, T=200 K
InSb, T=300 K
—— GaAs, N;=10" cm™
GaAs, N;=10"° cm™
03} E
3Q A
w
S o2t P 1
<

100 1000

R [nm]

Fig. 3: (Colour online) The nonlocal blueshift Aw relative to
the plasma frequency wyp, as a function of the nanosphere radius
R. Material parameters can be found in table 1. The lines are
cut off with a “x” at the left side where the particles contain
fewer than 50 electrons (being a metal, silver is cut off below
1nm).

shown as a function of particle radius for various materials.
The curves were calculated by subtracting the dipole fre-
quency in the local model from the dipole frequency in the
HDM and dividing the result by w,. The red and orange
lines show the relative blueshift for InSb at 7" = 200K
and 300K, respectively (see the material parameters in
table 1). We see that the blueshift increases as the semi-
conductor particle becomes smaller, quite analogous to
what happens for noble metals [5]. But unlike for met-
als, the curves in fig. 3 also show that a lower temperature
gives larger blueshifts for all semiconductor particle sizes.
It has to be remembered, though, that the amplitude of
the signal also decreases when the temperature is lowered,
making detection harder. The “x” at the end of each line
indicates the radius where the particle contains 50 free
electrons (this was the chosen lower limit of the model).

The possibility of observing nonlocal effects in semicon-
ductors was mentioned by Hanham et al. in [8] where they
studied the optical response of InSh disks with diameters
of 20 um. However, for the simulation of their results they
only used the local Drude model. From fig. 3, we now
see that this was justified for individual InSb particles at
300 K, as the nonlocal blueshift is negligible for radii larger
than 1 pm.

The blue and pale blue lines in fig. 3 show the blueshifts
for GaAs particles with doping levels of 10® cm™2 and
10" ecm ™3, respectively.  Although the blueshifts are
smaller than for InSb, the tendency is the same.

Finally, the black line in fig. 3 shows the blueshift for
silver particles with the parameters 8 = 1.08 x 10°m/s,
wp = 1.36 x 106571 and v = 3.80 x 10 s~! [6], and
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where €5 (w) is found using the method from [38] and data
from [60]. We here see that the relative blueshift is smaller
than for the semiconductors and occurs for much smaller
particles.

The hydrodynamic model is simple both conceptually
and computationally, and yet it has showcased an extraor-
dinary predictive power for the optical properties of met-
als. Semiconductors, however, represent a new group of
materials were the HDM has not yet been tested, and the
situation might be more complicated. As mentioned in
the introduction, semiconductors may support excitons,
an effect we have ignored here. Another phenomenon rel-
evant for especially binary and ternary semiconductors is
optical phonons which may couple to the plasmon if the
resonance frequency is in the same region. This has been
investigated for InSb [61,62] and GaAs [18,63], and the
mechanism could be included in the dielectric function as
an extra term (as is done in [12]).

For InSb there is yet another effect that may have to be
taken into account, namely the presence of a space charge
layer. This charge carrier depleted layer stretching a few
hundred angstrom into the material has been discussed in
earlier papers [12,64-66]. Such a layer would be significant
for the optical properties of the InSb particle, and the
question of how it would affect the nonlocal effects is still
to be answered.

The size-dependent nonlocal effects which have been in-
vestigated here would be relevant when making experi-
mental predictions for semiconductor nanostructures in
general. But semiconductors could also be used specifically
for research in nonlocal effects, as the required particle
sizes are much larger in semiconductors than in metals.
This will be an advantage in experimental studies where
the extremely small sizes of metal nanoparticles has been
a challenge. Another material that also permits observa-
tion of nonlocality in larger structures than with metals
is graphene. Indeed, blueshifts in arm-chair-terminated
graphene nanoflakes could be identified as hydrodynamic
nonlocal blueshifts [67]. Very recently, tunable nonlo-
cal response of graphene has been observed in near-field
imaging experiments [68]. Both graphene and semicon-
ductors are therefore suited for research in nonlocality, as
they allow the experimentalists to explore larger structures
and still be able to see deviations from the local response
model.

Conclusions. — We have shown that size-dependent
nonlocal effects are present in semiconductor particles that
contain enough charge carriers to be described by the hy-
drodynamic Drude model. These particles are too big to
behave as quantum dots, yet too small for bulk theory
to apply. Moreover, we find that the blueshift relative to
the plasma frequency is much larger than what is seen in
metals and that it occurs in larger particles. This find-
ing makes semiconductors interesting and suitable can-
didates for further experimental explorations of nonlocal
electrodynamic effects: if the required structures can be

upscaled, then the fabrication is correspondingly simpli-
fied, and investigations of new, more complex geometries
become realistic.

In addition, semiconductors provide the possibility of
tuning the optical response by changing the charge carrier
density, for instance by temperature control and doping
as investigated here. If nanoscale semiconductor struc-
tures in the future will be used in new plasmonic ex-
periments and devices, proper modeling of the materials
becomes crucial. Based on our results from the hydrody-
namic model, we have clarified when nonlocality is not
important and the Drude model provides sufficient de-
scription, but also when nonlocal effects should be taken
into account.

% 3k ok

We gratefully acknowledge support from the Danish
Council for Independent Research (FNU 1323-00087) and
from Villum Fonden via the VKR Centre of Excellence
NATEC-II. The Center for Nanostructured Graphene
(CNG) was financed by the Danish National Research
Council (DNRF103). NAM is a Villum Investigator sup-
ported by Villum Fonden (grant No. 16498).

REFERENCES

[1] Garcia DE ABAJO F. J., J. Phys. Chem. C, 112 (2008)
17983.

[2] McMAHON J. M., GRAY S. K. and ScHATZ G. C., Phys.
Rev. Lett., 103 (2009) 097403.

[3] Raza S., YAN W., STENGER N., WuBs M. and
MORTENSEN N. A., Opt. Ezpress, 21 (2013) 27344.
[4] ToscaNO G., STRAUBEL J., KWIATKOWSKI A.,

RocksTuHL C., EVERs F., XU H., MORTENSEN N. A.
and WuBs M., Nat. Commun., 6 (2015) 7132.

[5] CHRISTENSEN T., YAN W., RaAzA S., JauHO A.-P.,
MORTSENSEN N. A. and WuBs M., ACS Nano, 8 (2014)
1745.

[6] RazA S., BoZHEVOLNYI S. 1., WUBSs M. and MORTENSEN
N. A., J. Phys.: Condens. Matter, 27 (2015) 183204.

[7] Fox M., Optical Properties of Solids, 2nd edition (Oxford
University Press) 2010.

[8] HaNHAM S. M., FERNANDEZ-DOMINGUEZ A. 1., TENG
J. H., An¢g S. S., Lim K. P., Yoon S. F., Nco C. Y.,
KLEIN N., PENDRY J. B. and MAIER S. A., Adv. Mater.,
24 (2012) OP226.

[9] Hauc H. and KocH S. W., Quantum Theory of the
Optical and FElectronic Properties of Semiconductors,
5th edition (World Scientific) 2009.

[10] KeLLy M. J., Low-dimensional Semiconductors, 1st
edition (Clarendon Press) 1995.

[11] RiTz A. and LUTH H., Phys. Rev. Lett., 52 (1984) 1242.

[12] JonEs T. S., SCHWEITZER M. O., RICHARDSON N. V.,
BELL G. R. and McConvILLE C. F., Phys. Rev. B, 51
(1995) 17675.

[13] GOMEZ Rivas J., Kurtee M., Kurz H., HARING

BoLIVAR P. and SANCHEZ-GIL J. A., Appl. Phys. Lett.,
88 (1996) 082106.

17003-p6



Size-dependent

nonlocal effects in plasmonic semiconductor particles

27]

28]

29]

(40]

(41]

NAIK G. V., SHALAEV V. M. and BOLTASSEVA A., Adv.
Mater., 25 (2013) 3264.

MaTz R. and LUTH H., Phys. Rev. Lett., 46 (1981) 500.
GRAY-GRYCHOWSKI Z. J., STRADLING R. A., EGDELL
R. G., DoBsoN P. J., Jovyce B. A. and WOODBRIDGE
K., Solid State Commun., 59 (1986) 703.

BeTTI M. G., DEL PENNINO U. and MARIANI C., Phys.
Rev. B, 39 (1989) 5887.

CHEN Y., NANNARONE S., SCHAEFER J., HERMANSON
J. C. and LAPEYRE G. J., Phys. Rev. B, 39 (1989) 7653.
MENG Y., ANDERSON J. R., HERMANSON J. C. and
LAPEYRE G. J., Phys. Rev. B, 44 (1991) 4040.

Biaar R., MARIANI C. and DEL PENNINO U., Phys. Rev.
B, 46 (1992) 2467.

GINN J. C., JARECKI R. L. jr., SHANER E. A. and
Davips P. S., J. Appl. Phys., 110 (2011) 043110.
LUTHER J. M., JAIN P. K., EWERS T. and ALIVISATOS
A. P., Nat. Mater., 10 (2011) 361.

GARCIA G., BuonsanTi R., RUNNERSTROM E. L.,
MENDELSBERG R. J., LLORDES A., ANDERS A.,
RicuarpsoN T. J. and MILLIRON D. J., Nano Lett., 11
(2011) 4415.

BuonsanTi R., LLORDES A., ALONI S., HELMS B. A.
and MILLIRON D. J., Nano Lett., 11 (2011) 4706.
MANTHIRAM K. and Avrivisatos A. P., J. Am. Chem.
Soc., 134 (2012) 3995.

Scaivpr A. M., THAKKAR N., GuNTHARDT C. E.,
MasieLLo D. J. and GAMELIN D. R., ACS Nano, 8
(2014) 1065.

Zuou S., Pr X., N1 Z., Din¢ Y., Jianc Y., Jin C.,
DELERUE C., YANG D. and Nozaki T., ACS Nano, 9
(2015) 378.

Haprara P., KusovA K., PELANT I. and JELINEK P.,
Phys. Rev. B, 87 (2013) 195420.

ZHANG H., KULKARNI V., PRODAN E., NORDLANDER
P. and Govorov A. O., J. Phys. Chem. C, 118 (2014)
16035.

FAaucHEAUX J. A., STANTON A. L. D. and JAIN P. K.,
J. Phys. Chem. Lett., 5 (2014) 976.

MoONREAL R. C.; AnTOsiEWICZ T. J. and APELL S. P.,
J. Phys. Chem. Lett., 6 (2015) 1847.

ZHANG H., ZHANG R., ScHRAMKE K. S., BEDFORD
N. M., HunteEr K., KORTSHAGEN U. R. and
NORDLANDER P.; ACS Photon., 4 (2017) 963.

WuBs M., Opt. Ezpr., 23 (2015) 31296.

RaAzA S., CHRISTENSEN T., WuBs M., BOZHEVOLNYI
S. I. and MORTENSEN N. A., Phys. Rev. B, 88 (2013)
115401.

SzE S. M., Physics of Semiconductor Devices, 1st edition
(Wiley) 1969.

Raza S., Toscano G., Jauno A.-P., Wuss M. and
MORTENSEN N. A., Phys. Rev. B, 84 (2011) 121412(R).
ToscanNO G., RAzZA S., JAUHO A.-P., MORTENSEN N. A.
and WuBs M., Opt. Ezxpress, 20 (2012) 4176.

Davip C. and GARciA DE ABAJO F. J., J. Phys. Chem.
C, 115 (2011) 19470.

Toscano G., Raza S., YAN W., JEPPESEN C., XIAO
S., WuBs M., Jauno A.-P., BozHEVOLNYI S. I. and
MORTENSEN N. A., Nanophotonics, 2 (2013) 161.

YAN W., MORTENSEN N. A. and WuBs M., Phys. Rev. B,
88 (2013) 155414.

MIE G., Ann. Phys. (Leipzig), 330 (1908) 377.

[42]
[43]
[44]
[45]
[46]
[47]

[48]
[49]

[50]
[51]
[52]
[53]
[54]
[55]

[56]

[57]

[58]
[59]
[60]

[61]
(62]

[63]
(64]
(65]

[66]

[67]

[68]

17003-p7

RuUPPIN R., Phys. Rev. Lett., 31 (1973) 1434.

BoHrReN C. F. and HurrMAN D. R., Absorbtion and
Scattering of Light by Small Particles, 1st edition (Wiley)
1983.

STRADLING R. A. and Woobp R. A., J. Phys. C, 3 (1970)
L94.

CunNINGHAM R. W. and GRUBER J. B., J. Appl. Phys.,
41 (1970) 1804.

SzmydD D. M., PoOrRrRO P., MAJERFELD A.
LAGOMARSINO S., J. Appl. Phys., 68 (1990) 2367.
WartoN A. K. and MisHrA U. K., J. Phys. C, 1 (1968)
533.

RoweLL N. L., Infrared Phys., 28 (1988) 37.

Sze S. M. and IrvIN J. C., Solid State Electron., 11
(1968) 599.

MADELUNG O., Semiconductors: Data Handbook, 3rd
edition (Springer-Verlag, Berlin) 2004.

TIGGESBAUMKER J., KOLLER L., MEIWES-BROER K.-H.
and LIEBSCH A., Phys. Rev. A, 48 (1993) R1749.
LiNDAU I. and NiLssoN P. O., Phys. Scr., 3 (1971) 87.
BiLLAuDp P., MARHABA S., GRILLET N., COTTANCIN E.|
BoNNET C., LERME J., VIALLE J.-L., BROYER M. and
PELLARIN M., Rev. Sci. Instrum., 81 (2010) 043101.
HoweLLs S. C. and ScHLIE L. A., Appl. Phys. Lett., 69
(1996) 550.

CHARLE K.-P., KONIG L., NEPIJKO S., RABIN I. and
ScHULZE W., Cryst. Res. Technol., 33 (1998) 1085.
RAzA S., STENGER N., KADKHODAZADEH S., FISCHER
S. V., KosteEsHA N., JAuHO A.-P., BURROwWS A.,
WuBs M. and MORTENSEN N. A., Nanophotonics, 2
(2013) 131.

Raza S., KADKHODAZADEH S., CHRISTENSEN T., DI
VECE M., WuBs M., MORTENSEN N. A. and STENGER
N., Nat. Commun., 6 (2015) 8788.

ScuorL J. A., Kon A. L. and DIONNE J. A., Nature,
483 (2012) 421.

YAN W. and MORTENSEN N. A., Phys. Rev. B, 93 (2016)
115439.

WERNER W. S. M., GLANTSCHNIG K. and AMBROSCH-
DraxL C., J. Phys. Chem. Ref. Data, 38 (2009) 1013.
GAUR N. K. S., Physica B & C, 82 (1976) 262.

Gu P., Tant M., Sakar K. and YANG T.-R., Appl. Phys.
Lett., 77 (2000) 1798.

OLsEN C. G. and LyNcH D. W., Phys. Rev., 177 (1969)
1231.

RiTtz A. and LUTH H., J. Vac. Sci. Technol. B, 3 (1985)
1153.

BELL G. R., JonNEs T. S. and McConvVILLE C. F., Surf.
Sci., 405 (1998) 280.

Apomavicius R., MACUTKEVIC J., SUZANOVICIENE R.,
StuSys A. and KROTKUS A., Phys. Status Solidi C, 6
(2009) 2849.

CHRISTENSEN T., WaNG W., Jauno A.-P., WuBs
M. and MORTENSEN N. A., Phys. Rev. B, 90 (2014)
241414(R).

LUNDEBERG M. B., GAo Y., AsGArl R., Tan C.,
VAN DUPPEN B., AUTORE M., ALONSO-GONZALEZ
P., WOESSNER A., WATANABE K., TaANIGucHI T.,
HILLENBRAND R., HONE J., PorLiNT M. and KOPPENS
F. H. L., Tuning quantum non-local effects in graphene
plasmonics, to be published in Science (2017), DOL:
10.1126/science.aan2735.

and



