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1.2 exploits the coupling between light and collective electron den-

Nanoplasmonics
sity oscillations (plasmons®?) to bypass the stringent limits imposed by diffraction.
This coupling enables confinement of light to sub-wavelength volumes and is usually
exploited in nanostructured metals. Substantial efforts are being made at the current
frontier of the field to employ electron systems in semiconducting and semimetal-
lic materials since these add the exciting possibility of realizing electrically tunable
and/or active nanoplasmonic devices’”. Here we demonstrate that a suitable design
of the doping profile in a semiconductor nanowire (NW) can be used to tailor the
plasmonic response and induce localization effects akin to those observed in metal
nanoparticles'’. Moreover, by field-effect carrier modulation, we demonstrate that
these localized plasmon resonances can be spatially displaced along the nanostructure
body, thereby paving the way for the implementation of spatially tunable plasmonic
circuits.

The excitation of localized plasmon resonances (LPRs) leads to a strong local enhancement
of the electromagnetic fields, as a consequence of the collective oscillation of free charge carriers.
This found important applications in sensing'!, microscopy'?, Raman spectroscopy'®, and photo-

14,15 " Traditionally, LPRs were observed and investigated in metallic nanoparticles (NPs),

voltaics
but recent experiments are extending this possibility to doped semiconductor NPs'®!7. One of the
key motivations for the exploration of this route is the perspective of obtaining materials with lower
free carrier density n and thus lower plasma frequency wy. In doped semiconductors, this yielded
the observation of LPRs in nanoparticles from the mid- to the far-infrared region of the spectrum.
A further important drive pushing for this paradigmatic shift to semiconductors is the perspective
of electrical tuning of the plasmonic response. The investigation of hybrid electronic/plasmonic
systems is indeed at its infancy and holds the promise of novel nano-optoelectronic chips em-

bedding multiple functionalities'®.

A remarkable example is provided by the recent progress in
graphene plasmonics'”, where the high room-temperature mobility of samples encapsulated in
hexagonal boron nitride crystals allows gate-controlled tuning of long-lived and highly-confined
two-dimensional plasmons?.

In our experiment, we exploit state-of-the-art growth of self-assembled semiconductor NWs?!,
which offer the unique flexibility to engineer local properties of the semiconductor. In particular,
we use steep axial doping profiles in InAs NWs to localize the system’s plasmonic response and
control the spatial position of the NW LPR by field-effect.

A prototypical example of the investigated NWs is shown in Fig. 1. A set of 60 —80 nm-diameter
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FIG. 1. Local plasmon resonance in a steep doping profile. a, By a suitable process described in the
main text, we create a linearly varying carrier density profile n(z) along the growth direction in an indium
arsenide nanowire. The induced density ranges from a nominally undoped value n &~ 1 x 106 ¢cm=2 (in the
region labeled by the letter S) to a maximum doping n ~ 5 x 10'® cm~3 (in the region labeled by the letter
E). Intermediate-doping segments were introduced in the growth sequence and used as markers (M) for
the s-SNOM maps. b, NWs were deposited on a SiO5/n-Si substrates and a A = 10.5 um laser beam (red
arrows) is focused on an s-SNOM tip oscillating at 250 kHz. The amplitude s and phase ¢ of the reflected
beam (blue arrow) are detected using an interferometric pseudo-heterodyne technique, demodulated at the
fourth harmonic of the tip tapping frequency and used to reveal the local dielectric response of the NW
(see Methods). ¢, AFM topography map of an isolated NW, acquired in parallel to the SNOM signal. d,
Fourth harmonic s-SNOM amplitude (s4) map: the plasmon mode is highlighted by a strong modulation of
the scattered field amplitude in proximity of the region where the laser matches the local plasma frequency.
e, Fourth harmonic s-SNOM phase (p4) map: a marked phase dip in the scattered light is observed in
correspondence with the plasma frequency. The doping marker is visible as a region of modified scattering

(both in amplitude and phase) and provides a reference to identify the graded doping region.

InAs wires were grown by metal-seeded chemical beam epitaxy and included a = 1 ym-long steep

graded-doping region. In nominally undoped portions of the NW| the free-carrier concentration n

3

was of the order of 10'® ¢cm ™3 while a carrier density up to n ~ 5 x 108 cm™3 is estimated for the

highest doping-density regions, as determined by transport measurements in standard field-effect



transistors grown in equivalent conditions??. The plasmonic response of the NWs was investigated
by scattering-type scanning near-field optical microscopy (s-SNOM) in the mid-infrared spectral
range?>?4. We used a metallic tip with a radius of ~ 20 nm operating in tapping mode at 250 kHz to
probe the near-field optical response of the sample under a mid-infrared COg laser (A = 10.5 pm).
A pseudo-heterodyne interferometric detection was exploited to obtain the amplitude (s) and phase
() of the scattered optical beam (Fig. 1b), which strongly depends on the local dielectric response
of the NW. In our experiment, the backscattered signal was demodulated at the fourth harmonic
of the probe tapping frequency. This procedure minimizes far-field contributions (see Methods)
and yields the amplitude component s4, with phase ¢4.

Atomic force microscope (AFM) (Fig. 1c) and s-SNOM (Figs. 1d,e) maps of isolated NWs on
Si02/n-Si were acquired simultaneously. The optical response of the sample reveals the localized
nature of the plasmonic resonance in the graded-doping nanostructure. The maps in Figs. 1c,d
show the amplitude s4 and phase @4 of the scattered field as a function of the SNOM position
on the sample, respectively. Enhanced scattering only occurs in a small region of the NW where
the local plasma frequency wp(x) matches the illumination frequency w. We see that the plasmon
resonance extends for ~ 200 nm and no indication of plasmon propagation is observed. Our NWs
support LPRs for a variety of reasons. First, contrary to strictly 2D systems like graphene, our NW
hosts a quasi-three-dimensional electron system with bulk-like plasmons. These have a dispersion

t34 in the relevant region of wave vectors where tip-plasmon coupling

relation that is nearly fla
occurs. This implies a nearly zero plasmon wave vector and group velocity. Second, due to the
presence of donors, which have been implanted in the body of the NW to engineer the steep
doping density profile, the lifetime of our bulk-like plasmons is very short. Within a simple Drude
model for the NW local conductivity o(w), we find a plasmon lifetime 7 on the order of 10 fs.
Third, the highly inhomogeneous carrier density distribution n(x) along the NW growth direction
in our NWs enables highly-selective spatial coupling between the SNOM tip and the plasmon.
This is because the plasmon frequency is a function of the local carrier density (see Methods),
wp(n) = \/ZW , and therefore, for a given illumination frequency w, energy conservation
implies tip-plasmon coupling only occurs in the neighborhood of the position zyax at which w =
wp (1 (Tmax))-

In order to attain the field-effect control of the LPR in the nanostructures we fabricated devices
equipped with an electrical reference contact and a gate allowing carrier-density manipulation
(Fig. 2a). NWs were dropcasted on top of a SiO3/n-Si substrate as in the case of Fig. 1. Using

electron beam lithography, we defined a Ni/Au electrode at the very end of each NW in order to
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FIG. 2. Field-effect modulation of the plasma resonance. a, NWs were deposited on a SiOs/n-Si
substrate and contacted by a Ni/Au electrode, which allows using the n-Si substrate as a backgate. b,
Calculated fourth harmonic amplitude s4 and phase ¢4 modulation of the s-SNOM signal, as predicted by a
point-dipole tip-sample interaction model (see Methods). The curves are obtained by assuming a Drude-like
dielectric constant for the InAs NW. Using a laser excitation at A\ = 10.5 pm, a strong modulation is expected
for a carrier density n ~ 3 x 10'® cm™3. The charge density interval covered by the resonance is highlighted
by the red shaded region. ¢, Time evolution of the ¢4 signal (black line) caused by a sinusoidal modulation
of the gate voltage (blue dashed line). During the measurement, the s-SNOM probe is kept on top of the
resonant region on the NW at zero backgate voltage. A full resonance modulation is achieved by sweeping
the gate voltage from —30V to +30V at 40 Hz. d, Phase modulation as a function of the gate voltage V.
A strong hysteresis is observed by sweeping the gate voltage from low to high values (blue curve) and back

(red curve).

use the n-Si substrate as a backgate and minimize electrostatic screening®®. Our device structure
allows the application of up to £80V gate voltage sweeps in few milliseconds. Based on simple
electrostatic modelling®®, the capacitance C, between the backgate and a NW with a diameter in the
range 60-80 nm is estimated to be ~ 35-38 aF /um, corresponding to a carrier density modulation
in the range 7.6-12.4 x 1016 cm™3/V. The impact of field-effect on the NW plasmon response was
measured by positioning the s-SNOM tip on top of the NW resonant region (at A ~ 10.5 pm)
and by measuring the tip-induced light scattering as a function of gate voltage Viz. The expected
carrier-density dependence of the amplitude and phase of the scattered field are shown in Fig. 2b.

The resonance is expected to occur at n ~ 3 x 10'® cm™3 and a carrier density modulation én of at



a
-1.508 . . . . ; 1 J-1.5
300 600 900 1200 300 600 900 1200
X (nm X (nm
. (m) T x(om)
T T T T T L L
620
600
—_
=
=)
N
580 %
S
8=
560
540
| S P o N 1 N 1 PR RPN BRN B
-80 0 +80 0 =80 300 600 900 -50 0 50
Vo (V) Vo (V) X (nm) Vo (V)
FIG. 3. Spatial shift of the local plasmon resonance. a, Color plot of the evolution of the s-

SNOM phase profiles measured along the NW growth direction, as a function of the gate voltage V. The
displacement of the LPR along the NW axis is observed as the gate voltage Vi is controlled from —80,V
to +80V and from +80V to —80V. b, Fit to the experimental data for the extremal values of the gate
voltage. The phase modulation is well reproduced by the point-dipole interaction model and the full field-
effect evolution of the NW response is reproduced with a single fitting procedure. c, Estimate of the charge
density profile along the NW axis. d, Estimate of the displacement of the LPR position along the NW axis
as a function of the V: the curve is obtained using the values for the gate capacity and the doping profile

extracted by fitting the experimental data in the plot of panel a.

least 3 x 10'® em ™2 is necessary to map the full plasmonic resonance (see shaded area in Fig. 2b).
The actual measured NW response is shown in Figs. 2¢,d. The experimental configuration was
particularly stable and unaffected by sample mechanical drift with respect to the s-SNOM tip.
Multiple gate scans could thus be acquired and averaged to achieve good signal-to-noise ratios. In
Fig. 2¢ we report the time evolution of the phase ¢ of the scattered wave, when the gate voltage
V@ is subject to a peak-to-peak oscillation of 60 V at 40 Hz. A strong modulation of the optical
response is observed. In Fig. 2d the phase of the scattered light is plotted against V. The marked

hysteresis is a consequence of charge trapping at the NW /dielectric interface?”®.



The modulation of light scattering displayed in Fig. 2 corresponds to a physical displacement
of the LPR along the NW axis. Crucially, this is enabled by the fact that the gate electrode,
being capacitively coupled to the NW, shifts the carrier density profile n(x) by a constant value
on which is proportional to the gate voltage V. In turn, since the NW is designed to feature
a linear spatial dependence of n(x) versus the longitudinal coordinate x, the energy conservation
condition w = wp(n(x)) is expected to occur at a gate-shifted position Tmax +0Zmax Where 0zmax =
—6n-(dn/dx)~! x V. To confirm this, we measured near-field infrared profiles p4(x) along the NW
growth axis while varying the gate voltage from —80V to +80V and then back to —80V (Fig. 3a).
In order to rule out possible spurious effects, e.g. stemming from small piezoelectric deformations
of the SiOy layer?, we monitored the position of the metallic reference electrode and/or of the
doping marker regions at each scan. Experimental data clearly indicate that the plasma resonance
is shifted along the NW axis by about 100 nm when the gate voltage is swept from —80V to 480V
and viceversa. This corresponds to a shift of the resonance by more than its half width at half
maximum. We note that, compared to the measurements shown in Fig. 2, a larger gate voltage
swing is needed to achieve a modulation covering the full resonance. This is not surprising since
traps on the NW surface and in the gate dielectric are known to cause non-negligible screening
effects that are particularly evident at room temperature and for slow gating sweeps®”?8. Indeed,
the time required to acquire each s-SNOM scan is of the order of several minutes, while in the
case of the measurements reported in Fig. 2, a full gate sweep lasted only few milliseconds. It is
important to note that this is not an intrinsic limitation of the devices but is rather dictated by
the experimental need to perform slow s-SNOM scans.

The experimental data are well described by a point-dipole interaction model®?, from which
the complete charge-density profile along the NW axis can be derived. The s-SNOM signal was
compared with the expression for the fourth-order harmonic of the scattering field induced by the
tip-sample interaction (see Methods). We fit the expression for ¢4(x) by modeling the carrier
density profile n(xz) with a constant term ng, a uniform contribution proportional to the gate

voltage Vg, a linearly-increasing term, and a first-order non-linear correction:
n(xz) =no — VaC/e + apx + ay sin (7x/b) . (1)

Here, C' is a capacitance per unit volume and b = 1 um is the length of the graded doping region.
We remark that a single set of parameters was fitted against all curves at different V. The result
of the fit for the two largest values of V is shown in Fig. 3b, while the deduced density profile
n(x) is shown in Fig. 3c. Probably owing to the partial shielding by the grounded electrode, the



carrier profile n(z) is slightly sublinear for < 500 nm. Starting from the best fit and using the
expression for ¢4, we obtained the position xyax of the resonance (Fig. 3d). We estimated an LPR
displacement of 0.6 nm/V driven by the field effect. As mentioned before, in this experimental
configuration the LPR shift is hindered by screening effects driven by traps in the dielectric and
on the NW surface, which can become significant particularly at slow gating sweeps. This is also
confirmed by the low apparent value of C extracted from the fit of the experimental data, when

compared with the expected value C, (see Methods).

In conclusion, we demonstrated that we can localize and spatially control by field effect the
position of plasmon resonances within InAs nanowires by embedding a suitably engineered doping
profile. Our novel nanoplasmonic architecture combines the strong local light confinement typi-
cally observed for metallic nanoparticles with the wide tunability typical of semiconductors. The
achievement of electrically-tunable plasmon systems is of great relevance to applications: in the
specific case of tunable LPRs, it can pave the way to innovative devices concepts such as, for
instance, recently proposed scanning plasmon sensors>'. In general, present results on local doping
modulation indicate a promising direction for the design and implementation of a new class of

devices with electrical spatial control of plasmonic modes.

Methods

Electron-doped InAs nanowire (NW) growths were performed by Au-assisted chemical beam
epitaxy (CBE) in a Riber Compact 21 system. The system employs pressure control in the met-
alorganic (MO) lines to determine precursor fluxes during sample growth. A calibrated orifice at
the injector insures the proportionality between line pressure and precursor flow through the injec-
tor. The precursors involved in the NW growth are tri-methylindium (TMIn), tertiarybutylarsine
(TBAs), and ditertiarybutyl selenide (DtBSe) as selenium source for n-type doping. A nominally
0.5 nm thick Au film was first deposited on (111)B InAs wafers by thermal evaporation. Before the
growth was initiated, the sample was heated at 470 + 10 %rcC under TBAs flow for 20 min in order
to dewet the Au film into nanoparticles and to remove the surface oxide from the InAs substrate.
InAs stems were grown at a temperature of 380 + 10 “rcC for 30 min with MO line pressures of
0.3 and 0.7 Torr for TMIn and TBAs, respectively. The growth temperature was increased to 400
=+ 10 %rcC for the growth of the graded-doped InAs NWs. The steep doping profile along the axial
direction of the NWs was obtained by tuning the partial pressure of di-tert-butyl selenide (DtBSe)

from 0 to 1 Torr during the growth process.



Near-field measurements were performed by a scattering-type scanning near-field optical mi-
croscope (NeaSNOM from Neaspec GmbH). It is based on an atomic force microscope (AFM)
operating in tapping mode at a frequency of about 250 kHz. Pt-coated AFM tips with a radius
of R ~ 20 nm were chosen as near-field probes. The tip was illuminated with a commercial (ac-
cesslaser.com) grating-tunable carbon dioxide (CO2) laser emitting in a TEMgg transverse mode
(M2=1). Radiation (about 1 mW) was focused on the tip by means of a 2 cm focal length parabolic
mirror. The emission of the laser can be tuned between 9.5 and 10.7 ym. The system is equipped
with a pseudo-heterodyne interferometric detection module in order to detect simultaneously the
phase and amplitude of the scattered signal. The optical signal was acquired simultaneously with
topographic AFM maps. The signals acquired in this work were the scattering amplitude and
phase, demodulated at the fourth harmonic of the tapping frequency.

In the fit of the experimental data we assumed a Drude form for the dielectric function of
the carriers in the NW: e5(w) = e[l — wgl /(w? —iw/7)]. We introduced the plasma frequency
wpl = [47ne? /(exomy,)]Y/? where my, = 0.023 m, is the carriers’ band mass, m, is the electron mass
in vacuum, and €., = 15.15 is the high-frequency dielectric constant of InAs. We took the Drude
scattering time 7 = 10.0 fs, which yields a Drude mobility p = er/my, ~ 0.75 x 103 cm?/(Vs)

22

in line with the range of values reported in the literature“®. The expression for the fourth-order

scattering contribution of the s-SNOM signal is

54"t = q

-5
a?B(1 + B) (80 + 68aB + 5a°3?) (1 — aﬁ) , (2)

8192 4

where a is a real constant which relates the near- and far-field of the radiating point dipole,
a=(e¢—1)/(e+2), B = [es(w) — 1]/[es(w) + 1], with € and es(w) the dielectric constant of the
tip material and the dielectric function in the NW, respectively. The fit yields the following best
values for the parameters in Eq. (1): ag ~ 0.91 x 10?3 em™, a1 ~ —177 x 10! cm™3, and C ~
0.87 x 10715 F ym™3. The latter in turn provides a value for the gate capacitance Cg between the
backgate and the NW in the range 2.5-4.4 aF/um. This value is different from what expected from
simple electrostatics. Well-known analytical models?® in fact estimate the back-gate capacitance
per unit length as Cy = 2mesio, /arccosh|(dsio,+7)/r], where esio, = 3.9¢p is the oxide permittivity,
€o is vacuum permittivity, dgio, is thickness of the SiOs layer, and r is the radius of the NW. Using
drmsio, = 285nm and r = 30 — 40nm, we estimate Cy = 35 — 38aF /um. Correspondingly, the
expected carrier density modulation dn/dVe = Cy/nr? is in the range 7.6 — 12.4 x 100 cm3/V.

The mismatch with the calculated values of 35 — 38 aF /um is ascribed to the different impact of



screening by charge traps at the NW /dielectric interface, depending on the gate sweep speed. The
gate sweep speeds during the measurements can be estimated to be (i) up to about =8 V/ms in
point modulation data of Figure 2, (ii) about +0.1 V/s in the gate-modulated scans of Figure 3,
and (iii) about 3V /s during the preparatory step before the scans of Figure 3 (sweep from Vi = 0
to 480V in about 30s). The shift of the LPR was observed on five different devices. For three
of these, the field effect modulation of the plasmon resonance was demonstrated both by looking
at the SNOM response in a single position (Figure 2) and by performing a spatial s-SNOM map
the resonance line as a function of Vi (Figure 3). Depending on the average Vi sweep speed, the

resonance shift in the s-SNOM maps was estimated to fall in the 0.6 — 1.6 nm/V range.

ACKNOWLEDGMENTS

We thank I. Torre, M.S. Vitiello, F. De Angelis and R.M. Macfarlane for useful discussions.
This work was supported by the EC under the Graphene Flagship program (contract no. CNECT-
ICT-604391), the MIUR through the programs “FIRB - Futuro in Ricerca 2013” - Project “Ul-
traNano” (Grant No. RBFR13NEA4) and “Progetti Premiali 2012” - Project “ABNANOTECH”,
and by the ERC advanced grant SoulMan (G.A. 321122). Free software was used (www.gnu.org,

www.python.org).

francesco.rossella@sns.it

Maier, S. A. Plasmonics — Fundamentals and Applications (Springer, New York, 2007).

Stockman, M. I. Nanoplasmonics: past, present, and glimpse into future. Opt. Express 19, 22029-22106

(2011).

3 Pines, D. & Noziéres, P. The Theory of Quantum Liquids (W.A. Benjamin, Inc., New York, 1966).

4 Giuliani, G.F. & Vignale, G. Quantum Theory of the Electron Liquid (Cambridge University Press,
Cambridge, 2005).

5 Chen, H.-T., Lu, H., Azad, A. K., Averitt, R. D., Gossard, A. C, Trugman, S. A., O’'Hara, J. F. &
Taylor, A. J. Electronic control of extraordinary terahertz transmission through subwavelength metal
hole arrays. Opt. Express 16, 7641-7648 (2008).

6 Chen, H.-T., Padilla, W. J., Cich, M. J., Azad, A. K., Averitt, R. D. & Taylor, A. J. A metamaterial
solid-state terahertz phase modulator. Nature Photon. 3, 148-151 (2009).

7 Chen, J., Badioli, M., Alonso-Gonzalez, P., Thongrattanasiri, S., Huth, F., Osmond, J., Spasenovi¢, M.,

Centeno, A., Pesquera, A., Godignon, P., Elorza, A. Z., Camara, N., Garcia de Abajo, F. J., Hillenbrand,

10


mailto:francesco.rossella@sns.it

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

R. & Koppens, F. H. L. Optical nano-imaging of gate-tunable graphene plasmons. Nature 487, 77-81
(2012).

Fei, Z., Rodin, A. S., Andreev, G. O., Bao, W., McLeod, A. S., Wagner, M., Zhang, L. M., Zhao, Z.,
Thiemens, M., Dominguez, G., Fogler, M. M., Castro Neto, A. H., Lau, C. N., Keilmann, F. & Basov,
D. N. Gate-tuning of graphene plasmons revealed by infrared nano-imaging. Nature 487, 82 (2012).
Kim, J., Son, H., Cho, D. J., Geng, B. S., Regan, W., Shi, S. F., Kim, K., Zettl, A., Shen, Y. R. & Wang,
F. Electrical control of optical plasmon resonance with graphene. Nano Lett. 12, 5598-5602 (2012).
Klar, T., Perner, M., Grosse, S., von Plessen, G., Spirkl, W. & Feldmann, J. Surface-plasmon resonances
in single metallic nanoparticles. Phys. Rev. Lett. 80, 4249 (1998).

Mayer, K. M. & Hafner, J. H. Surface-plasmon resonances in single metallic nanoparticles. Chem.
Rev. 111, 3828 (2011).

B. Rothenhausler and W. Knoll. Surface plasmon microscopy. Nature 332, 615 (1988).

K. Kneipp, Y. Wang, H. Kneipp, L.T. Perelman, I. Itzkan, R.R. Dasari, and M.S. Feld. Single molecule
detection using surface-enhanced Raman scattering (SERS). Phys. Rev. Lett. 78, 1667 (1997).

S. Mubeen, J. Lee, W.-R. Lee, N. Singh, G.D. Stucky, and M. Moskovits. Surface-Plasmon Resonances
in Single Metallic Nanoparticles. ACS Nano 8, 6066 (2014).

H.A. Atwater and A. Polman. Surface-Plasmon Resonances in Single Metallic Nanoparticles. Nat.
Mater. 9, 205 (2010).

N.J. Kramer, K.S. Schramke, and U.R. Kortshagen. Plasmonic Properties of Silicon Nanocrystals Doped
with Boron and Phosphorus. Nano Lett. 15, 5597 (2015).

J.M. Luther, P.K. Jain, T. Ewers, and a P. Alivisatos. Localized surface plasmon resonances arising from
free carriers in doped quantum dots.. Nat. Mater. 10, 361 (2011).

Volker J. Sorger, Rupert F. Oulton, Ren-Min Ma, and Xiang Zhang. Toward integrated plasmonic circuits.
MRS Bull. 37, 728, (2012).

Grigorenko, A. N., Polini, M. & Novoselov, K. S. Graphene plasmonics. Nature Photon. 6, 749-758 (2012).
Woessner, A., Lundeberg, Gao, Y., Principi, A., Alonso-Gonzélez, P., Carrega, M., Watanabe, K.,
Taniguchi, T., Vignale, G., Polini, M., Hone, J., Hillenbrand, R. & Koppens, F. H. L. Highly confined
low-loss plasmons in graphene-boron nitride heterostructures. Nature Mater. 14, 421 (2014).

Gomes, U. P., Ercolani, D., Zannier, V., Beltram F. & Sorba, L. Controlling the diameter distribution
and density of InAs nanowires grown by Au-assisted methods. Semicond. Sci. Tech. 30, 010301-014013
(2015).

Viti, L., Vitiello, M. S., Ercolani, D., Sorba, L. & Tredicucci, A. Se-doping dependence of the transport
properties in CBE-grown InAs nanowire field effect transistors. Nanoscale Res. Lett. 7, 159 (2012).
Hillenbrand, R. & Keilmann, F. Complex optical constants on a subwavelength scale. Phys. Rev. Lett. 85,
3029 (2000).

Stiegler, J. M., Huber, A. J., Diedenhofen, S. L., Gémez Rivas, J., Algra, R. E., Bakkers, E. P. A. M.

& Hillenbrand, R. Nanoscale free-carrier profiling of individual semiconductor nanowires by infrared

11



25

26

27

28

29

30

31

near-field nanoscopy. Nano Lett. 10, 1387-1392 (2010).

Pitanti, A., Roddaro, S., Vitiello, M. S. & Tredicucci, A. Contacts shielding in nanowire field effect
transistors. J. Appl. Phys. 111, 064301 (2012).

Wunnicke, O. Gate capacitance of back-gated nanowire field-effect transistors. Appl. Phys. Lett. 89,
083102 (2006).

Astromskas, G., Storm, K., Karlstrom, O., Caroff, P., Borgstrom, M. & Wernersson, L.-E. Doping
Incorporation in InAs nanowires characterized by capacitance measurements. J. Appl. Phys. 108, 054306
(2010).

Roddaro, S., Ercolani, D., Safeen, M. A., Suomalainen, S., Rossella, F., Giazotto, F., Sorba, L. & Beltram,
F. Giant thermovoltage in single InAs nanowire field-effect transistors. Nano Lett. 13, 3638-3642 (2013).
Lazovski, G., Wachtel, E. & Lubomirsky, I. Detection of a piezoelectric effect in thin films of thermally
grown SiOq via lock-in ellipsometry. Appl. Phys. Lett. 100, 262905 (2012).

Cvitkovic, A., Ocelic, N. & Hillenbrand, R. Analytical model for quantitative prediction of material
contrasts in scattering-type near-field optical microscopy. Opt. Express 15, 8550-8565 (2007).

Nishi, H., Hiroya, S. & Tatsuma, T. Potential-Scanning Localized Surface Plasmon Resonance Sensor.

ACS Nano 9, 621476221 (2015).

12



	Gate-tunable spatial modulation of localized plasmon resonances
	 Acknowledgments
	 References


