
HAL Id: hal-01763391
https://hal.science/hal-01763391v1

Submitted on 18 Jun 2019

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Enhanced nonlinear optical response from individual
silicon nanowires

Peter Wiecha, Arnaud Arbouet, Houssem Kallel, Priyanka Periwal, Thierry
Baron, Vincent Paillard

To cite this version:
Peter Wiecha, Arnaud Arbouet, Houssem Kallel, Priyanka Periwal, Thierry Baron, et al.. Enhanced
nonlinear optical response from individual silicon nanowires. Physical Review B: Condensed Matter
and Materials Physics (1998-2015), 2015, 91 (12), �10.1103/PhysRevB.91.121416�. �hal-01763391�

https://hal.science/hal-01763391v1
https://hal.archives-ouvertes.fr


Enhanced nonlinear optical response from individual silicon nanowires
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2 Université de Toulouse, Université Paul Sabatier,
118 route de Narbonne, 31062 Toulouse cedex 9, France and

3 LTM/CNRS-CEA-Université de Grenoble Alpes, 17 rue des martyrs, 38054 Grenoble, France

We report about the experimental observation and characterization of nonlinear optical properties
of individual silicon nanowires of different dimensions. Our results show that the nonlinear light
has different components, one of them corresponding to the second harmonic generation (SHG).
The SHG strongly depends on the polarization of the optical excitation and nanowire diameter,
and gives access to the local electromagnetic field intensity distribution. Furthermore, we show
that the second harmonic, when observed, is enhanced compared to bulk silicon and is sensitive to
optical resonances supported by the nanowires. This offers different perspectives on the definition
of silicon-based nonlinear photonic devices.

PACS numbers: 78.67.Uh, 42.65.Ky, 42.70.Nq, 78.35.+c

High-refractive index dielectric nanostructures provide
original optical properties, exhibiting intense resonances
depending on their size, shape and the constituent mate-
rials. In particular, semiconductor nanowires can sustain
so-called leaky mode resonances (LMRs), which depend
on the material and the perimeter.1–3 These morpholog-
ical resonances occur when the perimeter is commensu-
rate with the wavelength inside the nanowire. Similarly,
guided modes can be excited and different Fabry-Perot
resonances appear as function of the nanowire length.4

Though any semiconductor or insulating material with
high refractive index can be used to engineer light-matter
interaction and to design efficient optical resonators for
light trapping, silicon nanostructures such as nanowires
(Si-NWs) are particularly promising for low cost photonic
devices compatible with CMOS technology.2,5 It has been
shown that Si nanowires could be used as antennas on
top of a thin planar solar cell.2,6 The key parameter is
the enhanced scattering efficiency of the nanostructure
and the optical interaction with the thin film where the
electron-hole pair generation occurs. The amplified elec-
tromagnetic field should thus enable an increased photon
absorption in the solar cell active layer.

Si-NWs can be used also for field-enhanced spec-
troscopy as they present interesting near-field enhance-
ments but, more importantly, much lower losses com-
pared to plasmonic nanostructures.7 Guided modes4 or
LMRs9 have been used to enhance Raman scattering4 or
photoluminescence from molecules or nanocrystals,4,8

For these applications, it is important to have access to
the optical near-field associated with the leaky- or guided
modes.9 Aside from optical near-field experiments, com-
plex in both their use and interpretation, several alterna-
tive far-field techniques such as nonlinear optical micro-
scopies have been developed to obtain direct or indirect
information on the near-field distribution, for instance in
the case of III-V semiconductor nanowires10,11 or noble
metal nanostructures.12,13

In the following, we investigate individual Si-NWs of
different diameters using nonlinear optical microscopy.

We show that an intense SHG is emitted, which is de-
pendent on the incident light polarization. We exploit
the SHG, which is highly sensitive to small variations of
the local electric field and boosts the resolution of the
SHG mappings of a NW, to access to the local electro-
magnetic (EM) field distribution of isolated Si-NWs. We
demonstrate that the SHG is influenced by the dielec-
tric contrast between the NW and its environment, and
the existence of resonant optical modes supported by the
NW. We prove that such modes lead to an enhanced SHG
yield of Si-NWs, especially compared to bulk silicon.

The growth of Si-NWs of different diameters and the
production of isolated Si-NWs on glass substrates is de-
scribed elsewhere.3,8 Among all investigated samples, we
selected three nanowires of 47, 80 and 295 nm diameters
and at least 2 µm in length, referred to as NW50, NW80
and NW300, respectively. The smallest diameters were
chosen because they support a limited number of LMRs
(0 to 2 depending on the polarization). Larger nanowires
have a roughly similar behavior.

Non-linear optical microscopy was performed using a
homemade setup described in Fig. 1a. Details are given
in Supplemental Information. (Section I: Nonlinear opti-
cal microscopy experiments) Power dependence measure-
ments show that the detected light is a consequence of
nonlinear processes, but its behavior completely changes
as function of the power density, polarization and posi-
tion on the nanowire (tip, center) of the incident laser
beam.

Fig. 2 shows the spectrum of the nonlinear emission
recorded at the center of a large diameter Si-NW such
as NW300. It is dependent on both the polarization
and power density of the incident laser beam. The in-
cident light is polarized parallel to the NW axis in TM
configuration, and perpendicular to the NW axis in TE
configuration. At low power densities, the spectra show
mainly a sharp peak that should be attributed to SHG,
the peak wavelength being found at half the wavelength
of the laser. A broad PL band ranging from the SHG
wavelength to about 600 nm (cut-off due to the dichroic
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FIG. 1. a) Schematic view of the set-up used for SHG mea-
surements. The second beam passing through the time-delay
line is used for interferometric autocorrelation experiments
only. (BS: beamsplitter), b) Elastic light scattering mapping
of an isolated Si-NW, c) Nonlinear emission mapping. In in-
sets are shown the FWHM taken long the dashed line

mirror) is also present in TM configuration. With in-
creasing power densities, this PL band can be detected
for both TE and TM polarizations. These broad bands
also exhibit a non-linear power dependence with a dif-
ferent exponent than the SH peak. Finally, the emission
spectrum is dependent on the position of the laser spot
on the NW (tip or center), in agreement with the as-
sumption of local EM field sensitivity.

To unambiguously ascribe the sharp peaks in Fig. 2
to SHG and to investigate the origin of the other spec-
tral features, power dependence and two pump interfer-
ometric autocorrelation measurements were performed.
From the results and figures given in Supplemental In-
formation, (Section I: Nonlinear optical microscopy ex-
periments) we can conclude that the sharp peak corre-
sponds to SHG, while a nonlinear order of 3 is found for
the PL bands. We suggest that the third-order nonlinear
PL bands may arise from the native oxide surrounding
the NW. Such signal is neither detected from the glass
substrate outside the NW, nor under continuous wave
excitation at any position on or outside the NW. We
believe that this luminescence could be generated by ex-
citation of colored centers in silica such as self-trapped
excitons, oxygen vacancies and H-related defects14 by ei-
ther Third Harmonic Generation in the Si-NW core, or
by three photon absorption in the SiO2 sheath. Similar
spectral signatures have also been detected from a Silicon
on Quartz (SOQ) sample formed by a 200 nm thick single
crystal Si layer transferred on a fused silica substrate.

Typical SHG maps recorded for both TM and TE con-
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FIG. 2. Spectra of SHG and nonlinear photoluminescence of
NW300 in TE and TM configurations with excitation at λ =
840 nm on the center of the NW. The laser polarization was
fixed while the samples were rotated by 90 ◦. The SHG signals
of LiNbO3 , and a 200 nm thick Si layer of a Silicon on Quartz
are shown for comparison. The average power density was
3.84 mW/µm2 for Si materials and 0.92 mW/µm2 for LiNbO3

figurations on large nanowires (diameter over 100 nm) are
shown in Fig. 3 and Fig.4. The main difference is that
SHG is homogeneous along the NW in the TE configura-
tion, while it is strongly enhanced at both ends in the TM
case. This behavior suggests that one of the contribu-
tions of SHG in Si-NWs is a surface-induced process like
in bulk silicon, where the lattice symmetry is broken by
the presence of surfaces or interfaces.15,16 Another cause
of symmetry breaking for SHG in Si is the introduction
of strain,17 which is not the case of our NWs.18

The strong anisotropy between TE and TM maps of
SHG can be explained by the continuity relations for the
EM field at the interface between two media presenting
a large dielectric contrast.19 The relations between ex-
ternal and internal fields show that the external field is
constant when it is parallel to the NW surface and is
increased when it is normal to the NW-air interface.20

In the TE configuration case, the incident field is always
perpendicular to the NW axis. Therefore, the external
near-field is homogeneously enhanced all along the NW,
in agreement with the SHG mapping of Fig. 3a. In the
TM case, the incident field has only a tangential com-
ponent with respect to the surface along the NW length,
except at both NW edges where it is normal to the termi-
nation surface. The field enhancement is thus localized
at the NW tips, as the SHG enhancement as shown in
Fig. 3b.

Another evidence of the SHG sensitivity to the dielec-
tric contrast is given in Fig. 4, where the intensity profiles
are drawn along the NW300 axis for different excitation
wavelengths at a fixed detection window (SHG filter).
The difference between the TM and TE configurations
is detected only when the excitation wavelength is equal
to twice the detection wavelength. In the other cases, as
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FIG. 3. SHG maps of NW300 for (a) TE polarization, (b)
TM polarization and (c) intensity profiles along the NW axis.

well as for the profiles recorded using the longpass filter
(corresponding to the broad PL band induced by third
order processes), a totally different behavior is obtained.
All profiles except the SHG ones look very similar, are
independent of the incident light polarization, with ”hot
spots” located at both NW tips.

There are different sources of SHG in centrosymmetric
materials.16,20,21 These sources are divided between sur-
face local contributions due to the rapid change of the
electric field at the interface between the nano-object and
its embedding medium and non-local bulk contributions
which depend on the gradient of the incident electric field.
It is generally assumed that the normal non-linear surface
polarization is the main contribution to SHG from gold
nanostructures, this contribution being highly sensitive
to the shape of the nano-object,22 or proximity to an-
other nano-object.23 In the case of silicon nanostructures,
the relative weight of surface and bulk contributions is
not well-known. Extensive numerical simulations are re-
quired to address the SHG mechanism from Si-NWs.

The first conclusion of our work is that far-field SHG
microscopy performed on silicon nanowires gives access
to the local near-field intensity distribution at the fun-
damental frequency, in agreement with similar experi-
ments on gold nanorods.13 The comparison of the SHG
maps of Fig. 3 and the results of electrodynamical sim-
ulations provided in supplementary information indeed
shows that the general aspect, TE and TM polarization
dependence and intensity ratio are qualitatively recov-
ered in our experiments. (See Supplemental Informa-
tion, Section II: Near-field intensity distribution of a sil-
icon nanowire) This conclusion is supported by previous
study of the photoluminescence (PL) of silicon nanocrys-
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FIG. 4. Intensity profiles along the NW300 axis as function of
the excitation wavelength for two different detection windows
(SHG filter (solid line) and PL filter (dashed line)), and for
both polarization configurations (TE blue, TM green).

tals located in the optical near-field of Si-NWs,8 which
showed that the PL mapping was in good agreement with
the computed near-field intensity distribution of the Si-
NW.8

At last, it must be noticed that SH detected in our ex-
periments can be strongly enhanced in Si-NWs compared
to bulk silicon. The values of the SHG yield for different
materials excited under the same conditions are summa-
rized in Table I. The measured SHG intensities are higher
for Si-NWs than for bulk Si and SOQ layer, even more
when the SHG signal is renormalized by the area Kspot

of the laser spot that is actually illuminating the Si-NW.
(See Supplemental Information, Section III: Correction
factor for the SHG of silicon nanowires and bulk materi-
als) This correction is necessary since the minimal laser
spot radius (≈ 620 nm for λexc = 810 nm) is much larger
than the Si-NW diameters. The corrected SHG signal
of Si-NWs may be two orders of magnitude larger than
bulk Si and SOQ layer.

The SHG yield is very different depending on the TM
or TE configuration, and on the NW diameter. There-
fore, it is interesting to compare the Iphoto/Kspot results
in view of the scattering efficiency at the excitation wave-
length, thus addressing another contribution to the SHG
yield than surface and dielectric contrast effects. Notice
however that we did not take into account the optical
absorption, since it is the same for all silicon samples (no
resonance around 810 nm for Si-NWs).

The impact of Mie resonances can be seen on the SHG
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TABLE I. Comparison of SHG signals. Iphoto/Kspot is the normalized photocurrent (see text). Laser power and wavelength
were fixed at 3.15 mW/µm2 and 810 nm, respectively. The scattering efficiency Qscat. at 810 nm is calculated using Mie theory.3

Sample Polarization Position Iphoto (nA) Kspot Iphoto/Kspot (nA) Qscat.

Glass – – 0.015 1 0.015 –

Si Bulk – – 0.19 1 0.19 –

SOQ – – 0.22 1 0.22 –

NW50
TE Tip/Center 0/0

0.073
0/0 0.014

TM Tip/Center 2.5/1.6 34.2/21.9 3.32

NW80
TE Tip/Center 0.30/0.30

0.116
2.6/2.6 0.061

TM Tip/Center 4.8/4.4 41.4/37.9 6.34

NW300
TE Tip/Center 3.3/3.8

0.436
7.6/8.7 0.60

TM Tip/Center 5.6/1.6 12.8/3.7 1.61

mappings of small diameter NWs, such as NW50, sup-
porting only one of these optical resonances (Fig. 5a-c).
In that case, the fundamental resonance branch is non-
degenerate and only the TM01 mode can be excited.1,3

Thus, a high SHG yield is measured in the TM con-
figuration, corresponding to a large scattering efficiency
(Qsca = 3.3), while no SHG is detected for perpendicu-
larly polarized incidence, due to the absence of any TE
mode (Qsca = 0). The behavior for NW80 (in Fig. 5d-f)
is quite similar to NW50, with a non-degenerate TM01

mode matching the excitation wavelength (810 nm). The
higher SHG yield of NW80 in the TM configuration can
be attributed to the large scattering efficiency at the ex-
citation wavelength, and possibly at the detection wave-
length (405 nm). The SH intensity involving local field
enhancement factors at both the fundamental and har-
monic wavelengths has been reported in the case of gold
nanorods.24,25 However, a very weak SHG instead of no
SHG for NW50 can be distinguished in the mapping of
the TE configuration (Fig. 5d). This could be related to
the value of Qscat at the excitation wavelength for NW80
which is slightly higher than Qscat for NW50 (see ta-
ble I), and again to the presence of a resonance mode at
the harmonic wavelength (degenerate TM11-TE01 mode
around 450 nm). As mentioned previously, the influence
of optical absorption can be neglected as the absorption
efficiency is very weak for all NWs at the fundamental
wavelength (even for large diameter Si-NWs above 200
nm where absorption resonances may appear).

In conclusion, we have studied the nonlinear optical
response from individual Si-NWs of different diameters.
We identified different nonlinear contributions, one of
them being second harmonic generation. First, we
exploited the SHG, which is highly sensitive to small
variations of the local electric field and furthermore
boosts the resolution of the SHG mappings of a nanowire,
to access to the local electromagnetic field distribution
of a Si-NW. Second, we showed that Si-NWs are good
candidates for enhanced SHG, thanks to the presence
of resonant optical modes. The optimization of the
SHG yield could be achieved by adjusting the nanowire
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diameter (hence the resonances), for instance to match
simultaneously the fundamental and harmonic frequen-
cies. This may open a route towards new Si-based
nonlinear optical devices.
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Supplemental Materials: Enhanced nonlinear optical response from individual silicon
nanowires

I. NONLINEAR OPTICAL MICROSCOPY EXPERIMENTS

The beam of a mode-locked Ti-sapphire femtosecond-laser covering the 700 nm-1000 nm wavelength range (80 MHz
repetition rate, 150 fs pulse duration) is focused through a 50x, 0.8 NA microscope objective. The emitted light is
collected in the backscattering geometry using the same microscope.

Spectra at different points of the samples are obtained using a Princeton Instruments IsoPlane 320 spectrometer
coupled to a Pixies 400 CCD device. A nano-displacement stage is used to move the sample for 2D mapping (usually
steps of 100 nm). In that case, either longpass or bandpass filters and a photomultiplier tube (PMT) are used. The
bandpass filter (FBH405, 405 nm, 10 nm FWHM) is used to select the second harmonic generated by λ = 810 nm laser
light (the so-called SHG filter in the article). The longpass filter (GG435, starting at 435 nm), or broad filter, is used
to measure the nonlinear broad band emission generated by two or more absorbed photons. Finally, a BG39 bandpass
filter (360-580 nm) is always added to eliminate any unwanted fundamental light, leaking through the dichroic mirror.

The incident polarization is fixed. The TE and TM configurations (polarization perpendicular and parallel to the
NW axis, respectively) are obtained by rotating the sample. The incident power density is thus never changed. Except
for power dependence measurements, the average power density was fixed at 3.15 mW/µm2.

Interferometric autocorrelation experiments are performed using two coherent pumps.S1 The laser pulse is split in
two beams of equal power, which are time-delayed before being focused on the sample in the same spot through the
microscope objective. The average power density for each beam was fixed at 1.35 mW/µm2.

Power dependence measurements are shown in Fig. S1e, where the spectra are given as function of increasing laser
power. The log-log inset shows a slope of 2 for the sharp peak’s maximum intensity (SHG), whereas the broad
photoluminescence band rises with a slope of 3. For these experiments the fundamental light was 840 nm (harmonic
light at 420 nm) to optimize the transmission of the microscope objective and the spectrometer’s detection efficiency.
Results were reproducible with increasing and then decreasing power density, as long as keeping the power density
below a damage threshold.
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FIG. S1. Interferometric autocorrelation spectra for SHG ((a) and (b)) and broad nonlinear photoluminescence band ((c) and
(d)). (e) Nonlinear spectra as function of laser power recorded on the NW tip in TM configuration. Log-log plots showing the
power dependence are given in the inset (n = 2 and n = 3 slopes are drawn as a guide for the eye).

To validate the use of filters for SHG mapping, we performed interferometric autocorrelation measurements on
the SHG and the broad PL band. The experiments were performed using a fundamental light of 810 nm. Detection
was limited to either second harmonic using a FBH405-bandpass filter or to the broad luminescence band using a
GG435-longpass filter. Results are shown in Fig. S1a-d.
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The measured intensity of the interferometric autocorrelation signal at time delay δ writes:

INL(δ) =

∞∫
−∞

∣∣∣[Epulse1(t) + Epulse2(t− δ)]2
∣∣∣n dt (S1)

with Epulse1,2(t) the electric field of pulse 1,2 at the sample at time t, and n the nonlinear exponent. Setting both
pulses to equal amplitudes A1 = A2 = A, the ratio of maximum signal (δ = 0) to infinite delay signal is:

R =
INL(0)

INL(∞)
=

∣∣[2 ·A]2
∣∣n

2 · |A2|n
=

4n

2
(S2)

which gives R = 8 for n = 2, R = 32 for n = 3, ...
The fit to the envelope of the experimental spectra shows that the amplitude is nearly 8 for the spectrum recorded

using the SHG filter (Fig. S1(a) and (b)), thus corresponding to second harmonic generation. The amplitude for the
large PL band is slightly inferior to 32, in agreement with a third order process (Fig. S1(c) and (d)).

II. NEAR-FIELD INTENSITY DISTRIBUTION OF A SILICON NANOWIRE

Fig. S3 shows the near-field intensity distribution at 10 nm (one discretization step) below a Si-NW placed in vacuum
calculated using the Green Dyadic technique.S2 The latter relies on a volume discretization of the system and allows to
describe nanostructures of arbitrary morphology. This technique rigorously takes into account the dielectric response
of the substrate. Due to excessive computational requirements, it is impossible to perform a simulation of a 300 nm
diameter, 6 µm long Si nanowire. We limit the nanowire sizes to 2 µm in length and to 50 and 80 nm in diameter,
corresponding to the other sizes investigated experimentally. The near-field maps are in qualitative agreement with
the SHG maps of Fig. 3 and Fig. 5 of the article. The electric field is strongly enhanced in TM configuration at
the NW edges only. It is not or weakly enhanced but homogeneous all along the NW axis in the TE configuration.
The absence or weak field enhancement in the TE case is due to the absence of any resonance for the small diameter
Si-NWs at the excitation wavelength (810 nm).
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FIG. S2. Near-field intensity distribution of a 2 µm long Si-NW (diameter of 50 nm (a) and 80 nm (b)) for TE and TM
configurations under plane wave excitation at 810 nm. Lower figures : normalized intensity distribution drawn along the dotted
blue and green lines in the upper images. In each case, profiles parallel and perpendicular to the NW axis are given.

III. CORRECTION FACTOR FOR THE SHG OF SILICON NANOWIRES AND BULK MATERIALS

In our experimental conditions, the diffraction limited minimal spot radius rspot ≈ 0.61λ/NA ≈ 620 nm (for λ =
810 nm) is always larger than the Si-NW diameter. The illuminated fraction of the nanowire is estimated by a factor

Kspot =
SonNW

Sspot
(S3)
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with the intersection of spot and NW surface SonNW = dNW · 2rspot/
√

2, and Sspot = π(rspot/
√

2)2. The spot area

is taking into account the 2nd order of the nonlinear process (the factor 1/
√

2 is due to the squared Gaussian beam
width).

The photocurrent is divided by Kspot to obtain the normalized SHG yield, allowing the comparison of nanowires
to bulk samples. The absorption efficiency at the excitation wavelength is the same for all silicon samples. Results
are shown in Table II of the article.

nanowire
laser spot

2rspotdNW

Sspot

SonNW

FIG. S3. Sketch showing the illuminated fraction of a nanowire by a circular laser spot.
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