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ilicon nanowires (SiNWs) in en-

sembles, usually on large area sub-

strates such as wafers or glass sheets,
have attracted much attention in the past
few years to potentially serve as future
building blocks in sensors,' transistors,? so-
lar cells,®>~7 and photodetectors.2® A prereq-
uisite for using SiNWs in the aforemen-
tioned devices is that the electrical and
optical properties are understood and can
be controlled. So far, neither the under-
standing nor the control is satisfying. The
present paper tries to support an enhanced
understanding of the optical properties of
individual SINWs.

Many papers have been published deal-
ing with the optical properties of nanowire
(NW) ensembles.’®"'> A major part of the
analysis of the measured data therein is
based on the scattering properties of indi-
vidual NWs in the Rayleigh limit, which is
valid for diameters d << \/(wn).'® Furthmer-
more, non-Rayleigh-type resonances for
these systems have been reported.'® The
knowledge of the values of optical cross
sections is fundamental for other quantita-
tive analyses; for example, a calculated
value of the absorption cross section for
CdSe NWs has been used to estimate the
quantum yield of their photolumines-
cence.'” Consequently, absolute values of
the absorption cross sections of both CdTe
and CdSe NWs in a solution have been re-
ported'® for a couple of wavelengths. Fur-
thermore, the polarization anisotropy of
CdSe and CdSe/CdS core/shell NWs has
been analyzed for two different wave-
lengths,” and even experimental
polarization-dependent absolute values of
the absorption cross section of CdSe NWs
for one wavelength have been published.?
These experimentally obtained absolute
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ABSTRACT Silicon is a high refractive index material. Consequently, silicon nanowires (SiNWs) with diameters

on the order of the wavelengths of visible light show strong resonant field enhancement of the incident light, so

this type of nanomaterial is a good candidate for all kinds of photonic devices. Surprisingly enough, a thorough

experimental and theoretical analysis of both the polarization dependence of the absorption and the scattering

behavior of individual SiNWs under defined illumination has not been presented yet. Here, the present paper will

contribute by showing optical properties such as scattering and absorption of individual SiNWs experimentally in

an optical microscope using bright- and dark-field illumination modes as well as in analytical Mie calculations.

Experimental and calculation results are in good agreement, and both reveal a strong correlation of the optical

properties of individual SiNWs to their diameters. This finding supports the notion that SiNWs can be used in

photonic applications such as for photovoltaics or optical sensors.
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values are in good agreement with those
obtained by Mie theory. So far, a profound
analysis of the optical properties of indi-
vidual NWs is available for germanium.?' In
comparison to Ge, Si has a smaller extinc-
tion coefficient k for the whole visible spec-
trum, that is, for wavelengths larger than
~340 nm.?? This should, in principle, result
in even stronger resonances. The same line
of thought applies for the direct semicon-
ductors?? since they have, depending on
the wavelength, either very high extinction
coefficients k or extinction coefficients close
to zero. The latter, of course, would rule
out strong absorption, and thus, even
strong resonant enhancement would still
result in very low absorption efficiencies.
Very recently, some optical properties, such
as light absorption of NWs of different ma-
terials including silicon, have been pub-
lished?* and the basic physical principles
are described that are responsible for the
generality of resonances in one-
dimensional nanostructures and that indi-
cate which resonances are mostly suited for
absorption and how absorption depends
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Figure 1. Complex refractive index /i = n + ik of silicon given
by the refractive index n and the extinction coefficient k
taken from ref 24. Inset: Schematics of SiINW position with re-
spect to the incident illuminating light: definition of the
angle of light incidence &.

on the geometrical cross section of the SiNWs. More-
over, this paper describes how several rectangular NWs
of amorphous Si lying in parallel can enhance the light
absorption compared to a thin film.

However, both a detailed analysis of the scattering
behavior of SiNWs and an analysis of the polarization
dependence of the optical properties of SiINWs are still
missing. Here, the present paper will contribute new ex-
perimental data of polarization and illumination con-
trolled bright- and dark-field optical analyses together
with analytical Mie calculations, contributing the
polarization-dependent absorption efficiencies Q,s of
individual SINWs. The dependence of scattering and ab-
sorption on the diameter d of SiNWs, on the wave-
length A of the illuminating light, on its angle of inci-
dence £ and on the polarization is discussed. The angle
of incidence £ is the angle between the illuminating
light and the long axis of the SiNW, as schematically
shown in the inset of Figure 1. Our findings show that
absorption and scattering efficiencies are strongly de-
pendent on the wavelength \ of the illuminating light,
its polarization, and the diameters d of the SiNWs. These
findings indicate that SiNWs are ideal candidates for a
sensitive tuning of photonic devices by varying certain
parameters of the SiNWs, such as the diameter and ori-
entation with respect to the incident light.

To calculate scattering and absorption efficiencies
Qsca and Qgps, the well-known Mie theory'® is used. The
efficiencies Q,., and Q.ps are dimensionless and defined
by the ratio of the particular cross section Cc, or Cops
and the geometrical area A of the object, Qsca/abs = Cscar
abs/A. The cross section is defined as an imagined area
around the illuminated object. As soon as an illuminat-
ing beam hits this area, interaction will occur. Within the
limits of geometrical optics, this means the absorption
cross section C,ps of @ hypothetical, perfectly absorbing
black body is always equal to the geometrical area A of
the object and thus the absorption efficiency Q.ps al-
ways equals 1—independently of the geometrical
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Figure 2. Optical micrograph of SiNWs on a glass substrate
using a dark-field illumination configuration. Thus, only the
scattered light is visible. The different colors of the SiNWs in-
dicate that SiNWs of different diameters scatter the light dif-
ferently. Inset: bright-field image of SiNWs on a glass sub-
strate; in this case, only the transmitted light is visible. SINWs
are visible with an optical microscope because they scatter
light efficiently despite their nanometer scale.

shape. For a body that is an imperfect absorber, the ab-
sorption efficiency Q,ps resides between 0 and 1. Fur-
thermore, within the limits of geometrical optics, the ef-
ficiencies Q are, in general, limited to values between

0 and 1. Leaving these limits of geometrical optics, as
occurs when structures smaller than the illuminating
wavelength \ are illuminated, such as the SiNWs in our
experiments, different findings concerning the cross
sections can occur (e.g., absorption efficiencies Q,ps
much bigger than 1). This means that absorption cross
sections, C,ps, are bigger than the geometrical area A of
the object; that is, the SINW can thus collect light from
an area much bigger than its geometrical area A (i.e., the
area covered by the SiNW itself). A similar effect has
been calculated for an array consisting of SiINWs with a
diameter d = 200 nm and a length of 2000 nm embed-
ded in a polymer matrix for one wavelength A = 350
nm.8 In analogy to the absorption efficiencies Q,ps big-
ger than 1 outside of the framework of geometrical op-
tics, scattering efficiencies Qs, bigger than 1 can oc-
cur, which means in this case that light is scattered from
an area bigger than the geometrical area A of the SINW.
In our examples, the calculated scattering efficiencies
Qsca reach values up to 901% and the absorption effi-
ciencies Qqps reach values of up to 449%. This shows
that SiNWs have the potential to harvest and scatter
light very effectively.

RESULTS

Optical Microscopy. SiNWs lying flat on a glass sub-
strate show a broad spectrum of different colors (cf. Fig-
ure 2) as presented in optical micrographs in both dark-
field and bright-field geometry. Each straight SiINW
shows only one color, except the end points or when
other particles are lying very close to the SiINW. The in-
vestigated SiNWs are several times longer than the
wavelength of the illuminating light in vacuum. The ef-
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fective wavelength of the light in the SINWs is about
3.5 times smaller. Therefore, we do not consider the
length of the SiINWs important for resonances, which
could lead to different colors. These resonances would
be considerably damped over such distances in Si.
Hence, we assume that different colors point to differ-
ent SiNW diameters.

To further analyze the cause of these different col-
ors of individual SINWs, the diameters of some of these
SiNWs are measured using a scanning electron micro-
scope (SEM) (cf. insets in Figure 3). The relation to the
optical dark-field measurements that show the differ-
ent colors is maintained by making use of markers that
can be identified in the SEM as well as in the optical
microscope. The color of the SiNWs in the optical micro-
scope images is clearly correlated to the diameters d
of the SiNWs (cf. insets in Figure 3). SINWs with colors
ranging all over the visible spectrum can be found. The
correlation of SINW diameter measurements and the
color analysis with an optical microscope shows that a
change in SiNW diameter d from 77 to 118 nm is re-
sponsible for a color change of blue to orange in dark
field. This finding suggests that the SiINW scattering or
absorption can be tuned very sensitively by slightly
varying the SiNW diameter. The aforementioned experi-
mental findings are supported by analytical Mie calcu-
lations'® of the scattering efficiencies Q..

Scattering Efficiencies O, Based on Mie Theory. The colors
of individual SiNWs in dark field and their diameters d
as obtained by SEM measurements can be related to
the scattering efficiencies Q,., from Mie calculations
(Figure 3). The colors of SiNWs vary with their diam-
eters d since the intensity of the scattered light is pro-
portional to the product of the intensity of the illumi-
nating light and the scattering efficiencies Qsca. Qsca is
dependent not only on the wavelength of the incident
light but also on the diameter d of the SiINWs. As shown
in Figure 3, the colors of individual SINWs obtained
from optical dark-field microscopy very well coincide
with the colors that are expected from the Mie theory
calculations. For example, SiNWs with a diameter of d =
77 nm show big scattering efficiencies Qs for blue
light and thus appear blue in the corresponding opti-
cal dark-field image, or SiNWs with a diameter of d =
107 nm appear yellow in optical dark-field microscopy
according to a scattering efficiency peak at a wave-
length of yellow light.

Scattering Spectra. To quantitatively analyze the scat-
tering behavior of the SiINWs, including the depen-
dence on the polarization, scattering spectra with polar-
ized, transmitted (i.e., the SiNWs are illuminated
through the glass substrate) light are taken in dark-
field configuration. The positions of the peaks in the
measured spectra are in accordance with the corre-
sponding Mie calculations (cf. Figure 4, Figure 5, and
Figure 6), and the spectra show pronounced polariza-
tion dependence.
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Figure 3. Scattering efficiencies Q,., depending on SiNW diameters d
calculated using Mie theory for perpendicular illumination (§ = 90°)
with nonpolarized light. Insets: SEM images and corresponding dark-
field light optical micrographs of individual SiNWs lying flat on a glass
substrate; all scale bars represent 1 um; the SINW diameters d are la-
beled in the SEM micrographs; the error for these values ranges from
5 to 8 nm, for the 77 and 118 nm diameter, respectively. The optical
dark-field images superimposed with the calculated scattering effi-
ciency Q.. show a very good agreement.

Any illuminating electromagnetic field can be split
into two independent polarizations. For the so-called
transversal electric (TE) polarization, the vector of the
magnetic H-field is parallel to the SINW's long axis, and
for the so-called transversal magnetic (TM) polarization,
the vector of the electric E-field is parallel to the SINW's
long axis. The ratio of the intensities of the spectra meas-
ured with TE and TM polarized light, however, shows
differences with respect to the ratio of the calculated
scattering cross sections Qsca1e/Qscatm (cf. Figure 5 and
Figure 6). In particular, the TE polarized light is scattered
much stronger compared to the TM polarized light
than predicted by the Mie calculations. This may be in-
terpreted as an influence of the substrate, given that
the substrate is not considered in the Mie calculations
of the scattering efficiencies Q.. Though the back-
ground of the scattered light from the substrate does
not show any pronounced peaks, the interaction be-
tween a SiINW and the substrate could lead to new pat-
terns in the scattering spectrum. Spectra taken with-
out polarizer show these differences between
experimental measurements and Mie calculations, as
well (cf. Figure 4).

Calculations of Scattering and Absorption Efficiencies of
Individual SiNWs Based on Mie Theory. Scattering Efficiencies for
Perpendicular lllumination & = 90°. As shown in Figure 4, Fig-
ure 5, and Figure 6, the scattering cross sections Qs., do
strongly depend on the wavelength \ of the illuminat-
ing light and its polarization, thus permitting to tune
light scattering in SiNWs for device applications, though
if the SINWs are not embedded in a homogeneous me-
dium the effects of the close (i.e., distances compa-
rable to a few times the wavelength \) surrounding
have to be considered.
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Figure 4. Calculated scattering efficiencies Q;., for nonpolarized light at normal incidence (§ = 90°) for d = 2 and 300 nm
and A = 400 and 850 nm. Solid black lines indicate the positions of the measured spectra. On the right-hand side, normal-
ized measured scattering spectra are shown (red lines), and the black lines in these graphs are the corresponding calculated
scattering efficiencies Q... The measured and normalized (following eq 10) scattering intensities are scaled with a constant
factor for each SiNW to match the calculated scattering efficiencies Q... Thess factors are the same for every polarization
shown in Figure 4, Figure 5, and Figure 6. The diameters of the SiINW shown in the graphs are measured using an AFM. The
scale on the right-hand side shows the scattering efficiencies. On the left side, optical dark-field micrographs of the corre-
sponding SiNWs are shown. Inset: Q., for d = 2 and 2000 nm and A = 220 and 1120 nm.
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For illumination with wavelengths smaller than
~360 nm, such as for ultraviolet light, the scattering ef-
ficiencies Q.., do not show a strong dependence on
the diameters of the SINWs (cf. insets in Figure 4, Fig-
ure 5, and Figure 6). This is in line with the direct band
gap of Si,”® which resides at 3.4 eV (\ = 365 nm). In con-
sequence of this, Si has a very high extinction coeffi-
cient k below wavelengths smaller than ~360 nm (cf.
Figure 1). This results in a mean free path of light in Si
of only a few nanometers for these wavelengths effec-
tively suppressing resonant enhancement effects.
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For wavelengths larger than ~400 nm, Q,., shows a
branched structure for both TE and TM polarization.
The branches of high Q,, are nearly straight lines in the
plotted (N, d)-plane (cf. Figure 4, Figure 5, and Figure
6). The slope of the branches is decreasing with increas-
ing diameters d and decreasing wavelengths \. The
number of these branches for a given diameter d is in-
creasing with increasing diameter d. This branched
structure accounts for effective scattering of only one
optically active SiNW at different incident wavelengths.
The occurrence of such a branched structure can be ex-
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Figure 5. Same scattering efficiencies Q. as in Figure 4 for TM polarized light.
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Figure 6. Same scattering efficiencies Qs as in Figure 4 for TE polarized light.

plained based on the analytical expressions for Qs (&
= 90°) as given by:'®
AJLAxX)J[(x) — J{(Ax)J,(x)
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Here i = n + ik is the already mentioned complex
refractive index, J; is the Bessel functions of first kind of
order i, and H" is the Hankel functions of first kind of or-
der i. The scattering efficiencies Q,, for perpendicular il-
lumination & = 90° are only dependent on terms like x
= dm/\ and xA. Since the complex refractive index /i =
n + ik of silicon shows only a weak dependence on the
wavelength \ for A > 500 nm (cf. Figure 1), these terms
are nearly proportional to d/\. Thus, the scattering effi-
ciencies Q. are nearly constants for straight lines in the
(\, d)-plane. The highest values for Qs (up to 901%)
can be found for TM polarized light in a branch defined
by the points d = 64 nm, A\ = 425 nm and d = 230
nm, A = 1100 nm. Another branch with high scatter-
ing efficiencies Q,, (up to 866%) for even thinner SINWs
is given by the points d = 16 nm, \ = 370 nm and d
=62nm, A =720 nm.
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Since these are very common diameters for
SiNWs,2% it is possible to use this knowledge to opti-
mize the growth of SiNWs using the particularly large
scattering efficiencies Q., by controlling the SINW di-
ameters. The assessment of the SINW diameters can be
carried out by determination of the colors of the SiNWs
in an optical microscope in dark-field configuration (cf.
Figure 3). The scattered light analysis can, in principle,
be used for in situ monitoring of the SINWs’ diameters,
when they are individually grown in place in future de-
vices. This in situ control during the SINW growth can be
decisive for successfully producing SiNW-based de-
vices since ex situ diameter control is normally associ-
ated with oxidation of the SiNWs, which can prevent
further epitaxy on the SiNWs.?” An in situ control of the
diameter could be necessary since not only the optical
properties but also the electrical properties of SiINWs are
strongly dependent on the diameter.® It also provides
the option for a fast and low-cost ex situ diameter SINW
control to be used when implementing SiNWs in fu-
ture device concepts. This can even be double checked
by measuring the different scattering intensities for
the different polarizations. Encouraging for a further
use of this method is that the polarization dependence
of the scattering efficiencies has already successfully
been used with one wavelength (A = 1548 nm) to meas-
ure the displacement of SiNWs.26 The minima and
maxima of the scattering efficiencies Q,., can be a
knowledge that may be important to minimize or maxi-
mize the scattering of light for optical SINW-based
Sensors.

Absorption Efficiencies for Perpendicular lllumination & = 90°.
The absorption efficiencies Q. are again a dimension-
less number and are about 1 order of magnitude lower

VOL. 4 = NO. 12 = 7113-7122 = 2010 ACNJANICO)
=4

7117



ARTICLE

[wu] Je18wWelp

7118

200 4

600 4

1000 4

o

S

o

=]
L

1800 4

[wu] Je33Welp

-
N
o
=]

200

600

1000

[wu] Jajowelp

-
S
o
=]

1800

300 500 700 900 1100 QabsH

0,1
0,2
0,3
0,5
0,6
0,7
0,8

0,9
1,0

A\

Figure 7. Absorption efficiencies Q,,s for d = 2 and 2000 nm and A =
220 and 1120 nm for (a) nonpolarized light, (b) TM polarized light, and
(c) TE polarized light.

than the scattering efficiencies Q. This is not surpris-
ing because Si is an indirect band gap semiconductor.
Note that the color scale implies 0 to 1 for Qs (Figure
7) and 0 to 10 for Q,, (Figure 4, Figure 5, and Figure 6).

The results for the nonpolarized light (Figure 7a)
are in accordance with those published in ref 23. How-
ever, in ref 23, it is mentioned that nanowires with di-
ameters bigger than 100 nm do not show pronounced
polarization dependence. This is only in qualitative ac-
cordance with our calculations; that is, the branches
with high Q,ps are more or less at the same position in
the (\, d)-plane for the different polarizations, but the
values of Q,ps show strong polarization dependence for
all calculated diameters (cf. Figure 7).

| /@) . .
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The absorption efficiencies Qaps show for A < 360
nm (corresponding to the smallest direct band gap in
Si®®) only a weak dependence on the diameter d. Here,
the direct band gap character of the Si with a high ex-
tinction coefficient k is dominating. Even though for
larger wavelengths A, Si is an indirect semiconductor,
high absorption efficiencies Q,ps are possible because
of resonant enhancement effects occurring in the
SiNWs. These resonant enhancement effects are re-
stricted to certain wavelengths and diameters, build-
ing the basis for a complex branched structure, similar
to the structure of the scattering efficiencies Qs., shown
before.

A way to use SiNWs as wavelength- and polarization-
sensitive photodetectors is as follows. Absorbed
photons can produce free carriers in the SiNWs. Conse-
quently, the conductance of undoped SiNWs rises pro-
portional to the absorbed energy of light. Since SINWs
absorb light very specific with respect to the wave-
length and polarization of incident light, the
photoresistance is as very specific to these properties
of the incident light. This method has been used for ger-
manium NWs2' and very recently as well for SiNWs.2

By examining the structure of the branches of high
absorption efficiencies Q,ps, we find that the slope of
the branches decreases for increasing diameters d and
decreasing wavelengths \, and these branches are
nearly straight lines. These findings are very similar to
what was found for the scattering efficiencies Q. This
is not surprising when looking at the formula for per-
pendicular illumination & = 90° for Q,ps:

Qabs,TM

) 0o
;%[bO +2 2 bl] - Qsca,TM (7)

i=1

, o
;%[ao +2 Z al — Qsca,TE ®

i=1

Qabs,TE =

The terms X, by, do, Qscatv, and Qse,, e have the same
meaning as in eq 1—6. R is only the real part taken,
and Qapstm and Qapsm are the absorption efficiencies
for TM and TE polarized light, respectively. In the case
of perpendicular illumination & = 90°, the absorption ef-
ficiencies Q,ps are only dependent on the terms such
as Qsca (i.e., x = dw/\ and xA). This gives analogy to the
arguments for Qs straight lines in the (\, d)-plane for
the absorption efficiencies Q,ps. Since Si is an indirect
semiconductor, small wavelengths \ close enough to
the direct gap are needed to obtain high absorption ef-
ficiencies Q,ps, despite the resonant enhancement ef-
fects. Note that for all 2 nm < d < 2000 nm calculated
examples, Q,ps > 100% is restricted to wavelengths A <
474 nm for TE polarized light and A < 576 nm for TM
polarized light. For diameters d smaller than 20 nm and
ultraviolet light, the absorption efficiencies Qs are
very different for the different polarizations. For wave-
lengths between 230 nm <\ < 1120 nm, Q. is always
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smaller than 20% for TE polarized light, while it can
reach values larger than 440% for TM polarized light
(Qabsm(d = 12 nm, X = 365 nm) = 449%). This opens
up the opportunity to build very efficient nanoscale Si
technology based polarization detectors. For larger di-
ameters, the polarization dependence is about the op-
posite: for diameters d larger than 160 nm, Q,ps tends to
be higher for TE polarized light than for TM polarized
light (cf. Figure 7b,c). Furthermore, there is a general
trend to higher Q,ps for larger diameters d for wave-
lengths between 380 nm < A < 1120 nm for both po-
larizations. This is again due to the indirect character of
Si for these wavelengths, and it is critical for many op-
tics applications such as solar cells, where the whole so-
lar spectrum up to wavelengths corresponding to the
gap of the semiconductor (\ = 1120 nm for Si*) should
be absorbed.

For applying SiNWs in solar cell concepts, the follow-
ing properties are important: For diameters d smaller
than 120 nm and wavelengths X larger than 700 nm,
Qaps is always smaller than 7%. For even larger wave-
lengths (A > 850 nm), Q,ps does not exeed a compa-
rable value (Q.ps < 7.2%) for diameters d up to 200 nm.
Although these values seem rather low, they can be suf-
ficient if many SiNWs are used to absorb the light. This
thought is supported by the fact that comparably large
absorption of thin layers of SiINWs have already been re-
ported."

Note that commonly used multicrystalline Si wafer
based solar cells have a thickness of a few hundred
micrometers to absorb light from the entire solar spec-
trum sufficiently. Because of this thickness large charge,
carrier diffusion lengths are needed and, consequently,
very pure low defective and thus expensive Si is
needed. The enhancement of light absorption of SiNWs
with respect to Si thin films becomes even more obvi-
ous when they are directly compared. For infrared light
(N = 850 nm), a SINW with a diameter of 172 nm shows
an absorption efficiency Q.ps = 5.37% for nonpolarized
light. The absorption Absy,i.si of a Si thin film with the
same thickness z = 172 nm, even with no reflection at
all, can be estimated following the Beer—Lambert law

1 00%_e(—z4nk/}»)

100%_e(—172 nmMx4xmx4.05x1073/850 nm)

Absy, s =

= 1.02% 9

Here k is the extinction coefficient for A = 850 nm,
k(850 nm) = 4.05 X 1073. The absorption efficiency
Qabs = 5.37% of the SINW is more than five times higher
than the absorption Abspisi = 1.02% of the Si thin
film with a perfect anti-reflective coating.

Dependence of the Scattering Efficiencies on the Angle of
Incident &. Since the angle of incidence & is not always
90°, we will discuss how the optical properties are
changing when the angle of incidence £ is changed. Es-
pecially, if SINWs are grown on an amorphous sub-
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Figure 8. Scattering efficiencies Q., for a SINW with a diameter d =
40 nm and A = 220 and 1120 nm for different angles of illumination
& for (a) nonpolarized light, (b) TM polarized light, and (c) TE polarized
light. Insets: same for a SINW with a diameter d = 400 nm.

strate like glass, they will be orientated randomly and
all sorts of oblique orientations with respect to the sub-
strate surface normal can occur. Consequently, the
angle of incidence & will be randomly distributed.

A statistical approach based on the more simplified
Rayleigh-type model to calculate the reflectance of thin
films of SiNWs has been applied quite successfully by
Street and co-workers.'® The calculations shown in this
paper can be used as a basis for more precise calcula-
tions of the optical properties of SINW thin films com-
posed of ensembles of randomly distributed SiNWs. For
the discussion of the dependence on the angle of inci-
dence &, two typical examples are chosen.

In the first example, a SINW with a diameter d = 40
nm is illuminated. For perpendicular illumination (¢ =
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for (a) nonpolarized light, (b) TM polarized light, and (c) TE polarized
light. Insets: same for a SINW with a diameter d = 400 nm.

90°), it can be seen that scattering efficiency Q,., does
not show a very strucutured dependence on the wave-
length \; that is, there is only one branch in the (\, d)-
plane for TM polarized light (cf. Figure 5) and none for
TE polarized light (cf. Figure 6); however, for the TM po-
larization, the branch covers a large part of the visible
spectrum of light for perpendicular illumination (§ =
90°). This branch is getting much narrower for smaller
& (cf. Figure 8b). On the other hand, there is no such
branch in the (\, d)-plane for TE polarized light for per-
pendicular illumination (£ = 90°). In this case, Q. is in-
creasing for decreasing & for wavelengths N smaller
than 450 nm, up to Qs.; = 2.1 for £ = 1°and A = 406
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nm (cf. Figure 8c). Conclusively, it can be stated that
the qualitative properties do not change drastically if
the angle of incidence & is not altered too much. This
is encouraging for further engineering of devices using
SiNWs because it is not necessary to calibrate the angle
of incidence & very precisely.

The second example uses the illumination of a SINW
with a diameter of d = 400 nm. In this case, there are
many branches in the (X, d)-plane for perpendicular illu-
mination (¢ = 90°) for both polarizations (cf. insets in
Figure 5 and Figure 6). The branches change with & in
different ways. For TE polarization, some branches bend
to smaller wavelengths \ for smaller & (cf. inset in Fig-
ure 8c), while for the TM polarization, most branches do
not show such a behavior (cf. inset in Figure 8b). In sum-
mary, this gives a rather complicated quantitative de-
pendence of Qs., on \ and &. Again, it can be stated that
the qualitative optical properties such as light scatter-
ing do not change dramatically when the angle of inci-
dence & is not altered too much. Since it is still a chal-
lenge to build devices based on SiNWs, it is
encouraging that the angle of incidence £ is not very
critical, and thus engineering of devices does not re-
quire intensive control of this parameter.

For bigger diameters (d > 400 nm), the depen-
dence of optical properties on the angle of incidence &
of incident light is qualitatively the same but in detail
even a bit more complex.

Dependence of the Absorption Efficiencies on the Angle of
incident £€. To discuss the dependence of the absorption
efficiencies Q,ps on the angle of incidence &, the same
two examples have been chosen that are used to dis-
cuss the dependence of Qs., on &.

The first example is a SINW with a diameter of d =
40 nm. For perpendicular illumination (§ = 90°), one
branch can be seen in the (\, d)-plane for both TM po-
larized light (cf. Figure 7b) and TE polarized light (cf. Fig-
ure 7c). For TM polarized light, there is a broad branch
with Qups > 1 for nearly all angles of incidence & for
wavelengths N between 300 and 400 nm (cf. Figure
8b). For TE polarized light, Q,,s tends to have bigger val-
ues for smaller angles of incidence & for wavelengths A
smaller than 450 nm. For A > 450 nm, Q. is smaller
than 6% for all calculated angles of incidence & (cf. Fig-
ure 9¢). As mentioned before, the qualitative course of
the absorption efficiencies is not very strongly depend-
ent on the angle of incidence & The underlying phys-
ics of this behavior is that these small SINWs act like
simple dipoles with respect to incident light.3

For potential applications, this finding is advanta-
geous since not much attention has to be paid to fo-
cus light on the SiNWs and small angles of incidence are
sufficient so that it is possible to focus light on poten-
tial devices with cheap, small focal lengths lenses with-
out losing potential predesigned tuning to certain
wavelengths.

www.acsnano.org



SiNWs with a diameter d = 400 nm show many
branches in the (\, d)-plane for perpendicular illumina-
tion (£ = 90°) for both polarizations (cf. Figure 7). The
branches show the trend that they become increasingly
narrow for smaller & (cf. insets in Figure 9). In addition,
there are a few small branches starting at angles differ-
ent from & = 90°. This shows that for thicker SINWs the
situation becomes more complicated and the angle of
illumination & has a stronger influence and thus needs
to be more thoroughly considered when building
wavelength-sensitive SINW-based devices.

CONCLUSION

The scattering and absorption efficiencies of SINWs
are calculated using Mie theory depending on polariza-
tion as well as the angle of incidence of the illuminat-
ing light and the diameters of the SiINWs. Quantitatively,
these efficiencies depend strongly on the polarization

METHODS

Preparation of Samples. The SiNWs are grown on Si wafers fol-
lowing the vapor—liquid—solid mechanism (VLS).3° The Si is sup-
plied by chemical vapor deposition (CVD) from a silane precur-
sor in argon as the carrier gas at a mixture of 1:1 and a total
pressures of 2.0 mbar. The one-dimensional wire growth is cata-
lyzed by commercially available gold colloids (British Biocell
Int.3"). The use of gold colloids as catalysts for the SINW growth
has the potential to gain a certain control over the diameters of
the SiNWs.32 However, under different conditions during the CVD
process, SiNWs with mixed diameters can occur due to gold dif-
fusion.? Since the sample is placed about 1 mm above the
heater, the absolute growth temperature on the wafer surface
is unknown but could roughly be estimated to be around 500 °C
based on pyrometer and thermocouple measurements.

After the CVD SiNW growth, the SiNWs are removed from
the substrate by applying ultrasonic treatment for about 2 min
with the sample residing in a small drop of isopropyl alcohol in
a capsular. After the treatment, a SiNW isopropyl alcohol suspen-
sion is formed that is pipetted on a glass substrate. After drying
of the suspension, dispersed, individual SiNWs can be found ly-
ing with their long axis flat on the glass substrate (cf. Figure 2).

Optical Measurements. The optical measurements are carried
out with a Axio Imager (Zeiss Microimaging, Géttingen, Ger-
many) optical microscope using as light source of a tungsten
halogen lamp with a continuous spectrum with a color temper-
ature of 3200 K. To experimentally obtain the scattering spectra
of individual SiNWs, dark-field configuration is used. In this con-
figuration, the direct light is blocked out and only the scattered
light is passed through a pinhole to a spectrometer. The pinhole
has a diameter of 100 wm and is coplanar to the real image
plane of the tube lens. A multimode fiber is used to connect
the pinhole to a Acton Research SpectraPro 2300i microspec-
trometer (Princeton Instruments, Trenton, NJ) with a grating with
150 lines and a peltier cooled CCD camera. With this setup, the
scattered light of individual SiNWs is gathered. To obtain the
scattering spectrum of a SiNW, the background from the glass
substrate has to be removed and the spectrum has to be normal-
ized with respect to the illuminating light source. This is done us-
ing the following equation:

IMywor = (Mg o

1
Maer (o

I(M normalized —

where I(\)nw,or is the intensity of a NW, measured in dark-field
(DF) configuration, I(\)ggor is the intensity of the background
(BG) of the sample without a NW, measured in dark-field config-
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of the incident light. The scattering efficiencies are gen-
erally higher for TM polarized light. The general trend
for the absorption efficiencies is more complex. For TM
polarized light, the absorption efficiencies are only
higher than those for TE polarized light for SINWs with
diameters smaller than ~160 nm. For thicker SINWs, the
opposite holds true. The dependence of these cross
sections on the angle of incidence £ is not very pro-
nounced. Calculated dependencies of scattering and
absorption efficiencies very well coincide with experi-
mental findings of scattering of white light in an opti-
cal microscope, which results, depending on the diam-
eter of the SiINW, in a differently colored appearance of
the SiNWs. The combined experimental and theoreti-
cal study of optical properties of individual SINWs re-
veals a huge potential of SINWs to be used as sensitively
tunable building blocks in opto-electronic devices such
as sensors, solar cells, and photodetectors.

uration, and /(\)ggsr is the intensity of the light source, meas-
ured in bright-field (BF) configuration. Throughout this paper,
we only show the normalized /(A)normalized SPECtIa.

Analytical Mie Calculations. For the calculation of efficiencies,
Qsca and Q,ps, Using Mie theory, the following assumptions are
made: The SiNWs are approximated by infinitely long cylinders
with diameter d. These cylinders are assumed to be surrounded
by air, which means that the surrounding medium is modeled as
being nonabsorbing assuming a refractive index of n = 1. The
SiNWs themselves are assumed to be composed of pure, un-
doped silicon with the complex refractive index i = n + ik
known for bulk silicon as plotted in Figure 1. Here n is the real
part of the refractive index, k the extinction coefficient, and i the
imaginary number. Values guiding the curve in Figure 1 for the
complex refractive index are taken from ref 24.

The parameters that are varied for the Mie calculations are
the diameter d of the SiINWs, the wavelength X, the polariza-
tion, and the angle of incidence & (cf. inset in Figure 1) of the il-
luminating light. In this paper, efficiencies Q for diameters d
ranging from 2 to 2000 nm are calculated. For the smallest diam-
eters (d < 5 nm), quantum confinement effects are likely to oc-
cur.3* This of course changes the complex refractive index i of
the SiNWs and thus the scattering and absorption efficiencies
Qsca and Q,ps. Our calculations do not account for quantum con-
finement effects. Therefore, calculations for SINWs with diam-
eters down to 5 nm can be done. However, the calculated effi-
ciencies Q for d < 5 nm SiNWs based on the bulk refractive index
data can be used to assess the influence of quantum confine-
ment on the optical properties of these very thin SINWs by com-
paring the measured values with the calculated ones. Further-
more, the calculated efficiencies Q can be used as a first
approximation even for these very thin SiNWs.

The angle of incidence & is the angle between the long axis
of the SiNW and the illuminating light, as schematically shown
in the inset of Figure 1. The extreme cases are (i) perpendicular il-
lumination, & = 90°, which means that the SiNWs are lying flat
on an anticipated support/substrate while light is shining on the
surface of this substrate perpendicularly, and (i) parallel illumina-
tion, & = 0°, which means that the SiNWs are again lying on
that support while the light is incident parallel to the SiNWs
long axes. The latter extreme case (§ = 0°) cannot be calculated
in the framework of Mie theory because this case would imply
that the top or buttom area of the SiNWs has to be considered.
Since infinitely long SiNWs are assumed for the Mie calculations,
the top and bottom areas are not considered and it is not pos-
sible to calculate the efficiencies for £ = 0° exactly but only for
small angles of incidence &. In this paper, we restrict ourselves to
a minimum angle of £ = 1°.
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The efficiencies of both absorption and scattering are first

calculated for TE and TM polarized light. The corresponding effi-
ciencies for nonpolarized light Qnonpol can be calculated by aver-
aging over the respective efficiencies for TM and TE polarized
lights Qrm and Qe:

Qnc>npc>| = %(QTM + QTE) (1 1)
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