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Abstract
A substrate-free approach of semiconductor nanowire growth has been achieved by the aerotaxy
technique previously. In this work, we propose an in situ method to monitor the size of
nanowires through non-destructive optical-extinction measurements. Our work aims to build a
theoretical look-up database of extinction spectra for a single nanowire of varying dimensions.
We describe the origin of possible peaks in the spectra, for example due to nanowire-length
dependent Fabry—Perot resonances and nanowire-diameter dependent TM and TE mode
resonances. Furthermore, we show that the Au catalyst on top of the nanowire can be ignored in
the simulations when the volume of the nanowire is an order of magnitude larger than that of the
Au catalyst and the diameter is small compared to the incident wavelength. For the calculation of
the extinction spectra, we use the finite element method, the discrete dipole approximation and
the Mie theory. To compare with experimental measurements of randomly oriented nanowires,
we perform an averaging over nanowire orientation for the modeled results. However, in the
experiments, nanowires are accumulating on the quartz window of the measurement setup,
which leads to increasing uncertainty in the comparison with the experimental extinction spectra.
This uncertainty can be eliminated by considering both a sparse and a dense collection of
nanowires on the quartz window in the optical simulations. Finally, we create a database of
extinction spectra for a GaAs nanowire of varying diameters and lengths. This database can be
used to estimate the diameter and the length of the nanowires by comparing the position of a
peak and the peak-to-shoulder difference in the extinction spectrum. Possible tapering of
nanowires can be monitored through the appearance of an additional peak at a wavelength of
700-800 nm.

Supplementary material for this article is available online
Keywords: semiconductor nanowire, light scattering, aerotaxy growth

(Some figures may appear in colour only in the online journal)

Introduction

Semiconductor nanowires are promising candidates for next-
generation optoelectronic devices due to their strong light
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[2, 3]. Those nanowires can be further processed to devices
like light-emitting diodes [4-6], solar cells [1, 2, 7-9] and
photodetectors [10—13]. Recently, substrate-free growth of
II-V semiconductor nanowires has been demonstrated with
the aerotaxy technique, which holds promise for solar cell
production due to its lower cost and higher growth
rate [14, 15].

In aerotaxy, nano-sized Au particles are flown into a
growth chamber together with organometallic gas precursors.
Importantly, in aerotaxy, the nanowire growth occurs in the
gas phase from the Au particles without the need of a growth
substrate. The growth rate is up to 1 ums ', which is typi-
cally 20-1000 times higher than in traditional substrate-based
processes [16, 17]. However, due to this high growth rate, it is
challenging to control the size of the nanowires during
growth.

To determine the size of the nanowires in sifu during
growth, we propose a non-destructive optical monitoring
method: a beam of light is sent through an analysis chamber
directly downstream the growth chamber where it interacts
with the nanowires in the gas flow, and the transmitted
spectrum is recorded, as shown in figure 1(a). By analyzing/
comparing the recorded spectrum with results from electro-
magnetic modeling, we can extract the nanowire dimensions
for real-time feedback to the ongoing growth, in order to
optimize the size of subsequently fabricated nanowires.

To enable such characterization, we must be able to
simulate the scattering of light from nanowires in the gas
flow. In the aerotaxy growth, the nanowires are quite sparse
with a typical density of 10° nanowirescm . Thus, the
average distance between neighboring nanowires is about
100 pm, which is much larger than the incident wavelength of
about 0.5 ym. We assume that multiple scattering between
nanowires can be neglected. Therefore, on the theoretical
side, the problem reduces to the simulation of the optical
response of a single nanowire and subsequent averaging for
random nanowire orientation, to mimic the expected random
orientation of each nanowire in the gas flow.

Here, we performed optical simulations to study how the
optical response of a nanowire depends on the orientation,
diameter, and length of the nanowire. We performed simu-
lations with three methods to calculate the far field optical
response of a single nanowire: (1) the finite element method
(FEM) [18], (2) the discrete dipole approximation (DDA)
[19-21] and (3) the Mie scattering theory [22, 23]. We dis-
cuss the benefits and drawbacks of each of these methods.
After that, the simulation results are compared to measure-
ments, and we give guidelines for further development of the
measurement setup and conditions.

Result and discussion

In the simulations, we solved the Maxwell equations for the
light absorption and scattering. We used tabulated refractive
index of GaAs and Au to describe the optical properties of the
materials [24, 25].

As shown in figure 1(a), the nanowires are floating in the
analysis chamber with randomly distributed orientations. A
hemispherical Au particle on one tip of the nanowire is shown
as a catalyst. An average over both polar angle Oyw and
azimuth angle ¢, should be done to calculate the trans-
mission spectrum of the floating nanowires, together with an
averaging over TE and TM polarization of the incident light.
Note that this polarization average simulates the unpolarized
light in the experiments. Importantly, the scattering and
absorption cross sections do not depend on ¢y, after aver-
aging over the incident polarization (see figure S1 in the
supporting information, available online at stacks.iop.org/
NANO/31/134001 /mmedia). Therefore, in the calculations,
we model for fixed ¢, = 0 and average over just Oxw when
considering a randomly oriented nanowire. However, due to
the varying ¢y, the probability to find a nanowire at Onw is
highest for Onw = 90° and smallest for Onw = 0°. The
probability to find a randomly oriented nanowire with Onw
can be calculated (see figure S2 in supporting information),
which we used in the averaging over fnw. This modeling with
one fixed ¢y and varying Onw can speed up the calculation
by 1-2 orders of magnitude compared with a modeling where
both ¢y and Onw are varied.

In this work, we define TE and TM polarized incident
light such that the electric field of TE is along the x-direction
as shown in figure 1(a) [26, 27]. The electric field of TM is
along the y-direction. The scattering cross sections and
absorption cross sections are defined as the ratio between
scattered power (absorbed power) and incident light intensity.
Thus those cross sections have the unit of area, and they
denote the area from which the nanowire appears to scatter
(absorb) the incident light. The extinction cross section is
defined as the sum of the scattering and the absorption cross
section.

For the optical response of the nanowire, the nanowire
diameter, nanowire length, incident wavelength and the effect of
the Au particle on top of the nanowire should be taken into
consideration. We start with placing a nanowire along the
y-direction with a diameter of 80 nm and consider wavelengths
in the 300-850 nm range. In figures 1(b)—(d), we select three
lengths for the nanowire without an Au particle on top: 100,
600 and 2000 nm, corresponding to much smaller, comparable
and much longer than the incident wavelengths. At short
nanowire length, results from FEM and DDA agree very well
both for scattering cross section and absorption cross section as
shown in figures 1(b) and (c). This is reasonable as FEM and
DDA both solve the same full 3D nanowire light-scattering
problem. In contrast, in Mie theory, the nanowire is assumed
infinitely long and the cross-section is obtained as per unit
length. To compare with FEM and DDA, we multiply the cross-
section from Mie theory with the length of the nanowire.
Simulation results from Mie theory show a clear deviation from
FEM and DDA results at a short nanowire length in figure 1(b).
A 100nm long nanowire with a diameter of 80 nm differs
strongly from the assumption of the infinite cylinder, and it leads
to the significant difference compared with the 3D solution for
the actual, finite-length nanowire in FEM and DDA. This
deviation is reduced when the length of the nanowire is
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Figure 1. (a) Schematic drawing of designed in situ optical measurement. The direction of the nanowire is shown in the left bottom inset plot
and defined by the angles Onw and pnw with the light incident along the z direction. The SEM inset shows some GaAs nanowires grown by
the aerotaxy technique. The typical lengths of such nanowires are at the level of micrometers and the diameter is several tens of nanometers.
Those nanowires are deposited on the substrate after the growth and optical measurements. (b)—(d) Scattering and absorption cross sections
calculated by the three methods (FEM, DDA, and Mie scattering theory) for a GaAs nanowire diameter of 80 nm and lengths of (b) 100 nm,
(c) 600 nm, and (d) 2000 nm. The nanowire is placed along the y-direction (fxw = 90° and @nw = 0). The color coding in (b) applies both
to lines and circles in the plot, also for (c) and (d). Results from DDA are however shown with dashed green lines to distinguish them from

the solid lines.

increased to 600 nm as shown in figure 1(c), especially at short
wavelengths. In this situation, the diameter-to-length ratio is
small, so that the finite-wire scattering has the potential to agree
with Mie simulations. On the other hand, the incident wave-
length can still be a limiting factor. In Mie theory, the wave-
length is implicitly assumed much shorter than the length of the
nanowire. Indeed, as seen from the FEM and DDA simulations,
due to edge effects around the two tips of the nanowire, the
scattering cross section shows a clear blue shift compared to
results from Mie theory at long wavelengths, and the deviation is
seen still at even longer wavelength as shown in the inset of
figure 1(c). When we increase the length to 2 pm, the deviation
at these longer wavelengths decreases (figure 1(d)). Similar
results have been shown in a recent study of long silicon
nanowires [28].

As a short summary, we can apply Mie theory only when
the length of the nanowire is larger than or comparable to the

incident wavelength and when the length is much larger than
the nanowire diameter. The use of Mie theory speeds up the
computational time typically by 3 orders of magnitude com-
pared to 3D modeling with DDA or FEM. For example, a
single simulation run for a fixed orientation and wavelength
took about 10-20 min with our FEM modeling in Comsol
Multiphysics on a dual 16-core DELL Precision Tower 7910.
Regardless of its time consumption, FEM has the merit of
flexibility in changing the geometry and adding other mate-
rials. For instance, a study of the effect of the Au particle is
easy to perform in FEM by adding a hemispherical Au par-
ticle on the tip of the nanowire. This is harder to do in the
DDA implementation for which we use DDSCAT, and such a
study of the effect of the Au particle is not possible in Mie
theory. On the other hand, we found a smaller memory
requirement in our typical modeling with DDSCAT than
with FEM.
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Figure 2. Scattering and absorption cross sections of a nanowire calculated by FEM, placed parallel to the y-direction (that is, with

Onw = 90°), with and without Au particle. (a) Nanowire length is 100 nm. (b) Nanowire length is 600 nm. (c) Nanowire length is 2000 nm.
The insets of (a) and (c) show the electric field distribution |E| (with a unit of V m ! and the incident light having 1 V m ) for a nanowire
with Au particle and TM polarized incident light. The insets in (a) show |E| at a wavelength of 480 nm and 810 nm respectively. The inset of
(c) shows |E| at a wavelength of 810 nm in the cross section of the nanowire (corresponding to the circle data point in the box marked in
those figures). Figures (a)—(c) share the same legend as shown in (b). Figures (d)—(f) share the same legend as shown in (f) and show the
directional scattering at absorption peaks in the direction ¢ . o, is the relative angle within that scattering plane where ¢, = 0 denotes the
direction of incident light. Mie scattering results are normalized to the forward direction (¢, = 0 in (d)~(f)) of finite wire dCi,. (d)
Nanowire length of 100 nm and incident wavelength of 480 nm. (e) Nanowire length of 100 nm and an incident wavelength of 810 nm.

(f) Nanowire length of 2000 nm and an incident wavelength of 480 nm.

As an Au particle is not possible to include in Mie theory
(since it requires a finite end of the nanowire), we employ
FEM to study the effect of the Au particle in the light scat-
tering process. In figure 2, we show cross sections of the
nanowire with and without the Au particle on one tip of the
nanowire. In this simulation, the shape of the Au particle is
considered as a hemisphere. The diameter of the sphere is
equal to the nanowire diameter.

In figure 2(a), for TM polarized incident light, a larger
scattering cross is found for the nanowire with the Au particle. At
a wavelength of 480 nm, the scattering cross section is about
50% larger than for the nanowire without an Au particle. The |E]|
in the corresponding small inset in figure 2(a) shows a clear
fringe pattern due to strong reverse scattering from the nanowire,
which agrees with this scattering enhancement. In a short nano-
wire whose length is comparable to the diameter, this peak can be
explained by the Mie mode resonance of a spherically shaped
scatterer [29, 30]. With increasing nanowire length, this sphere-
like mode gradually changes to the mode of an infinitely long
nanowire [30, 31].

Note that in a nanowire array solar cell, normally incident
light can excite guided HE modes at the top of the vertical
nanowires, giving rise to absorption peaks [31, 32]. In

contrast, instead of guided modes, leaky TM or TE modes can
give rise to peaks in the spectra of infinitely long nanowire
[33-36]. Importantly, the Mie theory assumes an infinitely
long nanowire, and hence, a peak seen in results from Mie
theory cannot originate from guided HE modes.

As seen from figures 2(b) and (c), with increasing
nanowire length, the cross sections for a nanowire with and
without Au particle agree better. Thus, for longer nanowires,
the nanowire dominates the scattering, and we assign the peak
at around 480 nm in wavelength to the TE(; and the TM;;
mode, for TE and TM polarized incident light, respectively.
The inset in figure 2(c) is shown to illustrate the |E| dis-
tribution for TM polarized incident light. The field distribu-
tion confirms the excitation of the TM;; mode [33]. From our
results, it appears that we can ignore the Au particle when the
semiconductor volume is an order of magnitude larger than
that of the Au particle, as long as the diameter of the nanowire
is much smaller than the wavelength of light. A recent study
of a silicon nanowire showed a similar effect in the presence
of a small Ag particle [37].

Besides this peak due to the TEq;/TM;; mode, two extra
peaks occur for short nanowires when the Au particle is
present. A scattering peak at around 525 nm is shown in
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figure 2(a) and it approximately agrees with previously
reported calculations of an Au sphere with a diameter of
80 nm which has a scattering peak at around 560 nm [34, 38],
with a blue shift due to the presence of the semiconductor
nanowire. In addition, a small scattering and absorption peak
at around 810 nm occurs due to the presence of the Au par-
ticle. The large contrast in the dielectric constant between Au
and air leads to a strong field enhancement around the
nanoparticle, which leads to the enhancement of light scat-
tering at long wavelengths. A near field plot is shown in the
right inset of figure 2(a) and illustrates the strong localized
field around the Au particle.

To give an insight into the light scattering, we calculate
the differential scattering cross section. In three-dimensional
scattering simulations, this differential cross section is cal-
culated as:

dGp = aw = £dS = £4wr2£ = £rZaYQ, (1)

o I I T I

where [ is the incident intensity and P is the far field power
flow. For a given direction in the far field, the scattered light
can be approximated by a plane wave and the power flow can
be calculated by P = “";” |Efyr|* (Where n = 1 is the refrac-
tive index used for the surrounding of the nanowire and E,,
is the scattering far field).

On the other hand, due to the cylindrical symmetry of
Mie scattering, the differential scattering cross section is
calculated in a plane perpendicular to the nanowire axis and
averaged over nanowire length [22]. According to the defi-
nition, the differential cross section in Mie scattering is:

_ 4G = £27Trd—(p _ P

dC[e— = ——}’d, 2
M L o " @

where L is the length of the nanowire, dC,p is the corresp-
onding value comparing to dC;p. As the absolute value of
scattering intensity has been compared, we show dC., = dCL“’
for FEM in figures 2(d)—(f) to illustrate the angular distribu-
tion of scattered light. In these figures, the Mie scattering
results are normalized to the 3D finite wire simulation by
forcing the forward direction to the same intensity and scaling
the other directions with the same constant.

Firstly, in figure 2(d), we plot dCj., corresponding to the
parameters of the left inset in figure 2(a). Differential scat-
tering cross sections are plotted in both the y—z and x—z planes
for three-dimensional scattering with and without Au particle.
The nanowire with an Au particle has a larger differential
cross section than that of the nanowire without Au. Mean-
while, the distribution of scattered light keeps a similar shape
in both the y—z and x—z plane. However, Mie theory, which
can show scattering only in the x—y plane for the y-oriented
nanowires, shows a very different distribution with tiny
backward reflection. This difference originates from the short
length of the nanowire for which Mie theory cannot be reli-
ably applied as discussed before.

Secondly, in figure 2(e), we plot dCj., corresponding to
parameters of the large inset in figure 2(a) to show a strong
scattering enhancement at this wavelength. A clear non-
symmetric distributed scattering pattern is shown in the y—z

plane. Comparing with the dashed green line, which is the
scattering pattern of a nanowire without an Au particle,
the distribution rotates anti-clockwise by about 15°. Thus,
the strong scattering from the Au particle breaks the sym-
metry in scattering around the forward direction. Besides this
change of the shape, the absolute value of the scattering cross
section is also enhanced due to the presence of the Au
particle.

Thirdly, in figure 2(f), we plot dCy., corresponding to the
parameters used for the inset in figure 2(c). We can see a very
good angle-dependent agreement for the nanowire with and
without Au particle. In addition to that, Mie theory also shows
the same angle-dependent distribution as in three-dimensional
results. It confirms the possibility of using Mie theory for long
nanowires to approximate a nanowire with an Au particle at
perpendicular incidence.

As a short summary, the Au particle plays an important
role when the nanowire is short. We can ignore the effect of
the Au particle when the following two conditions are ful-
filled: (1) the volume of the nanowire is at least an order of
magnitude larger than the volume of the Au particle, (2) and
the diameter of the nanowire is much smaller than the
wavelength.

In the calculations needed for extracting nanowire
dimensions, we need to average over the different orientations
of a nanowire and consider nanowires with different lengths
and diameters. Besides the wavelength-dependent study, we
also further study the diameter, length and orientation
dependence of nanowires as shown in figure 3 for the specific
case of illumination with a green laser of 532nm in
wavelength.

In figure 3(a), the absorption and scattering cross sections
are shown for both TM and TE incidence as a function of
nanowire diameter. TM incidence dominates the extinction
cross sections due to its strong scattering cross section. With
increasing diameter, we observe a list of peaks in the
absorption cross section, which corresponds to the TM and
TE mode of the infinite cylinder [33, 34]. At small diameters,
the Au particle plays only a minor role because of its small
volume compared to that of the semiconductor nanowire.
With increasing diameter, the size of the Au particle becomes
comparable to the incident wavelength. Such a large Au
particle does not change the angular distribution of scattering
as shown in figure 3(d), but it changes the absolute value of
the scattering. We assign this change to the appearance of
additional diffraction effects when the size of the Au particle
is comparable to the incident wavelength, regardless of the
large volume of the semiconductor nanowire.

In figure 3(b), the effect of the nanowire orientation is
studied by changing the polar angle for a nanowire of 80 nm
in diameter and 2000 nm in length. As shown in the plots, for
this nanowire, for any Onw, the Au particle shows a negligible
effect in both absorption and scattering cross sections.

Interestingly, Mie theory shows very large discrepancies
at a small polar angle and the cross-sections approach zero at
Onw = 0. This behavior is due to characteristics of the Hankel
functions used in the Mie theory. Except for this limitation of
the theory, the discrepancies between Mie theory and full 3D
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Figure 3. Scattering cross sections as a function of (a) D, the diameter of the nanowire, (b) polar angle fxw, and (c) L, length of the nanowire.
In (a) and (c), the polar angle is Onw = 90°. The diameter and length are 80 and 2000 nm if not specified. The inset of (a) shows the modes
which are expected to give rise to the corresponding absorption peaks. The third peak that lays in between 200 and 250 nm in diameter is
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length of 600 nm. (f) dCj., polar plot for a length of 850 nm. Figures (e), (f) share the same legend as shown in (d). The Mie scattering results
are normalized to dC,., of a finite wire in the backward direction (0., = 180° in (d)—(f)).

modeling may originate from the scattering at the tip of the 600 nm (figure 2(e)) and 850 nm (figure 2(f)) corresponding
nanowire. In our case, this effect is small at close to to the valley and peak of the scattering cross section. At the
perpendicular incidence, that is, for Ow =~ 90°, but becomes  length of 850 nm, both forward scattering and backward
larger at small polar angles. For this wavelength of 532 nm, scattering are much stronger than for the length of 600 nm.
we find a peak in the absorption and scattering cross-sections The tiny branches around 60° and 300° scattering angles
at Onw ~ 10°-20°, which qualitatively agrees with figure 6  jndicate the enhancement of transmission at the tips of the

in [30].

In figure 3(c), we compare the cross sections per unit
length of nanowire as a function of nanowire length with the
three methods. In our modeling, DDA gives a good agree-
ment with FEM when calculating the scattering cross section,
but it shows some noticeable discrepancy when calculating
the absorption cross section. In our application, the extinction
cross section is the final target and the absorption cross
section is much smaller than the scattering cross section.
Hence, DDA can be applied for our analysis. On the other
hand, in contrast to the fluctuating values for the cross-section
in the full 3D modeling, Mie theory gives length independent
values for the cross-sections, and hence a fluctuating error
with changing nanowire length. The separation in nanowire

nanowire. But due to the diffraction effect at the nanoscale
and the small surface size of the nanowire, this transmission
enhancement mainly occurs in the forward and backward
directions rather than in the perpendicular direction.

We assume that the nanowires have in the experiments an
equal probability to point in any direction (the distribution, as
a function of Onw after integration over @nw, is shown in
supporting information figure S2). In figure 4(b), we show an
example plot of Onw and ¢nw averaged extinction cross
section of a two micrometer long nanowire, which is a typical
length of aerotaxy GaAs nanowires. For this length of the
nanowire, we can ignore the effect of the Au particle due to
the large volume of nanowire as discussed above and shown in

length of each neighboring peak in the full 3D modeling is figure 2. A peak in the extinction spectra is found at around
about 500 nm, with valley to the peak distance of 250 nm on 500 nm in wavelength with a shoulder in the longer wave-
average. We assign this fluctuation to the Fabry—Perot reso- length region. A clear blue shifting can be found for this
nance of light scattered between the tips of the nanowire. extinction peak with decreasing nanowire diameter due to the
When the length increases, the transmission at top and bottom ~ mode shifting [31, 33, 34, 39]. In addition to the mode shifting,
cross sections fluctuates, and it leads to the enhancement and  as the diameter decreases to below 60 nm, the extinction peak
suppression of scattered light intensities. To give further gradually vanishes, and a shoulder like structure occurs around
insight, we show two polar plots for the nanowire length of a similar wavelength. This can be explained by the vanishing
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Figure 4. (a) Schematic drawing of the measurement setup. (b) Extinction cross sections average over nanowire orientation, that is, over fxw
and pnw. (c) Measured transmission spectra and numerical fitting. (d) Calculated tapered nanowire extinction spectra at perpendicular
incidence (Onw = 90°). The small tip of the nanowire has a diameter of 60 nm which is the same as the Au particle size. The large tip ranges

from 70 to 100 nm in size as indicated by Dy, in the figure caption.

of the mode due to a cut off frequency, into which the mode
shifts with decreasing diameter of the nanowire [40].

A database of GaAs nanowire spectra was built up with a
diameter step of 5 nm and length step of 25 nm (an example
plot of 3 micrometer long nanowires is shown as figure S3 in
supporting information). This database can be used for
extracting the nanowire dimensions by comparing with
measured spectra. More precisely, the diameter of the nano-
wire can be extracted by the peak position of the transmission
spectrum if the diameter is larger than 60 nm. As shown in
figure 4(b), the shoulder-to-peak difference increases mono-
tonously with increasing length. Ideally, we can extract the
nanowire length from this increase in the measured spectra.

In the actual measurement, further technical issues with
the setup arise. These issues affect the accuracy of this
dimension extraction especially for the length of the nano-
wires. We measured and compared the results with the
simulation in figure 4(c). In this comparison, we fitted the
peak position of the measured spectra to the simulated spec-
tra. A diameter of 60 nm is extracted and used in the plots.
This diameter agrees with the measurement if tapering is not
considered. (See table S1 in supporting information.)
Regarding the nanowire length, ideally we can extract it from
the absolute height of the peak and shoulder. However, as
mentioned above, the pasting of nanowires on the window
may change the absolute values in the spectra. Here we use
the length extracted from SEM images. We measured a length

of 23 um £ 0.3 um from 132 nanowires on an area of
0.271 cm?. In the numerical fitting, we take the value of 2 im
as the nanowire length.

The schematic drawing of the measurement setup can be
found in figure 4(a). The aerotaxy nanowires are injected
from the growth chamber and they flow through a 60 cm long
metal tube. The tube is connected optically with the incident
light and the detector through two quartz glass windows. For
the transmission spectrum, we average over 6000 measure-
ments with an integration time of 400 us for each measure-
ment. After this average, to normalize the data, we divided the
measured intensity with nanowires by the measured intensity
with only Au particles in the tube. Such transmission spectra
are plotted as solid lines in figure 4(c). In addition, we con-
sider the contribution of the faceted particles. Those faceted
particles are formed in the growth as not all the material enters
the Au catalyst. Those particles are seen in the inset of the
SEM image in figure 1(a) as the round white particles
attached to the nanowire. The composition of these particles
can be Ga, As, GaAs or a mixture of semiconductor and
metals. As the size is unknown as well, we simply assume
that they contribute a constant, wavelength-independent
background to the extinction of light. This background level
is used as an unknown parameter in the fitting. All the
parameters are listed in table S2 in the supporting
information.
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In figure 4(c), other optical losses are also considered in
the simulation results. Due to the injection of nanowires as
shown in figure 4(a), the nanowire can attach onto the glass
window which is next to the injection channel. As time
passes, more and more nanowires are attached to the window
and the extinction of those nanowires should be included in
the fitting. These attached nanowires can be classified into
two types: (1). A sparse collection of nanowires which can be
approximated as floating nanowires with their long axis
perpendicular to the incidence direction. (2). A dense col-
lection of nanowires together with faceted particles which can
be approximated as a planar GaAs film with the thickness
given by the nanowire diameter. The dense nanowires con-
tribute mainly to the blue region of the extinction spectrum.
(see figure S4 in support information). The sparse nanowires
contribute on the other hand mostly to extinction at a longer
wavelength. The parameters used in these modifications are
also listed in table S2 of the supporting information. As those
modification parameters are not known, we fitted the para-
meters to the shape and shoulder-to-peak height of the mea-
surements. Such modification can fit the peak height and
spectrum shape from 400 to 700 nm.

In addition to the agreement, we still found a deviation at
long wavelengths. Such deviation cannot be fitted by chan-
ging the amount of attached nanowire on the window (ratio of
perpendicular nanowires in the whole scattering process). We
instead assign this deviation to the shape of the nanowire.
That is to say, in the modeling, the nanowire is modeled as a
homogeneous cylinder with a hemispherical Au particle on
one tip as a catalyst. But in the aerotaxy growth, the nanowire
may have a larger diameter at the end far from the catalyst
[14] even with the recent improvements in the growth [16].
Such inhomogeneous diameter can lead to a higher absorption
at longer wavelength [31, 32, 41]. To illustrate this effect, we
calculate the extinction spectra of tapered nanowires and
show them in figure 4(d). A clear extinction peak is shown at
a wavelength around 700-800 nm and a red shifting of this
peak is found as a function of increasing diameter. Such a red-
shifting extinction peak of tapered nanowires can lead to
enhancement of the extinction at long wavelengths, which
could explain the difference between modeling and mea-
surements in figure 4(c). Further optical simulation of the
tapered nanowires should give better fitting to the experi-
ments. However, usually, a tapered nanowire is not good for
device fabrication. From the fabrication side, such tapering
leads often to an increasing number of defects and increasing
difficulty in device processing [41]. Thus, further exper-
imental efforts should be carried out to optimize the shape of
the nanowires and to limit the collection of nanowires to the
measurement windows during growth.

Conclusion

By applying Mie theory, FEM and DDA, we studied the
optical extinction spectra of a single floating nanowire in the
analysis chamber. The results from the FEM and the DDA
agreed very well. The computationally fast Mie theory could

be applied only when (1) the length of the nanowires was
larger than or comparable to the incident wavelength, (2) the
length of the nanowires was much larger than the nanowire
diameter, and (3) the angle between the incident light and
the nanowire axis was larger than 70°. The Au catalyst could
be ignored when the amount of semiconductor material in the
nanowire was an order of magnitude larger than the amount
of Au and the diameter was small compared to the incident
wavelength. The effect of varying diameter, length and
orientation of the nanowire was studied, and TM/TE mode
resonances were found. With an increasing length, a clear
Fabry—Perot resonance was found when analyzing the
extinction cross section normalized to the length of the
nanowire. By averaging the extinction over nanowire orien-
tation, we compared simulation results with experimental
measurements. We found an interesting background/noise,
which is caused by nanowires accumulating on the quartz
window in the measurement setup. After correcting for this
background/noise in the optical simulations, we found a good
agreement at the wavelength region of 400-700 nm, but still a
deviation from 700 to 850 nm remained. We assigned this
deviation to the tapering of the nanowires. As an outcome, we
created a database of GaAs nanowire extinction spectra with a
homogenous diameter for analyzing nanowire dimensions
in situ during growth.
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