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Abstract

dM

Understanding and management of light is of great importance for nanoscale devices. This
report demonstrates enhanced absorption, photoluminescence and scattering in InP nanowires
when coated with dielectric polymer shell. The shells increase absorption and emission by a
factor of ~2 and photoluminescence by a factor of ~4. A thorough optical characterization is
provided, including reflectance, transmission, luminescence and scattering to incident and
transmitted directions. From this characterization, we derive the distribution of absorbed light
within the structure (InP nanowires, Au seed particles and the substrate). Additionally,
reflectance, transmission and emission are shown to become increasingly diffuse with the
dielectric shells. The results are thought to provide better understanding in light-matter
interaction in nanostructures, as well as to provide valuable tools for light and scattering
management in nanoscale optoelectronics.

1. Introduction

pte
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However, such substrates are opaque and limit the possibilities
of optical characterization. Reduced reflectance is often
reported for semiconductor NW arrays [5–7], which however
does not necessarily imply high absorption. Instead, the NW
arrays may simply promote light propagation into the
substrate, where it may not be helpful for devices where the
active region comprises NWs [7–9]. In terms of optical
characterization, a more complete picture is acquired by using
a transparent substrate that enables NW growth on materials
such as glass [10], GaN [11,12] or transparent conductive
oxides [13,14]. Other approaches include peeled-off NWs
embedded in polymer film[4,15], which however requires
relatively difficult processing steps.
Besides understanding light-NW interaction, its
management or tuning the behavior is of great importance for

ce

Semiconductor nanowires are a promising pathway to
realize various next-generation optoelectronic devices. One of
their key benefits is their antenna-like shape that greatly
impacts their interaction with light [1,2]. On the other hand,
the nanowire morphology and dimensions govern this
interaction, and can result for example in weak or strong
absorption with the same material system [3,4]. Therefore,
understanding the behavior of light in nanowire arrays is of
great importance, and perhaps even more so is the possibility
to tune the behavior.
Semiconductor nanowires are typically grown on
semiconducting substrates, such as Si and InP, which are
suitable platforms for device fabrication and hence interesting.
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the different samples, while Au seed particle density and thus
NW density varied slightly between the samples.
The optical characterization included reflectance (R),
transmittance (T) and absorptance (A) measurements using
two different setups. R and T was measured from all samples
prior to and after the parylene-C depositions. In one setup, R,
T and A were measured using an integrating sphere, and the
NWs were illuminated at 8° (see supporting info Fig. S1 for
illustration). For A, the sample was glued to a thin metal rod
and then placed inside the sphere. Wavelength range of 400 –
900 nm was measured with Si detector, and wavelength range
of 930 – 1600 nm was measured with InGaAs detector.
Another setup was used for R and T scattering studies. In that
setup, the samples were illuminated through an objective lens,
and the light was collected either through the same lens for
reflectance, or by a lens or an integrating sphere for
transmittance measurement (see Fig.S2).
Parylene-C spray coating (SCS Labcoter 2 Parylene
Deposition System) was used to deposit the conformal
polymer layer to form shells on the InP NWs. The deposition
took place at room temperature under vacuum conditions.
Parylene thickness was verified using ellipsometry. For the R,
T, A and photoluminescence measurements, four samples
were coated individually with nominally 58 nm, 106 nm, 215
nm and 354 nm of parylene-C, measured, and subsequently
additional 390 nm was deposited on each sample. The
resulting shell thickness range was therefore 58 nm – 744 nm.
Similarly fabricated four samples were used for scattering
studies with nominal thicknesses of 0 nm, 50 nm, 100 nm and
200nm.
Macro-PL, with a spot size of approximately 100 µm in
diameter, was measured using continuous-wave laser with 532
nm wavelength and 12.6 mW power for excitation, and the
spectra were collected using a monochromator, lock-in
amplifier and Si photodetector. To study the effect of
parylene-C coating on PL, the same sample was measured
before and after the deposition. In micro-PL measurements,
532 nm laser was used for excitation and the acquisitions were
made with a Witec alpha300 microscope. Nanowire
morphology and the coating conformality were studied by
scanning electron microscopy (SEM) (Zeiss Supra 40).

2. Methods
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NW optoelectronics. Both light absorption [3,4,8,9] and light
scattering [16] have been previously managed by tuning the
NW dimensions, relative positions and/or orientations. This
approach however typically requires position-controlled NW
fabrication and delicate tuning of the array parameters [3].
Another approach for light management is the use of dielectric
shell on the NWs that has been shown to significantly improve
absorption [17,18], enhance device efficiency [19] and
increase scattering cross-section [20]. Furthermore, the use of
an dielectric shell may provide higher absorption with lower
fill factor compared to arrays composed of NWs only [21].
In this work, we study InP nanowires grown directly on
glass, which allows studying both reflectance and
transmittance, as well as scattering to reflected and transmitted
directions. The present work is also the first to study scattering
in detail on transparent substrates. Light and scattering
management in the InP NW ensembles is performed by
conformal parylene-C polymer coating. It is a low-cost
material with facile and gentle room-temperature deposition,
and is used in numerous applications such as NW
optoelectronics [22], various flexible devices (e.g. NWs
[23,24], nanotubes [25], 2D materials [26], organic transistors
[27]), as corrosion and moisture barrier [23,24], and as
conformal planarization material [22]. As such, parylene-C is
more versatile compared to materials deposited e.g. by atomic
layer deposition (ALD) or sputtering. Here, parylene-C as a
coating is shown to enhance absorption, photoluminescence
(PL) properties, scattering and diffuse reflection, transmission
and emission. Enhanced absorption and PL suggest that the
parylene-C shell is beneficial for NW optoelectronics [8,9],
while the enhanced scattering may be utilized e.g. in random
lasers [28] and superlenses [29]. The results shown here
provide important understanding in how the incident light is
distributed between different parts of the NWs and the
substrate, and provide further insights on dielectric shell
effects on scattering and diffuse/specular reflectance,
transmission and emission. As such, the study delivers
valuable tools for nanoscale engineering using dielectric
shells.

ce

The NWs were grown in a horizontal-flow metalorganic vapor
phase epitaxy (MOVPE) reactor using colloidal Au
nanoparticles (BBI International) as seeds for vapor-liquidsolid growth. The Au seed particles were nominally 40nm in
diameter, yielding ≈40nm thick NWs. The growth was
initiated by simultaneously switching on trimethylindium
(TMIn) and tertiarybutylphosphine (TBP) sources at 440 °C,
with the flows of 5.6 µmol/min and 1100 µmol/min,
respectively. The growth time was 200 s, which resulted in the
NW length of ≈5 µm. As the growth substrate, a single glass
slide was used, which was cleaved into four 8 mm × 8mm
squares. Therefore, the growth conditions were identical for
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3. Results and discussion

3.2 Reflectance, transmittance and absorptance

3.1 Morphology and structure

Fig. 2 shows values measured with integrating sphere for
reflectance (R), transmittance (T) and 1-R-T from the 4
samples described in the experimental section. The values
shown in Fig. 2 represent averages over wavelength range 400
– 900 nm, which is absorbed by InP and as such of interest in
NW optoelectronics (Fig. S3 shows wavelength range 930 1600 nm). The reflectance measurements are discussed here
first. Absolute reflectance values are shown in Fig. 2a and
relative changes in Fig. 2d. The parylene-C coating had a
minor effect on the absolute reflectance shown in Fig. 2a,
while the relative change reached ≈1.5 at a shell thickness of
≈215 nm. The increase in reflectance is in contrast to previous
reports on ordered NW arrays with dielectric shells [17,21]
and seems counterintuitive. However, since the absolute
changes are small, the increased reflectance can be attributed
to increased scattering of light to angles that promote internal
reflection at the glass back-surface, that is, beyond the critical
angle (scattering is discussed later in this paper). The light
trapped thus is more likely to escape from the front surface,
where the rough NW/parylene-C matrix could enable outcoupling of light that propagates even beyond the critical
angle of a planar glass-air interface. Thus, stronger scattering
results in a slight increase in observed reflectance. The
saturation of the reflectance at higher parylene-C shell
thicknesses is attributed to the parylene-C filling the space
between the NWs, resulting in a more homogenous layer and
reduced scattering.
In contrast to reflectance, the transmittance is strongly
affected by the parylene-C shells. As a result, the 1-R-T is
largely governed by transmittance, and therefore, 1-R-T and T
are discussed here together. The parylene-C coating decreases
T and increases 1-R-T, initially rapidly up to shell thickness
of 215 nm, where the 1-R-T is increased by ≈50 % (relative
increase). This trend corresponds to reduced dielectric
screening in previous reports [17], and shows that the polymer
shells can be used in a similar fashion as oxide shells deposited
by sputtering [18] or ALD [17]. After the thickness of ≈200
nm, the transmittance and the 1-R-T remain roughly constant.
However, closer scrutiny on individual samples (shown with
different symbols in Fig. 2) suggests that 1-R-T peaks between
100 - 300nm and decreases slightly with the thickest shells.
Previously, similar trend has been attributed to a crosssectional resonance condition, which peaks at certain
thicknesses and is reduced when thickness is increased further,
especially when the shell material fills the space between the
NWs completely [17].
In the following, the light distribution and propagation in
the structure is discussed, with the focus on wavelength range
absorbed by InP. In that range, the 1-R-T values correspond to
light that is ‘lost’ in three different categories: (i) absorption
in InP, (ii) absorption in the Au seed particles and (iii) light
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Fig. 1 shows SEM images of the NWs before and after the
parylene-C coating. The NWs are straight and grow in random
directions. Based on our earlier studies on InP NWs on glass,
the crystal structure is predominantly zinc-blende with
frequent twin planes [10]. The parylene-C deposition takes
place conformally on all surfaces, and results in an even
diameter over the whole NW length and over any surface
features [22]. The refractive index of parylene- C (n ≅ 1.65)
[30,31] is between that of InP (≈3.5 – 4.2 in the visible range)
and air (n ≅ 1), and is therefore expected to reduce dielectric
screening between the surrounding air and the NW and
enhance light absorption to the small-diameter NWs [17]. The
structure schematic in Fig. 1c shows also various processes
that incoming photons may undergo; each of these processes
is examined in this work.

ce

Figure 1: SEM images from uncoated InP NWs (a) and from
NWs with 200 nm parylene-C coating (b), and a schematic of
the structure (c) with various alternatives shown for incoming
photons in the structure: absorption in Au (1), absorption in
InP (2), trapping in glass slide (3), specular reflection (4),
diffuse reflection (5), diffuse emission (after absorption in
InP) (6), specular transmission (7) and diffuse transmission
(8).
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Figure 2: Absolute values for reflectance (a), transmittance (b) and 1-R-T (c), and relative change in R (d), T (e) and 1-RT (f) from parylene-C coated InP NWs with different thicknesses. The values are averaged over the wavelength range 400 nm
– 900 nm. The symbols represent four different samples on which parylene-C shells of varying thickness were deposited.
perfectly accurate, the approximation is thought to provide
reasonable values and to allow closer inspection of the light
distribution in the structure.
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that becomes trapped in the glass substrate and subsequently
escapes from its edges from where it does not enter our R and
T measurements. The light-trapping in glass can occur when
the photons are scattered to angles beyond the critical angle of
total-internal-reflection condition. Any light that is trapped
initially and subsequently escapes from the incident or
transmitted sides is seen as reflection or transmission,
respectively, and therefore is accounted for in the 1-R-T
values. Fig. 3 shows approximated values and relative changes
for these three categories with different parylene-C
thicknesses, and the approximation methods are discussed
below.
The absorption in InP is considered here first. Since InP is
absorbing below ≈900 nm at room temperature and nonabsorbing at longer wavelengths, comparing these two regions
allows the estimation of absorption in InP from the 1-R-T
measurements. Here, the InP absorption is estimated by
assuming that at long wavelengths, the measured values
correspond to absorption in Au and to light-trapping in glass.
Thus, the InP absorption is obtained by deducting the mean
value of 1-R-T |λ > 930nm from 1-R-T |λ< 900 nm (for clarity,
sample-specific spectra are shown in Figs. S4-S5). This
approximation assumes wavelength-independent Au-induced
absorption and scattering (i.e. light-trapping in glass), which
however is likely to result in underestimation on InP
absorption. In the wavelength regime λ< 900 nm absorption in
Au is expected to decrease due to considerable absorption in
InP, and indeed relatively weak Au absorption at photon
energies above the band gap has been reported for InGaP NWs
[15]. On the other hand, scattering (which increases light
trapping to glass) was found stronger at shorter wavelengths,
as will be discussed later in this paper. Overall, while not
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Figure 3: Absolute (a) and relative (b) increase in
absorption in InP NW and in Au nanoparticle, and in light
trapping to glass slide with different parylene-C thicknesses.
The dashed lines serve as guides to the eye.
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The absorption in Au seed particles at wavelengths λ > 930
nm was acquired either by measuring absorptance directly
(where also the light trapped in glass slide is collected) or from
1-R-T measurements from uncoated NWs. These values were
found to correspond closely to each other (see Fig. S6). This
similarity suggests minimal light-trapping in glass slide
without parylene-C shell. As mentioned above, the absorption
in Au is assumed wavelength-independent and average
absorption at λ > 930 nm is used in Fig. 3. As such, the values
shown are likely underestimated due to reasons discussed
above. Au nanoparticle removal was not attempted here due
to possible detrimental effects on the ≈40nm thick NWs, such
as surface etching and surface tension effects when the etching
solution is removed. Finally, the light-trapping in glass is
estimated by deducting absorption in InP and absorption in Au
from the measured total 1-R-T values: light-trapping = (1-RT) – A(Au) – A(InP).
Coming back to Fig. 3, several conclusions can be drawn
from the dataset. First, majority of the photons entering the
structure are absorbed by InP, while both Au absorption and
light-trapping in glass have significant contributions. This
suggest that absorption even in 40 nm Au particles is not
negligible and may have detrimental impact on NW devices
such as solar cells and LEDs. Second, for maximal benefit in
InP absorption, already relatively thin parylene-C shell is
sufficient. We would like to note here that the refractive index
of parylene-C (≈1.65) is larger than e.g. ALD-based SiO2 [32]
and similar to ALD-based Al2O3 [33]. Therefore, the required
parylene-C thickness for absorption enhancement is similar to,
or even lower than, ALD-deposited conformal shells. Third,
the relative increase in InP absorption is larger compared to
the other components (a factor of ≈2 in InP absorption
compared to a factor of ≈1.5 in total 1-R-T), i.e. for absorption
in InP, the benefits of the shell are larger than what is apparent
directly from the 1-R-T values.
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practically all light that escapes from the glass slide (critical
angle between glass and air being ≈42°).

dM

3.3 Scattering

pte

Next, the effects on scattering by the dielectric shell are
discussed. While an integrating sphere collects in principle all
of the reflected and transmitted light, light collection at
different acceptance angles gives further insights on the
interaction between light and the NW forest (see measurement
schematic in Fig. S2). Figures 4a-b show transmittance spectra
collected by either an optical lens or with an integrating sphere
from 4 samples with nominally 0 – 200 nm parylene-C shells.
This thickness region is of interest due to saturation of T and
R after ≈200 nm thickness. The intensities in Fig. 4a-b are
normalized to collected light without any sample in the beam
path. The optical lens had approximately ≈15° collection angle
and the integrating sphere ≈160° when the sample was sitting
on the sphere entrance. Therefore, the 15° collection angle
corresponds to light that undergoes little or no scattering while
passing through the sample, and the 160° collection angle to

Figure 4: Transmittance from InP NWs with parylene-C
shells collected with acceptance angles ≈15° (a) and ≈160° (b),
and individual transmittance at ≈15° divided by corresponding
transmittance at ≈160° (c); and reflectance measured at
different acceptance angles corresponding to different
fractions of hemisphere surface area, i.e., fractions of
Lambertian diffuse reflection (d). The dashed lines in (d) serve
as guides to the eye.
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significant. This behavior is similar to that observed in the
transmittance measurements, and similarly suggests enhanced
scattering by the dielectric shells. Previously, low specular
reflectance has been reported for dense InP NW arrays [34],
while here similar effect is acquired with the parylene-C
coating for NWs that initially have moderately high specular
reflection component. Finally, it may be observed from Fig.
4d that the increase in observed diffuse reflectance is
approximately linear to the increase in the surface area of the
corresponding spherical cap and therefore follows Lambertian
diffuse reflectance fairly well, as could be expected from
randomly-oriented NW forest.

cri
pt

In Fig. 4a (light collection cone 15°), the collected light
intensity decreases drastically when dielectric shell is applied
on the NWs. On the other hand, the effect of the shell is clearly
smaller when the light is collected with 160° acceptance angle
(Fig. 4b). In other words, the proportion of light that escapes
the glass slide at >15° is clearly higher when the dielectric
shell is applied on the NWs, i.e., the shell results in
significantly increased scattering.
This effect is emphasized in more detail in Fig. 4c, where
the following ratio is shown: light collected at 15°/ light
collected at 160°. This is approximately the same as the
fraction of specular transmittance / diffuse transmittance.
Without the shell, the transmitted light is roughly 90 %
specular. When the dielectric shell is applied, the fraction of
specular transmittance decreases down to ≈10% with shell
thickness of ≈200 nm. Clearly, the dielectric shell induces
strong scattering, which is seen as significantly increased
diffuse transmittance. Significant wavelength dependence is
also observed in Fig. 4c, where shorter wavelengths have a
smaller specular component, i.e., the shorter wavelengths
undergo stronger scattering. Such wavelength dependence is
expected from Rayleigh scattering, and similar behavior has
been reported previously for different NW diameters, where
the thicker NWs induced stronger scattering, and the effect
was more pronounced at short wavelengths. [16]

3.4 Photoluminescence
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Fig. 5a shows typical photoluminescence (PL) spectra
measured from the NWs before and after parylene-C coating
(from a spot of approximately 100 µm in diameter). PL
emission was observed at ≈860 nm – 925 nm, corresponding
to WZ (≈1.42 eV) and ZB (≈1.34 eV) crystal phases [12,35].
The peak position and shape tended more towards 860 nm or
925 nm depending on the measurement area, which indicates
variation in crystal structure between different areas on the
same sample. This is believed to result from fluctuations in the
NW densities, since in denser areas the same precursor flow is
divided to a larger amount of Au particles, causing local
variations to the growth conditions. The local variations are
discussed in more detail in the micro-PL section below.
Fig. 5b shows the relative PL enhancement for each
parylene-C shell thickness, i.e., integrated PL intensity from
coated NWs divided by uncoated NWs. Overall, the PL
intensity follows similar pattern as the absorption in InP (see
Fig. 3b) with average enhancement of ≈400 %. In
photoluminescence measurements, the excitation light is first
absorbed in the NWs, followed by photoluminescence
emission. By assuming that absorptivity is equal to emissivity,
the total enhancement in PL measurements equals to twice that
of absorptance enhancement. The absorption enhancement in
InP was ≈200 % (see Fig. 3b) and therefore correlates well
with the observed PL enhancement. It should be noted here
that the comparably higher enhancements at shell thicknesses
of 58 nm and 448 nm were also observed in Fig. 3b, albeit to
a smaller degree. It should also be noted that no significant or
consistent trend was observed in power-dependent PL
measurements with varying shell thickness.
Micro-PL was used to examine the PL properties and shell
effects in more detail. Fig. 5c shows microscope images and
micro-PL images from NWs with parylene-C shells of 58 nm,
354 nm and 744 nm in thickness. Overall, stronger PL is
observed from some NWs than others, pointing towards
significant variance in the optical quality even in neighbouring
NWs. The thicker shells are clearly visible in microscope
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Reflectance for scattering studies was measured from 5
spots from each sample with 4 different objectives having
numerical apertures of 0.25, 0.65, 0.85 and 0.9 (corresponding
acceptance angles ≈29°, ≈81°, ≈116° and ≈128°, respectively).
The illumination did not populate the entrance aperture of the
objective completely, and therefore, the illumination was from
a smaller angle than the collection. While this may affect the
measurements to some degree, it was not analyzed in detail
here. The acceptance angles correspond to fractions of
spherical cap surface areas of 0.03, 0.24, 0.47 and 0.56,
respectively, according to A = 2πr2(1-cos(θ)), where θ is half
of the acceptance angle values. Assuming Lambertian
reflectance, the photons are divided equally to the hemisphere
surface area. Therefore, these fractions correspond to fractions
of Lambertian reflectance. Fig. 4d shows R collected from
coated and uncoated NWs with different acceptance angles
(averaged over 400 nm – 900 nm, normalized to reflectance
from an Ag mirror with R > 0.95 in this range). The acceptance
angles close to 0° correspond to specular reflectance, and the
larger angles capture additionally diffuse reflectance.

ce

It can be seen in Fig. 4d that the uncoated NWs have a
moderately large specular component, whereas stronger
diffuse component is seen from the parylene-C coated NWs.
In closer scrutiny, by extrapolation, the specular reflectance is
only ≈0.01 with 100 – 200 nm coating, whereas at acceptance
angles of 116° - 128° the reflectance is ≈0.1 – 0.15. In other
words, with dielectric shells the reflection is >90 % diffuse,
whereas without coating the specular component remains
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Figure 5: Typical macro-photoluminescence spectra from InP NWs with and without parylene-C shells (a) and relative
change in PL intensity at different shell thicknesses (b). Microscope images and corresponding micro-PL photon maps with
different shell thicknesses are shown in (c), along with 1µm scale bars (blue) to ease comparison. Typical micro-PL spectrum
is shown in (d), collected from areas in (e) and (f), which show photon maps corresponding to ≈870 nm and ≈920 nm
wavelength, respectively. The red circles in (e) and (f) highlight NWs that have luminescence at ≈870 nm and not at ≈920 nm.
was shown to be dominated by InP absorption, while neither
Au absorption nor light trapping in the glass growth-substrate
were negligible. The dielectric shells were shown to induce
stronger diffuse reflectance and transmittance, and to enhance
light
scattering
significantly.
Photoluminescence
measurements showed that the increased absorption in InP
translated to enhanced PL intensity. In micro-PL, the emission
was found to be increasingly diffuse with thicker dielectric
shells, similarly to as in reflectance and transmittance. MicroPL also revealed varying crystal structure even in NWs only a
few µm apart. Overall, the presented results provide insights
on the behaviour and distribution of light in NW arrays on a
substrate, as well as effects of dielectric shells. This
knowledge delivers a useful tool for light and scattering
management in nanoscale engineering, particularly with NWs,
using dielectric shells to optimize absorption, emission and
scattering.

Supplementary Material
Supplementary material presents: (i) measurement setup
schematics, (ii) R,T and 1-R-T data for wavelength range 930
nm – 1600 nm with different parylene-C shell thicknesses, (iii)
sample-specific 1-R-T spectra, and (iv) comparison of A
(coated NWs) and 1-R-T (as-grown NWs) in long-wavelength
range (comparison used to estimate coating effect on Au
absorption).
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images and, interestingly, also a larger luminescent area is
observed with the thicker shells (see the blue 1 µm-bars in Fig.
5c). This indicates that the dielectric shells induce more
diffuse PL emission, similarly to increased diffuse reflectance
and diffuse transmittance. For NW device design, the diffuse
emission properties may provide a useful tool, or alternatively
it may be beneficial to take into account in designs where more
directional emission is preferred.
The micro-PL measurements also revealed varying
emission characteristics from neighbouring NWs. Fig. 5d
shows a micro-PL spectrum measured from the area shown in
Fig. 5e-f. The luminescence collected at ≈870 nm (≈1.43 eV,
WZ phase) is shown in Fig. 5e and the luminescence collected
at ≈920 nm (≈1.35 eV, ZB phase) in Fig. 5f. Majority of the
NWs show PL emission at both wavelengths, while a fraction
of the NWs (circled in Figs. 5e-f) show luminescence only at
≈870 nm. This suggest that a fraction of the NWs is
dominantly WZ, while majority of the NWs are ZB or
polytypic (in polytypic NWs the emission is typically below
the WZ phase energy [36]). Therefore, the local growth
conditions are observed to have significant impact on the NW
structure, and variable crystal phase may occur in NWs that
are only a few µm apart.

In conclusion, thorough optical characterization was carried
out on InP NWs grown on glass with and without dielectric
parylene-C shells at different thicknesses. The dielectric shells
were shown to increase reflectance, decrease transmittance,
and increase absorptance. The distribution of light within the
structure, i.e., the light that was not reflected or transmitted,
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