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ABSTRACT

We demonstrate experimentally that ensembles of conically shaped GaP nanorods form layers of graded refractive
index due to the increased filling fraction of GaP from the top to the bottom of the layer. Graded refractive
index layers reduce the reflection and increase the coupling of light into the substrate, leading to broadband
and omnidirectional antireflection surfaces. This reduced reflection is the result of matching the refractive index
at the interface between the substrate and air by the graded index layer. The layers can be modeled using a
transfer-matrix method for isotropic layered media. We show theoretically that the light coupling efficiency into
silicon can be higher than 95% over a broad wavelength range and for angles up to 60◦ by employing a layer with
a refractive index that increases parabolically. Broadband and omnidirectional antireflection layers are specially
interesting for enhancing harvesting of light in photovoltaics.
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1. INTRODUCTION

Since Bernhard reported in 1967 that the eyes of moths are covered with nanostructures that improve the light
coupling,1 the effect of these nanostructures has been investigated theoretically.2–5 These nanostructures improve
the light coupling into the eyes by forming a layer with graded refractive index varying from a value close to one
to the refractive index of the eye. The same principle can be applied to improve the coupling efficiency of light
into the high index semiconductors that form photovoltaic cells. However, mimicking the structure of moth’s
eyes remains challenging as it requires the fabrication of layers with a graded refractive index varying from a low
value at the top to a high value at the bottom. Current advances in nanostructuring techniques and materials
are enabling the fabrication of subwavelength structures which exhibit a very low effective refractive index when
packed densely together.6–19 These techniques and materials are setting the ground for the development of the
perfect antireflection layer that will allow an efficient coupling of light in solar cells over a broadband spectrum
and for a wide range of angles of incidence.

In this article we report on the fabrication of graded index layers of tapered GaP nanorods on top of a GaP
substrate. The nanorods were grown by the vapor-liquid-solid (VLS) mechanism in a metal organic vapor phase
epitaxy (MOVPE) reactor. To catalize the growth of the nanorods, we use gold particles that are spin-coated
onto the substrate. In spite of the low density of nanorods, we observe an increase of the transmission of light
into the substrate.

Antireflective layers can be classified into two types: I) homogeneous layers or step index layers, and II)
inhomogeneous layers or graded index layers.3 Step index layers reduce the reflection due to destructive inter-
ference of light reflected at different interfaces.20 The working principle of the step index layers is illustrated in
Fig. 1(a). While the fabrication of single step index antireflection layers is well known for decades,21 the layer
thickness and material have to be chosen carefully for each wavelength, angle and substrate. The bandwidth of
these coatings is lower than one octave, for example, 400-700 nm or 800-1100 nm and the angle of incidence is
limited to 30◦.22 In contrast to step index layers, graded refractive index layers reduce the reflection due to a

Further author information: (Send correspondence to J.G.R.)
J.G.R.: E-mail: rivas@amolf.nl, Telephone: +31 40 2742349

Invited Paper

Next Generation (Nano) Photonic and Cell Technologies for Solar Energy Conversion, edited by Loucas Tsakalakos,
Proc. of SPIE Vol. 7772, 77720M · © 2010 SPIE · CCC code: 0277-786X/10/$18 · doi: 10.1117/12.862518

Proc. of SPIE Vol. 7772  77720M-1

Downloaded from SPIE Digital Library on 01 Nov 2010 to 194.171.69.210. Terms of Use:  http://spiedl.org/terms



�in �in

a) b)

Figure 1. a) Step index antireflection layers reduce the specular reflection due to destructive interference of light reflected
at different interfaces. b) Layers with a graded refractive index refract the incident light gradually into the substrate.

gradual increase of the refractive index, which leads to matching of the optical impedance at the interface and
to an adiabatic coupling of incident light into the high refractive index substrate (see Fig. 1(b)). Theoretically,
a drastic reduction of the reflection for angles up to 80◦ and for a wavelength range of one order of magnitude
is possible, e.g., from 400 nm to 4 μm.4

Recently, a graded refractive index layer was fabricated in a bottom-up process using SiO2 and TiO2 nanorods
deposited on AlN.13 Using this technique, a graded index is achieved by varying the filling fraction from one
layer to the next, and by changing the material from a low-index material at the top (SiO2) to a material
with a higher refractive index at the bottom (TiO2). Therefore, the evaporation of two materials is necessary
for these coatings. A different bottom-up approach based on chemical vapor deposition has led to the recent
demonstration of antireflection coatings consisting of single materials.12 These coatings are formed by ZnO
nanowires grown on a Si substrate. The use of silicon substrates did not allow transmission measurements at
visible wavelengths, and the effects of light scattering by the nanowires on the reduction of the reflection could
not be determined. With top-down nanostructuring processes, the reflection of Si has been reduced by etching
different kinds of nanostructures into the substrate.14–17 With these etching techniques, very low values of the
zeroth-order or specular reflection have been reported. However, it has not been unambiguously demonstrated
whether this reduced reflection occurs due to light scattering by the nanostructures, to an enhanced absorption
in the antireflection layer, to refractive index matching to the substrate, or to a combination of these phenomena.
An important limitation of etched silicon surfaces is that the antireflection layer absorbs light. The fabrication of
non absorbing antireflection layers on top of absorbing substrates is thus impossible by etching. It is also worth
mentioning that ultra low reflection was recently reported for layers of carbon nanotubes.23, 24 This reduced
reflection was mainly caused by absorption.

We have recently demonstrated that layers with a high filling fraction (φ = 19%) of conically and cylindrically
shaped nanorods form antireflection surfaces.25 We have chosen to work with GaP nanorods on top of a GaP
substrate because the electronic band gap of GaP has an energy of 2.26 eV (λ = 548 nm), and transmission
measurements are possible for the red and near-infrared parts of the spectrum. By measuring the transmission
and reflection of GaP nanorods on top of a GaP substrate we have unambiguously demonstrated that the
reduction of the reflection in these layers is mainly caused by a graded refractive index coating and interference
in the nanorod layer, and that the role of scattering losses and absorption by the nanorod layer is secondary.25

The broadband reduction of the reflection was demonstrated by zeroth-order or direct transmission and specular
reflection measurements at wavelengths in the visible and near-infrared regions, and by angle-integrated total
reflection and transmission measurements. To investigate the omnidirectionality of the antireflection coating,
transmission and reflection measurements were performed for angles up to 60◦. In this article we demonstrate
that a significant increase of the transmission can be also achieved in layers with a low filling fraction of tapered
nanorods (φ = 3.7%). This increase can be up to 15% in the infrared.

The manuscript is organized as follows: In section 2 we present calculations of the coupling efficiency of light
into Si by means of graded refractive index layers of GaP nanorods. These calculations represent the optimum
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Figure 2. The graded refractive index of conical nanorods is modeled by dividing the nanorod layer into sub-layers, each
having a slightly larger refractive index than the previous as indicated by the gradient in color.

performance that can be achieved with antireflection layers on top of a Si solar cells. We describe the fabrication
of layers of tapered GaP nanorods on top of GaP substrates in section 3. We use GaP substrates instead of Si
because of the low absorption of GaP substrates in the visible, i.e., at wavelengths longer than 550 nm, allows us
to perform transmission measurements. Optical experiments on the GaP nanorod layers, showing an enhanced
transmission into to the substrate, are presented in section 4.

2. THEORY

In this section we present calculations of the improved coupling efficiency of light in silicon substrates covered by
inhomogeneous layers of GaP nanorods. These calculations motivate the use of nanorod layers for photovoltaic
applications.

We use a transfer-matrix method for isotropic layered media to model the antireflection layer.26 The nanorod
layer is divided into sub-layers, each of them having a slightly increased refractive index with respect to the layer
above. This slicing of the layer is illustrated in Figure 2. It has been shown theoretically that a layer with
a modified quintic refractive index profile has the lowest reflection over a broad spectral and angular range.4

However, fabrication of modified index profiles using nanorods is not trivial. For conical nanorods we expect,
in a first approximation, a quadratic refractive index profile, since the refractive index is proportional to the
nanorod filling fraction, which scales with the area. Therefore, to keep the calculations as close as possible to
the experiments, the coupling efficiency into a silicon substrate is calculated assuming a quadratic refractive
index profile varying from 1.1 to 3.3, which could be fabricated by growing tapered nanorods on top of a silicon
substrate. The thickness of the layer is 1 μm. The nanorod layer is divided into sub-layers, each having a
thickness of 20 nm. The refractive index of Si varies from 3.45 to 4.25-0.044i over the wavelength range from
500 nm to 2000 nm. Note that the use of these antireflection layers on top of Si for photovoltaic applications is
limited to wavelengths up to 1100 nm due to the electronic band gap of Si and the lack of absorption at longer
wavelengths. We have extended the calculations to 2000 nm to illustrate the broadband character of nanorod
antireflection layers.

The calculation of the coupling efficiency of light into a Si substrate covered with a graded refractive index
layer at normal incidence is displayed in Figure 3 (red dotted curve) and compared to the light coupling efficiency
into bulk silicon (black solid curve) and to a standard single layer antireflection coating with a refractive index
of 1.97 and a thickness of 89 nm (blue dashed curve) .27 The thickness of this last layer is chosen so that it
forms a λ/4 film at a wavelength of 700 nm for normal incident light. The comparison shows that the graded
index layer increases the coupling efficiency of light into Si over a broader wavelength range than the standard
antireflection coating.

An important parameter that needs to be considered in the design of antireflection layers is their thickness.
Figure 4 displays the coupling efficiency into a Si substrate calculated for graded refractive index layers of
nanorods with different thickness varying from 250 nm to 3 μm. Short nanorods present a poor performance at
long wavelengths. The coupling efficiency is better than 98% for layers thicker than 1 μm. Increasing the layer
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Figure 3. Calculated coupling efficiency of unpolarized light at normal incidence into a Si substrate (black solid curve),
a Si substrate covered with a layer with a thickness of 1 μm and a refractive index increasing parabolically from 1.1 to
3.3 (red dotted curve), and a Si substrate covered with a standard single layer SiN antireflection coating with a refractive
index of 1.97 and a thickness of 89 nm (blue dashed curve).

thickness to more than 1 μm does not improve the coupling efficiency in the spectral range from 500 nm to 2000
nm.

A characteristic of nanorod antireflection layers is their omnidirectional behaviour. This behaviour is very
important for photovoltaic applications and is illustrated in Fig. 5. In this figure the coupling efficiency of light
at a wavelength λ = 700 nm into a Si wafer covered by a layer of nanorods with a refractive index varying from
1.1 to 3.3 is displayed as a function of the angle of incidence (red dotted curve). For comparison, we also plot
the coupling efficiency in a Si substrate without nanorod layer (black solid curve). The presence of the nanorod
layer improves significantly the coupling efficiency in a broad range of angles. This coupling efficiency is larger
than 90% for angles of incidence up to 75◦.

1800 1200 600

0,8 1,2 1,6 2,0
0,8

0,9

1,0

 

 

Energy (eV)

C
ou

pl
in

g 
E

ffi
ci

en
cy

 0.25 μm
 1 μm
 3 μm

 Wavelength (nm)

Figure 4. Calculated coupling efficiency of unpolarized light into a Si substrate covered with a layer with a refractive index
varying parabolically from 1.1 to 3.3 over a thickness of 250 nm (black dotted curve), 1 μm (red dashed curve), and 3 μm
(blue solid curve).

3. SAMPLE FABRICATION

The investigated layers of nanorods were fabricated on double-side polished GaP substrates. The choice of GaP
over Si substrates facilitates the measurement of the transmission at optical frequencies. A film of SiO2 with
a thickness of 490 nm was deposited on the backside of the GaP wafer. This film avoids the etching of the
surface during a cleaning process in HNO3:HCl:H2O (2:3:3) at 80 ◦C for 2 min before the growth of nanorods.
This etching step is necessary to remove any native oxides that would hinder the nanorod growth. Directly
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Figure 5. Calculated coupling efficiency of unpolarized light of λ = 700 nm into a Si substrate without antireflection layer
(black curve) and with a layer with a refractive index parabolically increasing from 1.1 to 3.3.

after cleaning the substrate, gold colloids with a diameter of 10 nm were spin-coated on the substrate. The gold
colloids act as catalyst for the nanorod growth in the low pressure (50 mbar) MOVPE reactor (Aixtron200).
GaP nanorods are grown using trimethylgallium (TMG) and phosphine (PH3) as precursors with molar fractions
of χTMG = 9.1 · 10−5 and χPH3 = 15 · 10−3. A total flow of 6 Lmin−1 was used, with hydrogen as carrier gas.

The morphology of the nanorods can be controlled by adjusting the temperature of the substrate during the
growth. This temperature is set to 570 ◦C, so that conically shaped nanorods are fabricated. Figure 6 displays a
top view (a) and a side view (b) scanning electron micrographs of the sample. The initial diameter is determined
by the size of gold particles and defines the diameter at the top of the nanorod. During the vertical growth,
it is also possible to induce a side-wall growth, when the temperature exceeds the critical value.28 The base of
the nanorods is exposed to the side-wall growth for the longest time. Therefore, the diameter is the largest at
the base and it gradually decreases towards the top. The apex angle of the conical shape can be tuned, as the
lateral growth is more pronounced with respect to the vertical growth at higher temperatures. From the scanning
electron micrographs in Figures 6(a) and (b), the diameter at the top and at the bottom of the nanorod, as well
as the GaP filling fraction at the bottom are determined to be 10 nm ± 5 nm, 70 nm ± 10 nm, and 3.7 % ± 0.3 %,
respectively. In spite of this low filling fraction, we demonstrate in the next section that the transmission into
the substrate is enhanced by the graded refractive index provided by the tapered nanostructures.

2 m�2 m� 500 nm500 nm

(a) (b)

Figure 6. (a) Top-view and (b) tilted-view scanning electron micrographs of nanorods grown using gold colloids with a
diameter of 10 nm for catalyzing the growth. The nanorods are grown for 1 min at a temperature of 570 ◦C.
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Figure 7. Measured zero-order transmission through a bare GaP substrate (red dashed curve) and a GaP substrate covered
with tapered nanorods (blue solid curve). The dip in reflection at around 700 nm is related to a 500 nm thick SiO2 layer
at the backside of both samples. b) The measured transmission of the GaP substrate covered with nanorods normalized
to the transmission through a bare GaP substrate. The black line indicates a value of 1 meaning that the transmission
through the GaP substrate covered with nanorods equals the transmission through a bare GaP substrate

4. EXPERIMENTS

We have determined the antireflection behavior of the graded refractive index layer by measuring the transmission
through the sample. For measuring the transmission through the nanorod sample, a collimated light beam from
halogen lamp illuminates the sample and the light transmitted through the sample is focused into a fibre-coupled
spectrometer with a silicon detector (Ocean Optics, USB2000).

The transmittance, defined as the transmission through the sample normalized by the intensity measured
without sample, is displayed in Fig. 7(a) with the blue solid curve. For comparison, we also plot the transmittance
of a bare GaP substrate with 490 nm SiO2 at the backside (red dashed curve). In Fig. 7(b), we plot the ratio
of the transmittances of the sample containing the nanorods and the bare GaP substrate. The sharp absorption
edge at λ = 548 nm in Fig. 7(a) is due to the electronic band gap of GaP. The small dip in the transmission around
λ = 700 nm is caused by a Fabry-Prot resonance in the SiO2 layer at the backside of the GaP substrate. The
transmission at shorter wavelengths than 660 nm is not increased with respect to the transmission through the
bare GaP substrate. Scattering of light by the nanorods at short wavelengths reduces the transmission through of
sample and cancels the enhancement of the transmission achieved by the graded index.25 At longer wavelengths
the transmission increases. For these wavelengths scattering losses become negligible. The transmittance in the
GaP substrate is enhanced by more than 15% due to the graded refractive index provided by the layer of tapered
nanorods. This enhancement is remarkable considering the low density of nanorods.

Although we have only measured the transmission through the sample at normal incidence, we expect an
omnidirectional behavior similar to that demonstrated in Ref.25

In conclusion, we have demonstrated that layers of tapered GaP nanorods form graded refractive index layers
that enhance the transmission of light into high refractive index substrates. This enhancement of transmission
is relevant to improve the coupling of light in solar cells.
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