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We present tapered nanostructures fabricated on a selective area of gallium phosphide 
substrates for advanced optoelectronic device applications. A lithography-free fabrication 
process was accomplished by dry etching of metal nanoparticles. Thermal dewetting of 
micro-patterned metal thin films provides etch masks for tapered nanostructures. This simple 
process also allows the formation of plasmonic surfaces with corrugated shapes. Rigorous 
coupled-wave analysis calculations provide design guidelines for tapered nanostructures on 
gallium phosphide substrates. 
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Gallium phosphide (GaP) is an essential material for 

electroluminescent devices and other optoelectronics 

applications. For example, pure GaP light emitting di-

odes (LEDs) emit green light at a wavelength of 555 

nm and doped GaP emits yellow (565 nm) or red (700 

nm) light. Since GaP is transparent for yellow and red 

light, it is usually used as a window layer or a trans-

parent substrate of matured AlGaInP-based red-emit-

ting LEDs. The refractive index of GaP (4.30 at 262 

nm, 3.45 at 550 nm and 3.19 at 840 nm) is relatively 

higher than those of other transparent materials such 

as glass or polymers, which leads to extremely high 

surface reflection. From this point of view, for ad-

vanced antireflection (AR) properties, subwavelength 

structures (SWSs) with a tapered profile, inspired by 

the corneal of nocturnal insects, have been studied. 

From studies on physical phenomena, geometrical op-

timization, and low cost fabrication, improved AR per-

formance of various materials/devices recently has 

been reported [1-4].

There are a variety of fabrication processes for AR 

SWSs, including electron-beam or laser interference 

lithography, nanoimprint lithography, nanosphere or 

colloid formation, metal nanoparticles, and Langmuir- 

Blodgett assembly [5-18]. Subwavelength tapered nano-

structures can be distributed over the full surface. 

However, for specific applications or for adding some 

functionalities on a defined area, it is necessary to pro-

vide these structures only on a selective area. In this 

letter, we present simple and low cost fabrication tech-

niques to prepare tapered nanostructures definable on a 

selective area based on the use of metal nanoparticles. 

Detailed fabrication steps, resulting structures, and op-

tical calculations are included. 

From the view point of the effective medium theo-

ry, tapered nanostructures with a subwavelength pe-

riod are considered as a homogeneous medium with a 

graded refractive index, which is determined by the 
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Figure 1. Calculated reflectance of tapered nano-
structures, caused by the internal reflection 
from the GaP to the air, with three different 
periods as a function of wavelength. Inset 
indicates a calculated model.

Figure 2. Schematic illustration of tapered nanostructures on micro-patterned selective areas.

fill factor. Fig. 1 shows the calculation results of the 

internal reflectance of GaP tapered nanostructures, 

which is caused by the internal reflection from the 

GaP substrate to the air, with three different periods, 

i.e. 100 nm, 200 nm, and 300 nm, respectively. The 

calculation was conducted by the rigorous coupled 

wave analysis (RCWA) method. For simplicity, the 

calculation model was assumed to be a truncated cone 

shaped structure with hexagonal symmetry and the 

apex diameter was set to 50% of the base diameter. 

Because the GaP has reflectance of ∼35% in the visi-

ble and near infrared wavelength ranges, the use of a 

tapered nanostructure with a period of 100 nm has 

remarkable reflection changes in the broad wave-

length range. However, the nanostructures with peri-

ods of 200 nm and 300 nm exhibit very high re-

flectance due to the higher order diffraction. When 

the light is incident on the grating structure with a 

period Λ, the angles of the reflected diffraction 

waves θr,m in the m-th diffraction order are given by 

the following grating equation :

  

  

where n is the refractive index of the incident medium, 

θi is the incident angle, and λ is the incident 

wavelength. If the period of gratings becomes much 

smaller than the optical wavelength, we find that only 

zeroth order diffraction is allowed to reflect and all the 

all the other others are evanescent. In the case of in-

ternal reflection, the refractive index of the incident 

medium is much higher than that of air. Hence, the 

grating period should be much smaller than that in the 

case of external reflection. The distance between the 

nanostructures should be smaller than at least ∼200 

nm to reduce the Fresnel reflection loss, as shown in 

Fig. 1.

Fig. 2 shows a schematic illustration of the fab-

rication procedure of the GaP tapered nanostructures 
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Figure 3. SEM images of etched surface of gallium 
phosphide substrates after dry etching in 
ICP-RIE for 3 min with RF power of 150 W. 
The residual NPs were removed by an addi-
tional dry etch process with a CF4/O2 gas 
mixture in RIE. Scale bar indicates (a) 10 μm,
(b) 1 μm, and (c) 500 nm, respectively.

on a selective area. For the fabrication of tapered 

nanostructures on micro-scale defined areas, first, 

conventional photolithography was conducted on the 

GaP substrate to define hexagonal micro-patterns 

with 10 μm diameter. Silver (Ag) thin films with a 

thickness of 15 nm were then deposited across the 

whole surface by using an e-beam evaporator. The 

evaporation rate for the Ag thin film was 0.1 nm/s. 

During the lift-off process (i.e., removal of the pho-

toresist and metal thin ilm deposited on the photo-

resist), the micro-patterned Ag thin film remained on 

the GaP substrate. A thermal dewetting process was 

subsequently carried out at 500oC for 1 min under a 

nitrogen atmosphere by using rapid thermal annealing. 

The annealing temperature was determined so as to 

form separated Ag nanoparticles (NPs) by self-as-

sembled agglomeration. The GaP substrate with Ag 

NPs was etched by an inductively coupled plasma re-

active ion etcher (ICP-RIE) at optimum conditions, 

i.e., SiCl4/Ar (7.5 sccm/2.5 sccm) with rf power of 150 

W for 3 min. The residual Ag masks were removed by 

CF4/O2 RIE. Scanning electron microscopy (SEM, 

Hitachi S-4700) measurements were performed to ob-

serve the thermally detwetted Ag NPs and the tapered 

nanostructures.

Fig. 3 shows SEM images of the fabricated tapered 

nanostructures on gallium phosphide substrates with 

different magnifications. As shown in Figs. 3(a) and 

(b), circular patterns with hexagonal symmetry were 

clearly defined with a 50% fill factor, which corre-

sponds exactly with the designed value. The observed 

diameter of the circular pattern was about 9.5 μm, 

which is a slightly smaller value compared to that of 

the designed pattern (10 μm). The average diameter 

and distance between the nearest nanostructures can 

be controlled by the thickness of the initial metal 

thin film and the annealing temperature. In order to 

clarify the characteristics of the Ag NPs, we esti-

mated the average diameter and positional correlation 

using a commercial image processor (ImageJ 1.42q, 

NIH). The estimated average diameter of the Ag NPs 

and average distances of the nearest particles were 

84.2 nm and 126.8 nm, respectively, deduced by the 

pair correlation function. The values obtained by the 
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Figure 4. SEM morphologies of the under-etched surface of gallium phosphide substrates. Scale bar: (a) 1 μm 
and (b) 500 nm, respectively. Inset of (a) indicate cross-sectional schematic illustration.

15 nm Ag thin-film are sufficient to prevent internal 

reflection loss in the wavelength range over 600 nm. 

Because the dewetting process is affected by the sur-

face energy between layers, the size of the NPs can 

be adjusted by the use of interfacial layers such as 

silicon dioxide. The etch profile is also influenced by 

the mask pattern. As shown in Fig. 3(c), etch se-

lectivity between GaP and Ag is adequate to form ta-

pered nanostructures. 

A hybrid structure consisting of metal NPs de-

posited onto a subwavelength structure increases the 

light absorption of the substrate and can possibly lead 

to a reduction of the minimum required thickness of 

thin-film photovoltaic devices. Other interesting op-

tical phenomena through localized surface plasmon 

resonance can be observed in the hybrid structure. 

Fig. 4 shows metal NPs on tapered nanostructures. In 

this experiment, we used thicker Ag thin films (i.e., 

20 μm) than the previous case to form NPs on the 

etched surface. The process for removal of residues 

was omitted. As shown in Fig. 4(b), Ag NPs are situ-

ated on the tapered nanostructures and the size of the 

NPs strongly depends on the profile of each nanos-

tructure. The thickness of the Ag NPs and nano-

structures can be adjusted by controlling the initial 

thin film thickness and dry-etch conditions.

In conclusion, we fabricated tapered nanostructures 

on a selective area of GaP substrates by a dry etch 

process using Ag NPs, which were formed by a ther-

mal dewetting process. Successful formation of mi-

cro-patterned nanostructures was confirmed by SEM 

images. A RCWA simulation supports design guide-

lines for antireflective properties of tapered sub-

wavelength nanostructures. From these results, we 

anticipate that these process steps and resulting 

structures would be ideal for low-cost optical compo-

nents/devices with functionality. 
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