
Optical examination of high contrast grating fabricated
by focused-ion beam etching

Dominika Urbańczyk1
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Marcin Gębski2 • Tomasz Czyszanowski2 • Andrzej Czerwinski1 •

Maciej Bugajski1

Received: 21 September 2015 / Accepted: 24 March 2016 / Published online: 31 March 2016
� The Author(s) 2016. This article is published with open access at Springerlink.com

Abstract High refractive index contrast gratings (HCGs) with their extraordinary optical

properties are very interesting candidates to substitute Distributed Bragg Reflectors as mir-

rors in optoelectronic semiconductor devices. In this work we present results of optical

examination of a large scale HCG structure fabricated by focused-ion beam etching tech-

nique. The measured reflectance spectra exhibit a strong dependence on polarization of

incident light, which confirms theoretical predictions. We also studied optical properties of a

cavity formed by the HCG stacked on a wafer containing a VECSEL-like epitaxial structure.

Keywords High contrast grating � HCG � Optical spectroscopy � Microreflectance

spectroscopy � Focused-ion beam etching � FIB � Nanostructures � Photonics � Vertical

cavity lasers

1 Introduction

Nowadays, distributed Bragg reflectors (DBRs) are in widespread use in technology of

surface-normal emitting lasers like VCSELs and VECSELs Calvez et al. (2009). Despite

very high reflectivity of such kind of mirrors, we must be aware of their limitations. The
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choice of materials of suitable high contrast of values of refractive index and the similar

lattice constants is already a big challenge, however the most important problem is the heat

management Calvez et al. (2009), Chernikov et al. (2011). For example optically pumped

vertical-cavity lasers suffer from strong heating of their active media caused by high power

density of a pumping laser beam. Therefore, the output power of the device is limited by

thermal effects occurring within the active region. One of the common solutions is to use a

top heat spreader (a plate of a high thermal conductivity material, e.g. sapphire or dia-

mond) in order to redistribute the heat laterally and thus transport the heat more effectively

down to a copper heat sink. Further improvement of the heat management can be obtained

by eliminating the multilayer Bragg mirror from the semiconductor structure. This can be

practically realised considering the extraordinary properties of high refractive index con-

trast gratings (HCGs) Mateus et al. (2004a), Mateus et al. (2004b). With this approach it is

possible to substitute DBR for a heat spreader embodying this kind of structure as a mirror

Huang et al. (2007), Chang-Hasnain and Yang (2012).

The goal of this work was to study the HCG structure fabricated by FIB etching to

confirm its extraordinary properties and to verify applicability of FIB milling technique for

its fabrication. Focused Ion Beam (FIB) systems have become very useful tools used in the

micro- and nanotechnology because they provide easy prototyping Łaszcz et al. (2014) or

post-processing customization of individual devices Czerwinski et al. (2015). The

important advantage of FIB etching method is a possibility to fabricate the nanophotonics

structures much faster compared with standard patterning approaches, like lithography or

imprint techniques. We investigated polarization dependence of the HCG reflectance

spectra and their agreement with calculated results. We also attempted to study optical

properties of the cavity formed by the HCG combined with a VECSEL-like epitaxial

structure.

2 High contrast grating

High refractive index contrast grating is a single layer photonic structure composed of

periodically repeated stripes made of high refractive index material and low refractive

index material gaps between them. It has to be surrounded by low refractive index media.

Additionally to the ratio of the refractive indices of the materials which a HCG is made of,

its optical properties depend significantly on geometric parameters of the grating. The most

important ones are a grating period L, fill factor F (defined as the ratio of the stripe LF to

the period L) and a layer thickness hHCG (Fig. 1).

Although the design of this small planar structure seems to be very simple, it has

extraordinary properties. It has been shown that HCG can be designed to have almost

100 % reflectivity for surface-normal incidence light Mateus et al. (2004b). This feature,

together with significant polarization discrimination and sub-micron thickness, makes

HCG very interesting in context of application in photonic devices.

The explanation for such a high reflectivity of HCG is associated with suppression of all

apart from zeroth and first higher order waveguide modes excited in the structure upon

vertically incident light. By tunning the grating thickness, an interference condition is met

at the grating interfaces—either both modes interact destructively and cancel each other

(high reflectance) or interact constructively (high transmission). The polarization depen-

dence of HCG reflectivity is due to one-dimentional character of the structure Lee et al.

(2009), Wan et al. (2011).
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Such a structure can be realized using combination of photo or electron-beam lithog-

raphy and etching Gebski et al. (2015). An alternative approach is to use the focused-ion

beam (FIB) Kim et al. (2012) etching technique.

3 Experimental details

High contrast grating, studied in this work, is designed for maximal reflectivity at

k ¼ 980 nm. The structure was prepared by FIB etching of a 75 nm-thickness thin layer of

amorphous silicon deposited on sapphire substrate. The size of the whole structure is

100 lm � 100lm, the period is 550 nm and the fill factor is 0.44. The hHCG parameter is

equal to the thickness of the amorphous silicon layer, because inside the grooves between

the high index stripes all of the material has been etched. During the FIB etching process

the preview in secondary electron mode of the milled region was applied to control if the

layer of amorphous Si was completely removed.

The HCG pattern was made using the grid pattern created in the form of a bitmap and

then imported into the FIB-system control program. FIB experiments were performed with

a FEI Helios Nanolab 600 FIB using a ion (Ga?) beam energy of 30 keV and a beam

current of 0.92 nA at chamber vacuum \2.6 �10�6 mbar. Preparation time was about

18 min for presented HCG. Due to the fact that the HCG is made on insulating substrate, to

avoid charging effect the FIB charge neutralizer (flood gun) has been activated during the

FIB experiment.

To verify the accuracy of the fabrication process, the structure dimensions were checked

using Scanning Electron Microscopy (SEM) (Fig. 2). Although such a large scale structure

is uncommon for the FIB etching technique, it can be seen that this method allows to

maintain dimensional regime also in this case. Slight differences in comparison with the

design are associated only with the cross-sectional shape of the strips. The small rounding

of the edges is observed. However, receiving a very good quality of edges is a problem that

occurs in greater or lesser extent in all nanoscale fabrication methods.

For the purpose of optical characterisation of the HCG structures, a micro-reflectance

(lR) setup was implemented. The schematic view of the measurement system is shown in

Fig. 3.

A tungsten halogen lamp is used as a source of white light. The light beam is dispersed

by a monochromator before reaching the sample surface. Next to the monochromator there

is a pinhole and a lens which allow to form near collimated light beam. To ensure high

Fig. 1 The schematic view of an HCG structure Gębski et al. (2015)
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spatial resolution of measurements a microscope objective is used to focus the incident

light on the sample surface. Part of the light reflected from the sample is collected by the

same objective and then directed to an InGaAs photodetector. A polarizer mounted before

the detector allows for polarization dependent measurements. Since optical features of the

Fig. 2 The SEM image of the examined HCG structure

Fig. 3 The scheme of the lR setup applied for the study
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investigated sample strongly depend on the angle of incidence of the light, an iris dia-

phragm is applied below the objective to reduce the solid angle of the collected light. An

additional CCD camera is used to control the light spot size and its position on the sample.

In order to improve signal-to-noise ratio we applied a chopper and a lock-in amplifier.

In case of reflectance measurements, the sample with HCG on its bottom surface is

directly laying on the translation stage. To provide a surrounding of the grating by a low

refractive index medium (air in this case), a special hole in the table is designed. On the

other hand, in situation of optical investigation of the cavity, the sapphire plate with the

HCG on its top surface lays on the VECSEL-like epitaxial structure (Fig. 4). The VECSEL

chip applied for this part of investigation is a 8xQW InGaAs/GaAs epitaxial structure. The

bottom DBR consists 27 repeated pairs of low/high refractive index material. The structure

emits at 971 nm. As a result of the applied configuration of the structures, an optical cavity

is formed between the bottom DBR of VECSEL chip and the investigated HCG. We

measured the reflectance spectra of the HCG structure and the same HCG combined with

VECSEL. We took into account the effect of sapphire layer on obtained spectra. All of the

measurements were also performed for various polarization of incident light. For all the

obtained results, both for the HCG and the optical cavity, a reflectance of a gold mirror was

used as a reference. The details of numerical calculation of HCG reflectance spectra were

presented elsewhere Gębski et al. (2015).

4 Results and discussion

We investigated polarization dependence on reflectance spectra of the studied HCG

structure. A significant difference in the spectra obtained for TE (the non-zero component

of the vector E parallel to the grating stripes) and TM (the non-zero component of the

vector E perpendicular to the grating stripes) polarization of the incident light was

observed for wavelength longer than 950 nm, whereas for shorter wavelengths the spectra

were very similar (Fig. 5). This increases of the reflectance for TE polarized light confirm

theoretical predictions, however the maximum value of reflectance is lower than numerical

Fig. 4 The geometry of the measurement
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prediction. Discrepancy between experimental and theoretical results can be associated

with losses in the measurement system. The other reasons of the low magnitude of

reflectance may be roughness of the amorphous silicon layer, rounding and corrugation of

the edges. The Ga ions implantation existing in case of FIB milling is not to be expected to

be significant for the reason of trace amounts of the element in material after FIB milling

(about 2 %) Greer and Nix (2006). The implanted Ga ions may affect magnitude of

reflectance (for example by increasing scattering effect) rather than spectral shape of the

reflectance spectra, but in the future this effect may be successfully eliminated by appli-

cation of chemical cleaning Bayn et al. (2011).

The experimental data were also compared with theoretical results in terms of the

spectrum shape. As it was mentioned the measured maximum value of reflectance is lower

than data from modelling. Therefore in order to facilitate comparison of the spectra shapes,

the experimental results were normalized (divided by the theoretical maximum value)

(Fig. 6). We noticed an agreement between the shapes of the numerically predicted and

Fig. 5 Reflectance spectra of the HCG structure obtained for TE and TM polarizations of the incident light

Fig. 6 Normalized experimental
and theoretical reflectance
spectra of the grating for incident
light polarized parallel (TE) and
perpendicularly (TM) to the
grating lines
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measured spectra. Existing shift between them can be explained by the difference in the

actual geometric parameters of the fabricated grating and the ideal one assumed in

numerical model. However, the observed discrepancy is low because the HCG reflectivity

is not very sensitive to the shape of the strips.

A strong polarization dependence of the measured spectra was also observed in case of

optical properties of the cavity, such as its quality factor (Q-factor). This parameter

describes how much energy losses are in comparison with the energy stored in the res-

onator (in this case in the optical cavity). The high value of Q-factor indicates a low rate of

the energy loss relative to the stored energy. In optical spectrum of the investigated

VECSEL-like structure combined with HCG the high Q-factor is associated with deep

cavity in the photonic stopband region (Fig. 7). For TE polarization we observed

improvement of the optical cavity Q-factor compared with the result obtained for VECSEL

without HCG. This effect does not occur for perpendicular polarization (TM). It can be

also noticed that the Q-factor of the cavity changes gradually from the polarization of the

incident light (Fig. 7).

This can be explained by fact that the Q-factor of the optical cavity is associated with

the changes of the reflectance values of the HCG structure. This relation can be observed

on the theoretical reflectance spectra of the HCG structure for various polarizations

(Fig. 8).

Fig. 7 lR spectra of HCG combined with a VECSEL-like epitaxial structure in various polarizations of
incident light. A strong polarization dependence of the reflectance spectra of the optical cavity can be
observed. For TE polarization the presence of HCG results in significant improvement of Q-factor of the
optical cavity (labelled as HCG in the plot legend) in comparison with case of the presence of sapphire plate
without HCG (labelled as sapphire in the plot legend)
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5 Summary

In this work HCG mirrors fabricated by FIB etching were characterized by means of

micro-reflectance measurements. We confirmed the theoretical predictions about extraor-

dinary optical properties of HCGs. Moreover, the reasonable agreement of the experi-

mental data and results obtained by calculations leads to conclusion that such a large scale

HCG structures can be fabricated by FIB process with satisfying quality. The correlation

between polarization of incident light and the optical properties of the cavity formed by the

HCG combined with VECSEL-like epitaxial structure is very interesting from the point of

view of future applications of HCGs as laser mirrors. Our investigations were a first step to

the application of such structures fabricated by FIB technique in technology of vertical

cavity lasers which can result in a significant facilitation of the heat management without

reduction of reflectivity and their optical performance. Obviously, the applied fabrication

technology needs optimalization and improvement to obtain higher reflectance of the HCG

structures.
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