
Chapter 3

Fabrication of volume

diffractive structures

Although one of the objectives of this study is to gain more insight in the mech-

anisms of colour production on the wings of a tropical butterfly, ultimately the

scope of biomimetics is to apply the knowledge gathered through the observation

of nature.

Engineering a device that mimics the microstructure found on the wings of

Morpho rhetenor and generates a comparable optical response is a very challeng-

ing task. No technology is in fact currently available to produce an exact replica

of that microstructure with its minute and intricate tree-shaped elements, how-

ever, the technologies for the fabrication of microelectronic and optoelectronic

devices are capable of structuring materials and producing features with sizes

comparable to the natural ones. Moreover, because of decades of development,

these successful industrial technologies are based on very well understood and

controlled processes, which can reliably generate nanometer scale structures,

made of dielectrics with fully characterised optical properties.

In this chapter, the fabrication of volume diffractive structures inspired by the

natural microstructure is reported. First, the technology used is described and

then the design and fabrication of the produced devices is discussed.
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3.1 Motivation

The microstructure on the wings of Morpho rhetenor, which has been dis-

cussed in chapter 1, exhibits two optical properties unusual for ordinary

dielectric materials with a low index of refraction: (i) a spectrally narrow

reflectivity over a large range of angles; (ii) high diffraction efficiencies in

reflection. Two- and three-dimensional volume diffractive structures were

fabricated using technologies common to the microelectronic and optoelec-

tronic industry. These structures were grating-like devices built with materi-

als which provide a low contrast in index of refraction, and were characterised

by depths several times the optical pathlength of light, and periods similar to

the wavelength of operation – that is, they were near zero-order diffractive

structures. The periodical arrangement of silicon-based thin films and air

trenches or pillars had vertical optical pathlengths, and lateral distributions,

comparable to those in the butterfly microstructure.

3.2 Technology

All the structures fabricated were based on the initial production of high-

reflectance dielectric mirrors made of alternating layers of silicon nitride

(Si3N4, with an index of refraction of n = 2.03) and silicon dioxide (SiO2,

with an index of refraction of n = 1.46). Deep vertical trenches or circular

pillars were subsequently dry etched into the stacks to produce the diffractive

structures.

3.2.1 Deposition of dielectric mirrors

The use of thin layers of SiO2 and oxynitride (SiON) deposited by low-

temperature plasma-enhanced chemical vapour deposition (PECVD) [94] to

obtain low-loss planar [95], rib [96], and channel waveguides [97, 98] has

been widely demonstrated. Nitrogen-rich oxynitrides deposited by PECVD

have to be annealed to obtain a low-loss material at telecommunication wave-
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Figure 3.1: Two half 4inch silicon wafers coated with quarter-wavelength
stacks to generate dielectric mirrors with high-reflectivity bands centered at
594nm (yellow half) and 475nm for normal incidence (blue half).

lengths (1550nm), but at visible wavelengths losses for the material as-grown

are much lower and no annealing is necessary [97]. However, no published

work reporting the use of PECVD Si3N4 for low-loss optical waveguides was

found. This might be due to the physical limits of low-temperature depo-

sitions of Si3N4, which prevent production of a perfectly homogeneous and

amorphous material. For the deposition of dielectric mirrors this disadvan-

tage is balanced by the advantages brought by the PECVD when compared

to other techniques. PECVD is a fast and popular method to deposit layers

reliably in the microelectronic and optoelectronic industry, where the require-

ments are often very high regarding structural homogeneity of the deposited

layers, but less stringent with respect to thickness tolerances.

Two types of dielectric mirror were fabricated by PECVD deposition,

based on quarter-wavelength stacks of 21 alternating layers of SiO2 and Si3N4,

designed to obtain mid-range wavelengths for the high-reflectivity bands at

594nm and 475nm. A photograph of the mirrors is shown in figure 3.1 and a

cross-sectional view of a fabricated stack obtained by backscattered electrons
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Figure 3.2: BS-SEM micrograph of dielectric mirror cross-section.

scanning electron microscopy (BS-SEM) is shown in figure 3.2. To produce

quarter-wave stacks with bandgaps in the visible spectrum, it is necessary to

deposit layers with thicknesses of about 100nm or less, with an accuracy of

few nanometers and the control over the thickness of the individual layers

must be maintained throughout the whole process of deposition of the mul-

tilayer. The roughness as well as the total thickness variation (TTV) across

the whole substrate are important factors to obtain homogeneous spectral

properties at all locations and must be tightly controlled.

Standard, 4inch crystalline silicon wafers used in the microelectronic in-

dustry and fused silica substrates of equal diameter and having a thickness of

0.5mm, usually employed for optoelectronic applications, were used as sub-

strates for the stacks. The surface roughness and flatness of these substrates,

assessed with an Alpha Step 200 surface profilometer, was within λ/100,

confirming their suitability for optical applications in the visible range of the

spectrum. A 1.7µm-thick layer of SiO2 was grown by thermal oxidation [94]

of a silicon substrate to create a buffer layer for the growth of the optical

devices. The TTV of this layer was less than 1%, which kept these sub-
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strates within a high-quality flatness standard of λ/20 for the deposition of

the stacks.

The index of refraction of the deposited PECVD materials was charac-

terised by means of a Jobin Yvon ellipsometer with single layers deposited

on bare silicon wafers. Using a complex model for the dielectric constant,

the measured relative phase change and relative amplitude parameters were

fitted over the 400− 800nm range of wavelengths, and values of 1.48 + i0.01

and 2.05 + i0.01 for the indices of refraction of SiO2 and Si3N4 at a wave-

length of 545nm were obtained with an uncertainty of ±0.01 in both the real

and imaginary part. These values are higher than standard ones for bulk

materials reported in the literature [99], and complex, which indicates that

the deposited layers might be rich in silicon. During fabrication, the thick-

nesses of the deposited layers were inspected with a Nanometrics Nanospec

AFT 4150 reflectometer, using standard values of the indices of refraction of

the investigated materials (n = 1.46 for dioxide and n = 2.03 for nitride at a

wavelength of 545nm). As a result of this mismatch in indices of refraction,

the respective thicknesses of SiO2 and Si3N4 measured by the Nanospec were

0.4% and 1.6% smaller than those measured with the ellipsometer.

An Oxford Plasmalab System 90 machine was used to deposit the PECVD

layers with the sets of process parameters described in tables B.1 and B.2

of appendix B. From previous depositions it was established that the depo-

sition rates of the machine varied by more than 10% over several months.

It was also noted that while most parameters were easily determined by the

automatic controls, the effects of some process variables on the growth rates

were unaccounted for, and it was thought that they might affect short depo-

sitions dramatically. Preliminary characterisation of the process assessed the

influence on the growth rate of two process variables: the time allowed for

the substrates’ temperature to relax and reach the set value, and the dura-

tion of a chamber conditioning step. Once the wafers are loaded, the loading

compartment (load lock) is evacuated, the plate supporting the substrates is

transferred in the processing chamber and its temperature brought to depo-
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sition level (300◦C). The thermal inertia of the plate is rather large and the

heat is transferred to the substrates by contact and radiation in high-vacuum

conditions with no direct measurement of the substrates’ temperature. On

the other hand, process chamber conditioning is a dummy deposition step,

which is performed before the substrates are introduced and is meant to pro-

vide a constant environment during depositions by pre-coating the inside of

the chamber with the material to be deposited on the substrates. Since de-

positing a mirror involves alternating the materials, it was decided that the

chamber be conditioned with the second material before depositing the first

one. Also, the dependence of the growth rate on the reflected RF power of

the oscillator was assessed, since normally in automatic tuning mode several

Watts of forward power are lost to reflected power in the tuning bridge cir-

cuit. For characterisation purposes, single layers of about 100nm of silicon

dioxide and 70nm of silicon nitride were grown on bare silicon wafers and

were then inspected with the reflectometer, measuring the film thickness in

the middle of the wafers. It was established that the linear coefficient of

dependence of the growth rate on the RF power is 1.6nm min−1W−1 and

0.5nm min−1W−1 for SiO2 and Si3N4, respectively. With respective growth

rates of 57.5nm min−1 and 7.0nm min−1 this corresponds to a 2.8% and 7.1%

change for each Watt of deviation from the set power, which led to the de-

cision of operating the tuning manually in order to achieve consistently low

reflected power and more controlled depositions. No particular statistical

trend was noticeable when changing the duration of the inverse condition-

ing step for a sample of 34 grown layers, with average values and standard

deviations of the growth rates unchanged. On the other hand, adding extra

time (15 minutes) for the substrates to reach a stable temperature proved to

have substantial effects, with a reduction of the standard deviations of the

growth rates from 1.5% to 1.1% and from 2.7% to 1.6% for SiO2 and Si3N4,

respectively, with samples of 18 grown layers.

Satisfactory control over the film thickness variation throughout the de-

position area was confirmed and its average standard deviation, measured
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Figure 3.3: Spectral reflectance of a 594nm-mirror with TE polarised light
impinging at 30◦ (left-hand side) and spectral transmittance of a 475nm-
mirror at normal incidence (right-hand side). Solid lines represent measured
data, dotted ones are computed with the TMM.

with a raster of 25 points over the whole area within 10mm from the edges

of the wafer, was 0.3% and 0.5% for SiO2 and Si3N4, respectively.

In conclusion, the sum of the errors originating from miscalculations of the

thicknesses due to the reflectometer measurements and the PECVD growth

uncertainty (including TTV) was less than 2.2% and 3.7% for dioxide and

nitride.

By allowing processed wafers to cool in a high vacuum (for 10 minutes

after transferring the plate back to the load lock), dielectric mirrors were

produced, which were free of any visible cracks when visually inspected un-

der a microscope objective or when light from a laser was coupled into the

multilayer plane of cleaved structures.

BS-SEM micrographs (see figure 3.2) of the cross-section of samples

coated with about 15nm of carbon taken at an acceleration voltage of 15kV

showed that the total thickness of the stack was on target within the accu-

racy of this measurement method, therefore confirming that the thickness of

the grown layers remained constant throughout the whole stack.

The mirrors were then characterised optically using the spectroscopical

setup presented in chapter 4. Figure 3.3 shows the acquired spectra for the

reflectance of a 594nm-mirror with TE polarised light impinging at 30◦ (left-
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hand side) and the transmittance of a 475nm-mirror at normal incidence

(right-hand side). The optical properties of both types of mirror agree with

calculations performed using the transfer matrix method (TMM, presented

in appendix C), with deviations from the design parameters well within the

mentioned figures for the dimensional uncertainty.

3.2.2 Masking and etching

A schematic diagram describing the fabrication of the diffractive structures is

shown in figure 3.4. First, to create a mask that would survive the dry etching

environment during the prolonged time required for deep etches, a layer of

100nm of chrome (Cr) was deposited by electron beam evaporation [94] on

the dielectric mirrors with the process parameters described in table B.3. A

300nm-thick film of chemically-amplified high-speed positive resist UV3 was

Figure 3.4: Schematic diagram of the fabrication of diffractive structures.
The sequence of steps is illustrated by the alphabetical order of the bracketed
letters.
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Figure 3.5: SEM top view of a grating pattern (left-hand side) and a trian-
gular lattice pattern of circles(right-hand side).

then spun on the metallised mirrors. The resist was patterned by direct-

write electron-beam lithography [94] with a Leica EBMF 10.5 system at

an exposure rate of 8MHz on a 10nm exel grid and with a beam current

of 250pA. Lamellar grating patterns and triangular lattices of circles were

written with different lattice constants and filling fractions. The smallest

features (ridges or walls between columns) had sizes smaller than 200nm.

The resist was then developed and hard baked at a temperature of 95◦C

for 90 minutes. Scanning electron microscopy (SEM) views of two typical

patterns are shown in figure 3.5.

The resist patterning was transferred into the Cr layer by ion beam milling

[94] with the set of parameters described in table B.4 of appendix B. With

this method a certain amount of over-etching (about 40nm) proved unavoid-

able and the process resulted in funnel shaped openings in the metal and

the first dielectric layer (visible at the top of the cross-section shown in fig-

ure 3.6). This widening of the Cr mask openings consequently led to larger

sizes for the etched features than was originally intended.

The dielectric mirrors with the patterned metal coating were then dry

etched [94] by reactive ion etching (RIE) in an atmosphere of argon (Ar) and

trifluoromethane (CHF3) using the process parameters described in table B.5.

The quarter wave stacks were etched through their entire thickness, which

resulted in trenches or air columns over 1.8µm deep. The exceptional depth
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Figure 3.6: SEM cross-sectional view of deep etched rods. The image is
centered around one edge of the diffractive structure and shows the multilayer
(1), air columns etched in the multilayer (2), the SiO2 buffer (3) and the Si
substrate (4).

achieved through dry etching permitted the fabrication of very narrow, high-

aspect-ratio trenches and air columns, a condition necessary to obtain the

pursued volume diffractive structures. For a 450nm-wide trench, the angle

of slant of the sidewall was less than 1◦, while for an air column with a top

diameter of 450nm the angle was 7◦. An SEM cross-sectional view of an

etched device is shown in figure 3.6.

Finally, the Cr masking layer was removed by a wet chemical etch.

3.3 Two-dimensional structures

Anisotropically etching deep vertical trenches into the 21-layer dielectric mir-

rors resulted in the creation of high-aspect-ratio lamellar gratings with lay-

ered diffractive elements as shown in figure 3.7. The lattice constants of the

fabricated devices were determined by means of using either of the two types

of multilayer and by changing the spacing between the lines (pitch) of the

e-beam lamellar patterns. The vertical period of alternate layers was 140

and 175nm for structures based on blue and yellow dielectric mirrors, and
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Figure 3.7: Schematic diagram of two-dimensional volume diffractive struc-
ture.

the pitch of the lateral distribution varied from 310 to 560nm. The filling

fraction of the gratings was controlled via the thickness of the e-beam lines.

The lower limit in feature size of the lithographic process and the widening of

the openings caused by the ion beam milling process for transfer of the litho-

graphic pattern into the Cr mask, resulted in smallest widths of the trenches

of approximately 400nm. The best devices were obtained with periods larger

than 510nm and design trench-widths smaller than 100nm, i.e. for nominal

dielectric filling fractions of more than 80%. A typical fabricated lamellar

grating with a period of 510nm had multilayer diffractive elements with 21

layers, 1.8µm-deep trenches with an angle of slant of the sidewall less than

1◦, and a dielectric filling fraction of 20%.

The optical characterisation of these structures will be discussed in chap-

ter 4.

3.4 Three-dimensional structures

When air columns positioned on a triangular lattice were etched in the 21-

layer quarter-wave stacks, three-dimensional structures were obtained as the

one schematically shown in figure 3.8. They consisted of a hexagonal crystal

with two different lattice constants depending on the layering period of the

used dielectric mirror and the lattice constant of the triangular lithographic

pattern, the latter varying between 260 and 610nm. The yield was higher
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Figure 3.8: Schematic diagram of three-dimensional volume diffractive struc-
ture.

than for the gratings due to the greater connectivity of the dielectrics, but

similarly, only structures with larger lattice constants and small nominal fill-

ing fractions were fabricated successfully. Figure 3.9 shows a cross-sectional

view of a device with a vertical period of 175nm, an in-plane lattice constant

of 610nm and a nominal column diameter of 120nm obtained by BS-SEM.

This picture demonstrates both the vertical and lateral periodic distribution

of dielectric constants, and shows the same object of figure 3.6. The differ-

ence in appearance of the vertical shapes in the two pictures is due to the

fact that backscattered electrons have a much larger generating volume (in

excess of 1µm in depth) than secondary electrons, which are generated at

depth of only a few nanometers. So while the SEM picture shows the surface

of the sample, the BS-SEM image is the result of averaging over more than

one lattice constant from the surface and therefore gives a solid appearance

only where the dielectrics are present in most of the generating volume. The

bomb shell shaped vertical elements correspond to this type of areas, whereby

the funnel shaped air columns result in less dielectric at the top surface than

at their base.
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Figure 3.9: BS-SEM cross-sectional view of a three-dimensional structure.
The image is centered around one edge of the diffractive structure and shows
the multilayer (1) and air columns etched in the multilayer (2).

3.5 Conclusion

Using common microelectronic fabrication processes, novel two- and three-

dimensional volume diffractive structures were produced, which owing to

their depth can exhibit high diffraction efficiencies through isotropic, low-

contrast dielectrics. The development of the deposition process for dielectric

mirrors with accurate definition of the layers and of the etching technique to

obtain narrow, high aspect ratio diffraction elements were essential conditions

for the production of the diffractive devices.

The numerical modelling of the optical properties of lamellar multilayer

gratings is reported in chapter 5. The measurement of the diffraction ef-

ficiencies of one fabricated device is presented in chapter 4. A discussion

of the optical properties of the fabricated devices in relation to the Morpho

microstructure follows in chapter 6.
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