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Abstract

We have designed and fabricated a silicon grating which shows antireflection properties, in normal incidence, in the

[4lm; 6lm] spectral region. This configuration is of utmost importance for stealth applications when laser telemeters are

used to localize moving targets. It is shown that although the grating parameters are outside the validity domain of

diffraction homogenization theories, the opto-geometrical parameters given by the effective medium theory can be used

as starting solutions for designing the structure. This allows the use of a standard low-resolution etching technique for

fabricating the grating. The reflectance is calculated with a modal method and compared successfully with the ex-

perimental results. It is shown that the grating reduces the silicon substrate reflectance in the whole [4lm; 6lm] spectral

domain by a factor greater than 10.
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1. Introduction

Coating is the standard way of reducing re-

flection on optical surfaces. However, in certain

cases, alternative solutions are required. For in-
frared applications, for example, the thickness of
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the deposited layers is of the order of few mi-

crometers. Such thick coatings exhibit stress which

may induce poor surface adhesion which is of a

crucial importance, especially for aerospace ap-

plications where optical components have to resist
strong temperature variations and strong velocity

accelerations. Moreover, the performances of

thick coatings can also be affected by absorption.

Sub-wavelength grating structures turn out to be a

low cost highly effective alternative way of reduc-

ing reflection [1,2]. Such antireflection corrugated
ed.
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surfaces made on lossy materials such as semi-

conductors and metals have proved useful for

eliminating specular reflection, in particular for

visible light [3]. Surface-relief grating structures

made on semiconductor materials have also been

used to increase the efficiency of solar cells [4].
Gold surface-relief rectangular-groove gratings

have also been designed and fabricated to be

antireflecting [5].

When the incident medium is air, in normal

incidence, and when the grating period is much

smaller than the wavelength, only the zeroth order

is reflected and the corrugated layer acts as an

effective medium covering a homogeneous sub-
strate [6,7]. In this case, sub-wavelength gratings

can mimic the effects of thin-film coatings.

Homogenization theories [8] have demonstrated

that the surface acts as a graded index layer whose

permittivity along z-axis (see Fig. 1) depends on

the filling factor f. Due to the pyramidal profile of

the grating considered in this paper, the filling

factor is a function of z. At each value of z > 0, the
effective index of the corrugated surface is a com-

bination of the indices of the substrate and of the

incident medium. Several studies have been con-

ducted to optimize the profile of the grating in

order to obtain the lowest reflectance [9,10]. Given

that, to be valid, homogenization theories need the

grating period to be much smaller than the wave-

length. Thus, designing and fabricating antireflec-
tion corrugated surfaces working in the near

infrared usually need micrometric resolution

etching techniques.

In this paper, our objective is to design and to

manufacture bi-dimensional gratings that can be

used to reduce the reflectance of infrared detectors.
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Fig. 1. xoz section of the 3D pyramidal profile of the bi-di-

mensional grating.
This problem is of utmost importance for stealth

applications when laser telemeters are used to de-

tect and to localize moving targets. We show that,

as already predicted by other authors [1], a corru-

gated surface reduces the reflection as long as there

are no resonance and no blazing. More precisely,
we demonstrate that a strong antireflection effect

can be obtained in certain cases even when the

optogeometrical parameters of the gratings are

outside the domain of validity of homogenization

theories. We show, both theoretically and experi-

mentally, that the reflectance of a silicon substrate

can be reduced by a factor greater than 10 in nor-

mal incidence with a grating whose period is close
to the wavelength of illumination. This result is of

practical interest for stealth applications as it

demonstrates that high-resolution etching tech-

niques are not required for fabricating antireflec-

tion structures working in the near infrared. We

apply our results to the design and to the fabrica-

tion of a bi-dimensional antireflection grating

working in the [4lm; 6lm] spectral region. The
sample, which is a pyramid-shaped silicon grating,

has been fabricated using photolithography and

silicon chemical etching techniques. The micro-

structure morphology of the sample has been

characterized by optical interferometric micros-

copy and atomic force microscopy. The reflectance

has been measured by standard spectrophotomet-

ric techniques. The measured reflectance is less
than 2.5% in the 4–6 lm range.

In Section 2, we briefly describe the calculation

method used for the numerical simulations and we

present the steps that led to the geometry of the

proposed structure. Section 3 describes the etching

process. In Section 4, we present our experimental

results. We compare the spectral response of the

grating with that obtained numerically. A com-
parison is drawn between the antireflection effect

obtained with our structure and that obtained with

standard thin film coatings.
2. Theory and simulation

The gratings considered in this paper are bi-
dimensional, made of silicon whose refractive

index nSi is equal to 3.42 in the spectral region
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[4 lm; 6lm]. For such a value of nSi, the reflec-

tance defined on the intensity, for a plane surface,

is around 30% at normal incidence. The grating

period and its thickness are close to the wave-

length of illumination. These parameters are such

that, in order to calculate the amount of diffracted
light from the grating structure, a computer code

based on a rigorous method of calculation must

be used. However, in order to avoid the use of

optimization methods that require time and

memory consuming calculations, we first calcu-

lated the reflectance of the gratings using a first-

order effective medium theory. In this case, the

effective permittivity at height z (see Fig. 1) is
equal to the average permittivity of the bi-di-

mensional structure calculated in a plane parallel

to the plane (xoy). We used this method to de-

termine the period and the depth of an antire-

flection structure that was our starting solution

for designing the grating�s surface. As etching was

made on a {1 0 0} silicon wafer, we considered, for

the corrugated surface, an inclination angle of 45�
corresponding to {1 1 0} planes of silicon (see
0,00

2,00

4,00

6,00

8,00

10,00

12,00

4 4,2 4,4 4,6 4,8 5 5,2
Wavelength (µm)

R
ef

le
ct

an
ce

 (%
)

Fig. 2. Reflectance of the structure calculated by using the effectiv
Fig. 1). This particular etching leads to pyramid-

shaped gratings. As this value could easily be

obtained with our photolithography technique

(see Section 3), the grating period d was chosen to

be greater than 3 lm. For pyramid-shaped grat-

ings with an inclination angle a ¼ 45�, the effective
index neff of the layer varies from the value

neff ¼ nSi ¼ 3.42 of silicon at height z ¼ 0 to the

value neff ¼ nair ¼ 1 at height z ¼ h ¼ d=2 as a

function of z, with

neff ¼ 1

�
þ n2Si � 1

h2
ðh� zÞ2

�1=2

: ð1Þ

The height h of the structure has been determined

in order to obtain a strong antireflection effect.

The value h ¼ 2:5 lm leading to a period d ¼ 5 lm
has been reached. Fig. 2 shows the calculated re-

flectance of a graded index layer on a silicon wafer.

A strong reduction of the reflectance, which re-

mains smaller than 2.2% in the whole spectral

domain, is obtained with the graded index layer. In

order to predict, without approximation, the be-

havior of the grating whose profile is shown in
5,4 5,6 5,8 6
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e medium theory and the modal method (normal incidence).
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Fig. 1, we used a 2D computer code based on a

vector modal method [11] with 17 coefficients for

both directions, that is 289 coefficients for the bi-

dimensional grating. The number of coefficients

guarantees accuracy better than 1% for the grat-
ings considered in this paper. The computed re-

flectance is shown in Fig. 2. The kink around 5 lm
on the curve obtained with the modal method

corresponds to the disappearance of ½1; 0�, ½0; 1�,
½�1; 0� and ½0;�1� orders. It can be seen that, as

expected, the result differs from the one given by

the effective medium theory. However the value of

the reflectance remains smaller than 10% in the
whole spectral domain. In this case, the reflectance

of the silicon wafer is reduced by a factor of 3. For

this reason, we decided to fabricate and to char-

acterize the bi-dimensional grating whose profile is

represented in Fig. 1.
Fig. 3. Steps of the grating
3. Process

3.1. Wet anisotropic etching of silicon

In microtechnology, wet anisotropic etching is a
common technique used to create 3D structures in

the bulk of crystalline silicon wafers [12]. This

technique uses a mask pattern in order to protect

silicon surface zones from etching, whereas ex-

posed silicon zones are dissolved in the etchant

[13–20]. In other wet etching processes, photoresist

is often the chosen masking layer. But, in the case

of wet anisotropic etching of silicon, a thermal
silicon oxide layer (referred to as a hard mask) is

often grown and used as an appropriate mask

against etching. Indeed, the wet etchant is very

selective to silicon compared to silicon oxide. In

the case of crystalline silicon having the diamond
fabrication process.



Fig. 4. Nomarsky microscope image of the sample. The pyra-

midal profile of the grating is represented in top view. The

distance between two dots is the period d ¼ 5 lm of the grating.
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structure, etching is faster along some crystallo-

graphic planes than along other stable planes [21].

Specific shapes or structures as V-grooves, pyra-

midal tips and pyramidal cavities are often ob-

tained in silicon. An etchant that exhibits such

orientation-dependent etching properties in silicon
consists of a mixture of KOH and isopropyl

alcohol [22].

3.2. Experimental procedures

The grating fabrication process is shown in

Fig. 3. The investigated samples were boron-doped

p-type {1 0 0} oriented Czochralski silicon wafers.
A 500-nm-thick thermal oxide is grown by a wet

oxidation of the substrate. Then, a classical posi-

tive photoresist (Shypley S1805) is deposited by

spin-coating at 4000 rpm, and softbaked at 95 �C.
Samples are then exposed to UV-light at 365 nm

for pattern transfer from the photolithography

mask (array of squares) to the photoresist. After a

development stage, the samples are hard-baked at
120 �C in order to harden the photoresist and

prevent it from peeling or etching in solutions. The

samples are then immersed in HF/NH4F aqueous

solution to etch silicon oxide zones uncovered by

the photoresist. After stripping the photoresist in

acetone, the samples are immersed in 35 wt%

KOH solution for 3–5 min at 80 �C, depending on

the etching depth desired. Finally, the silicon oxide
mask is dissolved in HF in order to characterize

the silicon grating.
4. Results

4.1. Etching results

Several samples have been fabricated. Among

them, we show the results obtained with the one

that exhibits the lowest reflectance. Fig. 4 is a

Nomarsky microscope image of the grating�s sur-
face. As can be seen, a uniform pattern has been

obtained. Fig. 5 shows the results given by atomic

force microscopy (AFM). Fig. 5(a) shows a top

view of the etched surface and the profile of the
etched structures along the cross-section AA

0
. Fi-

nally, Fig. 5(b) is the 3D perspective view. Fig. 5(a)
shows that, as expected by the convex-shaped sil-

icon etching theory [23] and illustrated in Fig. 6,
the grating has a pyramidal profile. The top of the

pyramids exhibits a flat surface with a 1.1 lm side,

which demonstrates that the protecting oxide layer

was not entirely under-etched. It is also shown that

the {1 1 0} oriented side-walls of the pyramids

make an inclination angle of about 42� with the

horizontal {1 0 0} surface. According to the Fig. 6,

we expected to measure an inclination angle of 45�
corresponding to {1 1 0} planes. This low deviation

may be explained by the convolution of the grat-

ing�s profile with the shape of the AFM tip. Fi-

nally, the etched depth obtained after 5 min

etching in a 80 �C KOH solution, is 1.9 lm.

4.2. Optical properties

The reflectance in normal incidence of the cor-

rugated surface has been measured by infrared (IR)

spectrophotometry. Fig. 7 shows the correspond-

ing experimental results. It can be noticed that a

strong broadband antireflection effect is obtained

(the reflectance is less than 2.5% in the whole

spectral region). The measured reflectance is

smaller than what predicted by the modal method
(see Fig. 2). This discrepancy is due to the partic-

ular profile of the etched grating (see Fig. 5(a)). In



Fig. 6. Silicon etching evolution with a convex-shaped mask.

Fig. 5. AFM images of the grating. The orientation of the {1 0 0}, {0 1 0} and {1 1 0} planes are represented. Period d ¼ 5 lm. (a) Left:

top view; right: profile along cross section AA
0
. (b) 3D perspective view.
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Fig. 7. Comparison between numerical simulation and experimental results. The reflectance obtained with two different standard low-

index coatings is also presented.
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order to explain the experimental result, we have

computed the reflectance of the sample by using a

rigorous modal method where the profile of the

corrugated surface (with a flat surface on the top of

the pyramids) measured by AFM was taken into

account. A good agreement was obtained between
the numerical results and the experimental ones

(Fig. 7). A slight disagreement can be noticed

around 5 lm, which corresponds to the Rayleigh

anomaly for ½1; 0�, ½0; 1�, ½�1; 0� and ½0;�1� reflected
orders. Around this region, the amount of reflected

light is strongly dependent on the grating�s profile.
The presence of sidewalls corresponding to under-

etched {1 1 1} planes (see Fig. 6), that are difficult
to see on AFM images, could lead to a particular

profile that is not taken into account in the calcu-

lation. Moreover the incident beam in the spec-

trophotometer, used to illuminate the grating, has

an angular aperture of 4� while the theoretical

calculation is made with a incident plane wave.

Then, the measured reflectance is the result of a

convolution between the incident beam and the
angular dependence of the efficiency of the reflected

zero order. This could lead to a ‘‘smoothing effect’’

in the measured reflectance curve which does not

exhibit the ‘‘kink’’ obtained around 5 lm for the

theoretical curve. Concerning the transmitted light,

as the refractive index of silicon nSi was taken equal
to 3.42 with the imaginary part equal to 0, the

amount of transmitted light T is equal to 1� R
where R is the reflected energy. In particular, with

this structure, T is around 97.5% and the efficiency

in the zeroth reflected order is lower than 5.3% in

the whole spectral region. Calculations for inci-

dence angles up to 5� show that the reflected in-

tensity in the zero order remains smaller than 6% in
the whole spectral region for both polarization

states. This result shows that the antireflection

grating is compatible with the use of slightly di-

vergent incident beams. This property shows that

the grating can be used for stealth applications in

the infrared spectral region.

For comparison purposes, the spectral reflec-

tance of two different single-layer antireflective
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coatings deposited on a silicon substrate have been

computed; they are presented in Fig. 7. We con-

sidered two coatings made from low-index mate-

rials (YbF3 and ZnSe) commonly used in the

infrared (nYbF3 ¼ 1.49 and nZnSe ¼ 2.43). The re-

flectance of the antireflective silicon grating is
much lower than that of the single-layer antire-

flection coatings in the whole measured spectral

range. A lower reflectance could be obtained with

multilayer coatings; however, the thickness of such

coatings, which is typically greater than 5 lm, can

lead to problems of surface adhesion or to losses of

energy due to absorption. This clearly emphasizes

the interest of a corrugated surface.
5. Conclusion

We have shown that the reflectance of silicon

wafers can be strongly reduced in normal incidence

with pyramid-shaped gratings by a factor greater

than 10, even when the period is close to the
wavelength of illumination. A wet etching tech-

nique of silicon has been used to fabricate a grating

that was characterized by a standard IR spectro-

photometric technique and by atomic force mi-

croscopy. A good agreement between experimental

results and theoretical ones has been obtained.

These results have shown that a slight modification

of the profile predicted by the effective medium
theory leads to better antireflection properties of

the grating. A reflectance around 2% in the whole

[4lm; 6lm] spectral range has been obtained

without using high resolution etching techniques.
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