
Optical devices from porous silicon having continuously varying
refractive index

S. Ilyas Æ M. Gal

Published online: 20 March 2007

� Springer Science+Business Media, LLC 2007

Abstract We shall discuss two types of optical devices

made using porous silicon, in which the refractive index

distribution is continuous. In the rugate filter, the refractive

index profiles is sinusoidal along the growth axis, while in

the graded refractive index lenses that we fabricated from

PSi, the refractive index is quadratic in the plane of the

porous layer. We shall talk about the design and fabrication

methods used to manufacture both of these device types,

and show examples for each.

1 Introduction

Even though porous silicon (PSi) has been known for al-

most 50 years, there has been an upsurge of interest in this

unusual material. The first reports giving details of a new

form of silicon appeared in 1956 when Uhlir [1] described

a study of the electro-polishing of silicon in hydrofluoric

acid. Activity in PSi increased significantly after 1990

when efficient visible luminescence was discovered by

Canham [2] suggesting the possibility of silicon based light

sources. However, in spite of considerable research effort

during the subsequent years, stable, efficient and repro-

ducible electroluminescence could not be achieved. On the

other hand, the intensive research has resulted in numerous

and often unforeseen applications that rely on other valu-

able properties of PSi, such as its large surface area and

bio-compatibility, and its ‘‘made to order’’ refractive index

[3]. Emerging applications now cover a broad spectrum of

fields, from chemical and biomedical sensing to micro-

electronics and micro-electromechanical system (MEMS),

as well as a range of optical and optoelectronic applica-

tions.

During the last decade or so, several types of optical

devices have been made from PSi, including laser mirrors,

micro-cavities, filters, etc. These devices are similar to

conventional optical devices in that they use alternate

layers of high and low refractive index material. In this

article, we shall concentrate on two types of optical de-

vices, the rugate filters and gradient refractive index

(GRIN) lenses, both of which are based on continuously

varying refractive index distributions in the PSi.

2 Rugate filters

Rugate filters are a type of optical filters that contain a

continuous variation of the refractive index, usually sinu-

soidal, along the growth axis [4–6]. The reflectance spec-

trum of such a filter shows a high reflectivity ‘‘stop-band’’

around a characteristic wavelength, k0, and very low

reflectivity elsewhere. Rugate filters, first developed by

Berger et al. [7] and Lorenzo et al. [8], are often preferred

over conventional step-index multilayer filters because

they do not display higher order harmonics. Filters reported

so far had relatively broad stop-bands, usually of the order

of several hundred nanometres. While large stop-bands are

adequate or even desirable in some applications, we were

interested in narrow line-width rugate filters for sensor

applications, and hence developed filters with very narrow

linewidths. In this study, therefore we shall describe our

approach and results in making narrow line-width rugate

filters.
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Rugate filters are made by sinusoidally varying the

refractive index of the material along the growth axis. The

refractive index profile, n(x), of a rugate filter centred on k0

can be written in the following form:

nðxÞ ¼ n0 þ Dn=2 sinð4px=k0Þ ð1Þ

where x is the perpendicular distance into the plane of the

filter, n0 is the average refractive index, and Dn is the

refractive index contrast[9]. Such a sinusoidal profile

would result in the reflection spectrum displaying a single

stop-band at k0, the bandwidth of which depends on the

magnitude of Dn. However, because of the sharp truncation

of the refractive index modulation at the boundaries of the

filter, such a simple sinusoidal index profile would also

generate interference oscillations appearing on both sides

of the stop-band (‘‘side lobes’’). To suppress these

unnecessary oscillations, the abrupt termination of the in-

dex profile has to be faded out or apodized with a smooth

envelope function so as to reduce the index contrast to zero

at the boundaries. In our filters, we used a Gaussian

function as the envelope to the sinusoidal refractive index

which resulted in the reduction of the side lobes while at

the same time not influencing the optical properties of the

stop-band. To further reduce interference oscillations

resulting from the refractive index mismatch between the

average index of the filter and the surrounding media, we

grew additional continuously varying so called ‘‘index

matching’’ layers that aimed to match the refractive in-

dexes of the surface and the substrate to the filter.

A graphical illustration of the overall refractive index

profile is shown in Fig. 1, and includes an amplitude

modulated sinusoidal refractive index apodized with a

Gaussian function, and two 3rd order polynomial index

matching layers at the front and substrate end of the filter.

In the example to be discussed below, the filter included 40

sinusoidal periods with an index contrast of Dn = 0.028

(nHI = 2.122 and nLO = 2.094). The index matching layer

at the surface was designed to have a thickness of 450 nm,

and the refractive index that smoothly decreased from

2.094 to 1.471 (which is the lowest refractive index value

we could achieve). The index matching layer at the Si

substrate side was 675 nm thick, and the refractive index

increased from n = 2.094 to n = 3.5 as a 3rd order poly-

nomial.

The reflectivity spectrum of a filter having an index

profile shown in Fig. 1 was calculated using the charac-

teristic matrix method [10, 11], and is shown in Fig. 2. As

can be seen, the chosen conditions lead to a stop-band at

850 nm with a FWHM of approximately 5 nm, and a

maximum reflectivity of 65%. The reflectivity outside the

stop-band is calculated to be less than 10%.

After designing the filters, we used standard electro-

chemical etch to fabricate the PSi rugate filters into Si

wafers [12] in accordance with the simulation parameters.

The filters described above were prepared from highly

boron doped p+-type (100) silicon wafers having a resis-

tivity of 0.07 ohm cm. The Si substrate was electrochem-

ically etched at room temperature in a solution of 25% HF.

This etching solution was prepared by diluting 48% HF

solution into ethanol. We used Keithley 2400 SourceMe-

ter� to generate a computer-controlled sinusoidal current

profile for the electrochemical etching process. The current

profile, which includes the index matching and the apodi-

zation functions, is generated by a small program based on

Fig. 1 Refractive index distribution of our rugate filters, having

amplitude modulated (apodized) sinusoidal refractive index with

index matching layers at the front and the substrate end of the filter to

match air and the Si substrate, respectively. The inserts show the

apodization of the index, and the sinusoidal variation as a function of

depth

Fig. 2 Calculated reflectivity spectrum of a rugate filter assuming 40

sinusoidally varying refractive index layers, Gaussian apodization and

index matching layers at the surface and substrate ends
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LabVIEW 6.1. The current density for producing the

sinusoidal porosity is 2.205 to 2.256 mA/mm2. During the

etching process temporal breaks of 9 s were used at each

sinusoidal period during the anodization to recover the HF

concentration at the dissolution front. After the etching

process, the samples were rinsed with ethanol. We used

pentane drying to minimize the effects of capillary pressure

within the porous structure.

The measured reflectivity spectrum of the filter dis-

cussed in this publication is shown in Fig. 3. The reflec-

tivity was measured by illuminating the sample at normal

incidence with monochromatic light from a J/Y SPEX

1681 0.22 m spectrometer and measuring the reflected

beam with a silicon detector. The measurement was taken

over an area of 0.5 mm2 on the surface, and the collecting

angle was 2.70. As can be seen, the agreement between the

calculated and measured spectra is good. The measured

spectrum has a stop-band at 848 nm (850 nm was predicted

by the theory), maximum reflectivity 63% (65% predicted),

and line-width of 11 nm (5 nm was predicted). The line-

width is slightly broader than the theoretically predicted

linewidth due to the large collection angle used in the

reflectivity measurements. The reflectivity outside the stop-

band is less than 10%. These types of filters are currently

being used in biochemical sensing projects[13].

3 GRIN lenses

Graded refractive index (GRIN) devices have continuous

variation of refractive index in the direction perpendicular

to the growth direction[14]. Such radial refractive index

gradient devices are well known and are routinely fabri-

cated from glasses and plastics, and are commonly used

as (GRIN) lenses[15]. Advantages of PSi based GRIN

lenses include their compatibility with Si optoelectronics,

and hence their possible integration with other Si devices,

and their transparency from the visible to the infrared part

of the spectrum, including the optical communications

window between 1.3 lm < k < 1.6 lm. Since the

refractive index of PSi is proportional to the porosity of

the material, when making a GRIN lens our aim was to

achieve a specific circularly symmetric porosity distribu-

tion with a nearly quadratic distribution of the optical

thickness (the product of the refractive index and the

physical thickness) as a function of the radial distance

from the optical axis:

N2
otðrÞ ¼ ½nðrÞLðrÞ�

2 ¼ Nð0Þ2ð1� a2r2Þ ð2Þ

Here n is the refractive index and L is the thickness of the

layer. This means that the (etching) current density has to

be maximum in the centre of the sample and has to de-

crease continuously towards the edge of the sample. To

achieve such a current density, we replaced the disk elec-

trode (anode) in the electrochemical cell with one that only

touches the (back of the) Si wafer in the shape of an outer

ring. Such a ring electrode will result in an optical thick-

ness with the required profile for the formation of GRIN

lens [16].

Using such a ring electrode, the effective current dis-

tribution in the silicon wafer is:

je ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

c2ðd2 þ R2 þ r2Þ
ðd2 þ ðR� rÞ2Þðd2 þ ðRþ rÞ2Þ

s

ð3Þ

where c is a constant which depends on the resistivity of

the silicon and the current applied to the wafer, R is the

radius of the Si (i.e. the PSi area), and d is the thickness of

the wafer. It can be shown[14] that such a current

distribution will produce an optical thickness distribution

given by:

OPT ¼b1 � b2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

c2ðd2 þ R2 þ r2Þ
d4 þ ðR2 � r2Þ2 þ 2d2ðR2 þ r2Þ

s

� b3c2ðd2 þ R2 þ r2Þ
d4 þ ðR2 � r2Þ2 þ 2d2ðR2 þ r2Þ

ð4Þ

where b1, b2, and b3 are constants.
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Fig. 3 Measured reflectivity spectrum of a rugate filter having a

refractive index profile shown in Fig 1
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Since the optical thickness (Eq. 4) depends on the

resistivity of the wafer through the parameter ’c’, we made

a number of different lenses using silicon wafers with

different resistivities: 0.05, 0.2, and 2.0 ohm cm. The

electrochemical etching was performed with ethanoic

hydrofluoric acid with 25, 30 and 35% HF at room tem-

perature.

Figure 4 shows an interferogram of a PSi GRIN lens

illuminated with a sodium lamp. The interference patterns

(also called Newton’s rings) clearly show the radially

varying optical thickness. Using the interferogram, we can

calculate the optical thickness distribution of the PSi film

as a function of the radius. The optical thickness of the PSi

layer shown in Fig. 4 as a function of the radial distance is

shown as the dark squares in Fig. 5. Also shown on this

figure is the quadratic dependence (solid line) and the plot

of Eq. (4), the theoretically expected position dependence

for a GRIN lens. As can be seen, there is excellent

agreement between the experiment and theory.

4 Conclusion

We have designed, fabricated and tested rugate filters and

GRIN lenses made using PSi. In both these types of devices

the refractive index distribution is continuous.
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Fig. 4 PSi samples with lateral variation in refractive index under

illumination with monochromatic light. The ring shows the contin-

uous change in the optical thickness from the centre to the edge

Fig. 5 Relative optical thickness of PSi samples as function of the

radius. The data points with error bars represent the experimentally

determined relative optical thickness of a 10 mm diameter GRIN lens

versus radial distance. The full line is the best fit to the experimental

data assuming quadratic position dependence, as required by a GRIN

lens equation (Eq.(1)). The dashed line represents the calculated

optical thickness (Eq. (4))
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