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ABSTRACT

Visible light emission from the porous silicon (PSi) formed by anodic etching of Si in HF solution has raised great
interest in view of possible applications of Si based devices in optoelectronics. In particular, multilayers consisting of
periodic repetition of two PSi layers whose refractive indices are different can be exploited to design interference filters
for controlling the emission wavelength as well as for the spectral narrowing of the wide emission band of Psi. Fabry-
Perot optical microcavities with an active layer of A/2 or A sandwiched between two Bragg reflectors, consisting of
alternating layers of high and low refractive indices are fabricated on heavily doped p-type silicon. We have investigated
the optical properties of these microstructures using reflectivity and photoluminescence measurements at various
temperature.
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1.INTRODUCTION

Recent progress in semiconductor materials for optoelectronic applications have raised the hope of Silicon (Si) based
optical interconnects for faster processes and high-speed communications. Although c-Si is the predominant material in
semiconductor industry, the integration of optical communication and photonic technology with Si microelectronics had
been inhibited by the fact that Si has an indirect band gap with poor optical emission efficiency.! A great deal of
research effort has been focussed on nanometer size crystallites or quantum dots made from indirect-gap
semiconductors.” As a result, visible light emission from Si has been shown to be possible when it is in the form of a
low-dimensional system or when selected active impurities (such as erbium) and/or new phases (such as iron disilicide)
are inserted into the Si lattice.” In particular, low-dimensional systems; such as silicon nanocrystals,® porous silicon,”’
silicon/insulator superlattices,’® silicon nanopillars’ are being actively investigated from viewpoints of both fundamental
physics and optical devices.

1.1 Visible light emission from Porous silicon

Porous silicon, which forms on the surface of crystalline silicon in hydrofluoric acid under an appropriate anodic bias,
has received intensive study over the last 15 years'®"® despite its discovery in 1956 by Uhlir."* In 1990, Canham’
reported the efficient visible photoluminescence at room temperature, probably due to quantum confinement effects
produced by the low dimensionality of the silicon skeleton remaining after electrochemical anodization.” The typical
luminescence spectrum is a broad band centered around 1.7 eV. The efficiency of this band is > 1% and its characteristic
decay times are typically 1-10psec at room temperature.'® Many efforts have been made to alter the peak wavelength
emission from PSi, such as oxidation'” or photochemical etching'®'’ or doping with rare earth compounds.”® Also
ambient PL over the full visible range from PSi was obtained through electrochemical etching aided by an oxidative
metal such as Zn without post anodising treatment.*"**
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2. Optical microcavity

Despite the reasonable intensity of the PSi optical® and electro-optical emission,** practical device applications were not
significant. This is mainly due to the very broad spectral and angular emissions and moreover ageing effects of the PSi.”’
The use of a microcavity structure, which is basically a combination of two dielectric mirrors is a well established tool to
alter and control the spontaneous emission and has been realised in III-V semiconductor lasers.”>

2.1 Distributed Bragg reflectors and Fabry —Perot interferometers

Dielectric mirrors, also called distributed Bragg reflectors (DBR) utilize the refractive index differences to achieve
interferometric effects by forming periodic multilayer quarter wave stacks with alternating high and low refractive index
layers. Various components of the incident light produced by reflection at successive boundaries through out the
assembly will reappear at the front surface all in phase, so that they will recombine constructively. This implies that the
effective reflectance of the assembly can be made very high indeed, as high as may be desired, merely by increasing the
number of the layers. The reflectance remains high over only a limited range of wavelengths, depending on the ratio of
high and low value of refractive index; outside this zone it changes abruptly to a low value. Due to this, the quarter wave
stack is used as a building block for many types of thin film filters such as a long wave pass filter, as a short wave pass
filter, as a straightforward high reflectance mirror and as a reflector in a thin film Fabry-Perot(F-P) interferometer.>

Using two DBR separated by a spacer, which is a half wave thick; it is possible to construct a Fabry-Perot interference
filter. Inserting a spacer into the dielectric structure breaks the periodicity of the dielectric and introduces a pass band
into the transmission spectrum.’’ Multiple beam interference in the spacer layer causes the transmission of the filter to be
extremely high over a narrow band of wavelengths around that for which the spacer is a multiple of one half wavelength
thick. Microcavities are formed by a layer structure similar to a F-P filter; a central active medium is embedded between
two dielectric mirrors, which allow enhancement or inhibition of spontaneous emission at the energy of the cavity mode
to be obtained, together with a highly directional emission.*?

2.2 Porous silicon based optical microcavity

Similarly, placing the silicon nanocrystals in a microcavity with dimensions comparable to optical wavelength reduces
the spectral width of the PL spectrum of the active layer to the bandwidth of its resonant mode.*** This implies that if
one couples the electron confinement with the photon confinement, the emission properties of silicon are further
changed: a narrowing, an increase in the emission efficiency, and a strong directionality of the emission pattern are
observed. By varying the applied current density, it is possible to change the porosity (percentage of void space) of the
porous silicon film in the etching direction.'® Moreover the etching process is self-limited and the etching occurs only in
pore tips. Thus the porosity varies only with current density once the other etching parameters are kept fixed,”>® the
formation of layers of alternating PSi layers of different porosity (and hence, different refractive index) results in
dielectric multilayer structures that behave as optical interference filters, both in the infrared and VIS wavelength ranges.

Several groups have already demonstrated the fabrication of PS based Photonic band gap structures for many
applications including DBRs and F-P filters,””* Rugate filters,*” microcavities with controlled spontaneous emission,*"*?
waveguides,”* and colour sensitive photodiodes.”” Visible light emitting diodes based on PSi planar*® and vertical’’
resonant cavities have been reported with tunable, narrow, and directional EL and PL spectral emissions.”® Also random
Psi multilayer structures™ have been investigated theoretically and experimentally, since it is interesting in the field of
one dimensional light localisation. Recently, Reece et al have reported the realization of optical microcavities with sub
nanometer line widths at low temperature,”® whereas multiple narrow transmission peaks in a limited region of the stop
band are observed in free standing PS coupled optical microcavities by Ghulinyan et al.”’

Previously, we reported that the PL emission characteristics of PSi can be precisely controlled by ion irradiation.”® We
have demonstrated the use of focussed ion beam irradiation in conjunction with anodization to controllably alter the PL
peak wavelength emission from adjacent micrometer sized areas of Psi.”*”* This resulted in PL images containing several
distinct colour emissions, from green to red on 4 Q-cm p-type silicon, whereas on heavily doped P-type silicon (0.02Q-
cm), tuning of the PL intensity has been obtained by controlling the local resistivity with doses.” Though our interests is
to extend ion irradiation studies on the multilayer structures, this paper mainly presents the preliminary work done so far
on 0.02Q-cm silicon to characterise PSi multilayer parameters, such as refractive index and thickness measurement and
also on the reflection and PL measurements from DBRs and F-P filter.
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3.Results and discussion

3.1 Refractive index, thickness and porosity measurements

In order to form a microcavity with certain wavelength, appropriate index of refraction and thicknesses of alternating
high and low index layers has to be chosen. The refractive index (n) of PS is lower than that of bulk Si, and decreases
with increasing porosity, since it is basically a mixture of air and Si. The relationship between the porosity and n of each
Psi layer is determined by various effective medium approximations.’*>® The n of PS is determined by its porosity,
which depends on the current density (J) of the electro-chemical etching for a specific HF concentration and anodization
time.””**" The layer width (d) is determined by the etching time. Reference samples were prepared with different J at
the same duration to measure n, d and porosity. In most articles on porous silicon, n has been determined from reflection
measurements.”® The energy between the peaks, associated with film thickness allows the determination of n. We have
measured n of thick PS as a function of the wavelength, through reflectance measurements, by recording the spectral
positions of the interference fringes®® using equation (1),
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where d is the thickness & Ar the wavelength of the rth fringe. The thickness and the etch rate of PSi samples were
determined by SEM. Figla shows the spectral dependence of the n for the samples etched at different J. From these
measurements a linear fit has been plotted for the refractive index profile of PSi films as well as their etch rate at
different J, and are shown in Fig.1b and Fig. lc respectively. Maxwell-Garnet effective medium approximation®® is used
to calculate the porosity of the measured n samples at different J and has been plotted in Figld.
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3.2 Bragg Reflectors

DBRs are realised using a periodic modulation of the anodization currents. In order to obtain high reflectivity mirrors, 12
periods are used. Cross sectional SEM analysis of the DBR structures demonstrates the periodic variation of high and
low porosity layers with smooth interfaces (Fig 2a). Fig2b shows the full colour reflectance emission from various
DBRs. Fig2(c) & (d) shows the series of reflectivity spectra of DBRs at different wavelengths with (c) small and (d)
large optical refractive index changes between the high and low porosity layers by changing the current density.
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Fig 2a. Cross sectional SEM micrographs of DBRs consisting ~ Fig 2b. Photograph of DBR samples prepared at different
of 12 pairs of low (bright) and high (dark) porosity layers. wavelength shows reflectance over the full visible range

(0 % =450nm (d) x=450nm
40 60

R(%)

20
20

6M-

% =550nm

401

R(%)

R(%)

204

T T
A =650nm

L =650nm

80

R(%)

>

40

O T T T T 0 T
A =750nm A =750nm

80 80

R(%)

R(%)
5
n 1 n

40

0400 " s0 e0 700 600
Wavelength (nm) Wave?ength(nm)
Fig 2c&d. Series of reflectivity spectra for complete visible range Bragg Reflectors consisting of high and
low refractive index layers prepared with (c) J=50 & 85mA/cm’ and (d) 25 & 85mA/cm’

T 0 T
800 400 500

T T
800

Proc. of SPIE Vol. 6125 61250X-4



3.3 Fabry —Perot interferometers

For interference filters with narrow transmission characteristics a more complex layer structure is required. We have
prepared F-P interferential filter by first forming the top DBR, then changing the anodization conditions to form the
active layer, and finally forming the bottom DBR contain 12 pairs of low and high porosity layers all of which are A/4
thick. Fig 3a shows a SEM micrograph of a F-P filter. The dark and light regions in SEM represent the high and low
porosity layers of the Bragg reflectors, respectively. Though the contrast between the DBR layers are not very clear due
to low magnification, the central active (multiple of A/2 thick) layer, where A is the wavelength of the cavity resonance
can be clearly seen as a dark region (high porous). Moreover it is reported that using an optical interference filter on top
of a highly luminescent PS layer the emission spectrum can be narrowed and the spectral peak maximum can be shifted.
Therefore, a sample with a F-P filter on top of a 2um thick luminescent layer has been formed and is shown in Fig 3b.

Reflectance spectra in Fig.3c shows the typical characteristics of an interferential FP filters where a transmittance
maximum appears in the middle of the stop band at the wavelength of the F-P mode. In addition, by merely changing the
F-P central wavelength, the peak transmittance wavelength can be tuned within the whole visible and IR ranges. All the
F-P filter has the same structure formed by two equal DBR separated by a A/2 thick central layer..

( c) A=550nm

L =629nm
80 -
AccY Spot Magn Det WD 1 1um
% 500kV?0 17949X.SE 11.0 FPO-2s . i 40
Fig3a. SEM micrograph Psi F-P filter without thick PSi 1
0
A =731nm
80
40
0

A =782nm
80
AccV Spot Magn Det WD F——— 1 &um I
500kY 3.0 5492x SE 109 FP-PS-15p 40 4
Fig. 3b. F-P filter formed at top of a 2m thick PS layer ]
0 . .

400 ' 560 660 7(I)0 ' S(I)O
Wavelength(nm)

Fig 3c. Reflectance spectra of various wavelength F-P filters. Current densities used for the low and high porosity layers

are 50 and 85mA/cm” and the same high current density (85mA/cm?) is applied to form central layer.
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3.4 Photoluminescence from a F-P microcavity

PL measurements were performed using the 405nm line of He-Cd laser with a laser power of about 10mW. The PL light
was detected along the z axis using a USB Ocean Optics spectrometer. Figure 4a & b shows the PL spectrum of the PSi
microcavity structure taken at different temperatures. A low temperature photoluminescence measurement on the
microcavity structure shows the enhancement effect at the resonant wavelength. The FWHM of the peak in the centre of
the PL is 14nm. Compared to room temperature, a significant reduction has been achieved in the width of the emission
band. However, tuning the filter above the PS band results in multiple peak emissions with broadband, which probably
due to the strong light emission from the underlying PS layer in this range.
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Fig 4. PL spectrum recorded on same PSi microcavity structure under (a) room and (b) liquid nitrogen temperatures

4.Conclusion

We have characterised the optical parameters for the porous silicon multilayer structures and fabricated a
number of high quality Bragg reflectors and Fabry - Perot optical microcavities with tuning of emission wavelengths
over wide range on heavily doped p-type silicon. We have investigated the optical properties of these microstructures
using reflectivity and photoluminescence measurements at different temperatures. Furthermore, the effect of ion
irradiation, which modifies the porous formation and hence the emission wavelength, is under investigation.
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