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Abstract

By employing microcavity (MC) techniques, the broad spectral band and wide emission angle of photoluminescence from porous sil-
icon (PSi) can be narrowed, directed and tuned in PSi microcavities. The microcavity structure is formed with a porous silicon active
layer sandwiched between two Bragg reflectors. We have characterised the optical properties of the porous silicon multilayer structures.
A number of Bragg reflectors and Fabry—Perot optical microcavities are fabricated with tuning of emission wavelengths over a wide
range in heavily doped p-type silicon. The optical properties of these microstructures were investigated using reflectivity and photolumi-
nescence measurements at different temperatures. This paper reports the ability of focussed 2 MeV proton beam irradiation to control-
lably blue shift the resonant wavelength of porous silicon microcavities in heavily doped p-type wafers. Using this process wafers are
patterned on a micrometer lateral scale with microcavities tuned to different resonant wavelengths, giving rise to high-resolution full-col-

our reflection images over the full visible spectrum.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction
1.1. Porous silicon microcavities

Visible light emission from the porous silicon (PSi)
formed by anodic etching of Si in HF solution has
attracted a great deal of research interest because it makes
possible to produce a new generation of both active and
passive optoelectronic devices [1,2]. Several efforts have
been reported to demonstrate the quality and the intensity
of electro and optical emission from PSi [3,4]. However,
only limited improvements have been obtained in the prac-
tical device applications due to very broad spectral and
angular emissions with aging effects [5]. The use of micro-
cavity systems is a well-established tool to alter and control
the spontancous emission and has been realized in III-V
semiconductor lasers [6-8]. Microcavities are formed by a
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layer structure similar to Fabry—Perot 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 [9]. Similarly, placing
the porous silicon nanocrystals in a microcavity with
dimensions comparable to optical wavelength reduces the
spectral width of the photoluminescence spectrum of the
active layer to the bandwidth of its resonant mode [10-12].

The mirrors of the microcavity and the active layer
between them are fabricated with porous silicon, which
has the ability to modulate its refractive index (n) between
the indices of bulk silicon and air, simply by changing the
porosity. Thus from the optical point of view, PSi can be
described as a homogeneous mixture of silicon and air.
To a first approximation, the optical constants of PSi vary
with the relative Si and air content of the mixture (i.e. with
porosity) according to the effective medium approximation
[13-15]. By varying the applied current density (J), it is pos-
sible to change the porosity (percentage of void space) of
the porous silicon film in the etching direction. Moreover
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the etching process is self-limited and the etching occurs
only in the pore tips, so the porous layers already formed
were not affected by the subsequent conditions of fabrica-
tion. Thus the porosity varies only with current density
once the other etching parameters are kept constant, the
formation of alternating PSi layers of different porosity
(and hence different refractive index) results in dielectric
multilayer structures that behave as optical interference fil-
ters, both in the infrared and visible wavelength ranges
[16,17].

Several groups have already demonstrated the fabrica-
tion of PSi based Photonic band gap structures for many
applications including DBRs and F-P filters [18-20],
Rugate filters [21], microcavities with controlled spontane-
ous emission [22,23], waveguides [24,25] and color sensitive
photodiodes [26]. Visible light emitting diodes based on PSi
planar [27] and vertical [28] resonant cavities have been
reported with tunable, narrow, and directional EL and
PL spectral emissions [29]. Also random PSi multilayer
structures [30] have been investigated theoretically and
experimentally, since it is interesting in the field of one
dimensional light localization. Recently, Reece et al. have
reported the realization of optical microcavities with sub
nanometer line widths at low temperature [31], whereas
multiple narrow transmission peaks in a limited region of
the stop band are observed in free standing PSi coupled
optical microcavities by Ghulinyan et al. [32]. We have
characterized the optical parameters for the porous silicon
multilayer structure in 0.02 Q-cm silicon and fabricated a
number of high quality Bragg reflectors and Fabry—Perot
optical microcavities with tuning of emission wavelengths
over a wide range [33]. This paper reports the effect of
ion irradiation on multilayers, which modifies the porous
formation and hence the emission wavelength.

1.2. Effect of ion irradiation on porous silicon

Recently, we have performed focused high-energy ion
beam irradiation studies on different resistivity p-type sili-
con to precisely control the emission characteristics of por-
ous silicon [34-38]. A nuclear microprobe [39,40] was used
to provide a focused 2 MeV proton beam to directly irradi-
ate a desired pattern on silicon with micrometer resolution
prior to electrochemical etching. The proton beam selec-
tively creates lattice defects at the irradiated regions, where
the porous formation occurs at a much reduced rate due to
the increased resistivity during electrochemical etching.
Low resistivity silicon (0.02 Qcm) tends to produce PSi
which emits low intensity PL due to excessive charge car-
rier concentration. At ion-irradiated regions, the increased
local resistivity results in PSi which emits more intense PL
due to the low carrier concentration than in substrate [36].
In contrast, higher resistivity silicon (1-10 Q cm), usually
exhibits efficient PL intensity, whereas ion irradiated
regions produce red shifted PL in a controlled manner,
with the shift depending on the ion dose [37,38]. We have

extended these studies to investigate the effect of ion irradi-
ation on porous silicon microcavity structures.

2. Results

2.1. Decrease in the thickness of the Bragg reflector at the
irradiated regions

Lines of 2 um wide and 2 mm long were irradiated with
different doses of 2 MeV protons into 0.02 Q cm p-type sil-
icon as shown in Fig. 1(a). The 2 MeV ions lose energy as
they penetrate the silicon and come to rest at a well defined
range of ~50 um. The stopping process damages the silicon
lattice by creating additional defects, which locally reduce
the concentration of free charge carriers. An electrical con-
tact was made to the back surface of silicon using Ga-In
eutectic and copper wire to allow a homogeneous current.
Epoxy resin was used to protect the contact from HF.
Anodization was performed at room temperature in a solu-
tion of HF:H,O:C,HsOH (1:1:2 by volume). A low poros-
ity, L, (current density 10 mA/cm?, time duration 4 s) and a
high porosity H (100 mA/cm?, 4 s) 2/4 layers were period-
ically repeated to form the distributed Bragg mirrors using
computer controlled Keithely 220 programmable current/
voltage source. Detailed procedures for the fabrication of
the porous silicon Bragg reflectors and microcavities are
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Fig. 1. Schematic representation of the effect of ion irradiation on
formation of porous silicon Bragg reflectors (a) focused ion beam
irradiation on p-type silicon with different doses, (b) electrochemical
etching with alternating low and high current density to form Bragg
reflector.
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reported elsewhere [17]. Cross section scanning electron
microscopy (SEM) analysis of these structures demon-
strates the periodic variation of high and low porosity lay-
ers with smooth interfaces. Also it is found that the etching
rate is progressively slowed at regions irradiated with larger
doses, where ion-induced damage increases the resistivity
with increasing dose resulting in reduced rate of hole cur-
rent flowing through these regions during anodization.
The schematic structure in Fig. 1(b) represents the evolu-
tion of the etching process across an irradiated boundary,
exhibiting thinner porous layers, which is more pro-
nounced with larger dose.

2.2. Ion induced changes in the optical properties of
microcavities

Furthermore, we have investigated the ion-induced
changes in the optical properties of Bragg reflectors and
microcavities using reflectivity and photoluminescence
measurements. A high resolution optical microscope
(Nikon eclipse ME600) was used to image the reflectance
and photoluminescence emission at the micrometer sized
irradiated regions. Fig. 2 shows reflection and photolumi-
nescence images of a microcavity sample where eight
squares of 200 x 200 pm? irradiated with 2 MeV protons

Fig. 2. (a) Optical, (b) photoluminescence images of 200 x 200 pm?
squares irradiated with 2 MeV protons over a wide range of doses.
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Fig. 3. (a) Photograph of a microcavity sample containing four squares of
3 x 3 mm? irradiated with different doses. A range of colors are produced
which are progressively blue shifted with increasing dose. (b) Shows the
shift in the cavity resonance wavelength of the reflectivity spectra as a
function of dose measured from the above irradiated squares. (For
interpretation of color in this figure, the reader is referred to the web
version of this article.)

over a wide range of doses. The microcavity consists of
two 12 period Bragg mirrors with alternating high and
low porosity layers all of which A/4 thick etched at 40
and 75 mA/cm? respectively and a central active . thick
layer etched at 75 mA/cm?, where / is the wavelength at
the cavity resonance. The etching times were chosen to
form microcavity with resonant wavelength around
750 nm. Under illumination with white light, the reflected
light from the unirradiated area shows reddish back-
ground, whereas from the irradiated squares, the reflec-
tance gradually blue shifted with increasing dose. In the
direction indicated by arrow in Fig. 2(a), starting with
top left to right and again from bottom left to right,
squares irradiated with increasing dose exhibits a range
of reflected colors from yellow to violet'. Fig. 2(b) shows
the PL image of the same regions captured under UV illu-
mination. The PL intensity at the lowest four irradiated

! (For interpretation of color in this figure, the reader is referred to the
web version of this article.)
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Fig. 4. (a)—(c) Reflection images of 400 x 400 um? regions irradiated with different overlaid scan patterns, corresponding to different doses to form dragon
images. (d) Reflection image of miniature version of ‘La Musique’ painting (Henri Matisse) which was created by irradiating a 500 x 500 ym? area with
different doses ranging from 4 x 10" to 1.5 x 10'3/cm?. In all cases the sample was illuminated with white light.

squares increases with increasing dose (in the direction
indicated). Similar to earlier observation of the ion irradi-
ation effect on porous silicon single layer [36], ion irradia-
tion only enhances the PL emission at the microcavity
formed irradiated regions, with no significant shift in the
wavelength as compared to the reflection emission.

To investigate the optical behavior in more detail,
microcavities with larger irradiated areas were prepared
to perform the reflectance spectral measurements. Room
temperature, normal-incidence reflectance spectra are
recorded within the 3 x 3 mm? area of irradiated squares
of different doses using UV-VIS-NIR spectrophotometer.
We observed strong changes in the spectral response from
the irradiated regions compared to the unirradiated back-
ground; first the reflectivity spectrum gradually shifts
towards lower wavelengths as the dose increases as shown
in Fig. 3(a). Fig. 3(b) shows the peak wavelength reflec-
tance emission from the 3 x 3 mm’-irradiated areas with
doses ranging from 5 x 10" to 2 x 10'° ions/cm?. The cav-
ity resonance wavelength from the unirradiated area is
around A = 740 nm, which has blue shifted to A =490 nm
for a dose of 2 x 10"/cm?. Second, a dramatic reduction
of the width (AA) of the reflectance spectrum has been
observed in the irradiated regions with respect to unirradi-
ated regions by a factor of 3. The observed blue shift in the
reflected peak together with reduction in reflectance width
on the irradiated areas probably owing to variations in the
refractive index and layer thickness. It should be noted that
the increased resistivity in the ion irradiation regions results
in a reduction of layer thickness as discussed in Fig. 1. Fur-

thermore, studies have been carried out to measure the
variations in the refractive index and to explain the under-
lying mechanism in the narrowness of reflectance band-
width and blue shift [41].

2.3. Full color reflection images from the ion irradiated
porous silicon microcavity

We have adopted this approach to produce a wide range
of tunable, controlled reflection emission wavelength from
small, adjacent irradiated areas of porous silicon microcav-
ities. Fig. 4(a)—-(c) shows the optical reflection images of
400 x 400 um” regions irradiated with different overlaid
scan patterns, corresponding to different doses to form dra-
gon images. Different portions in each image show different
colors produced by different doses. Further, Fig. 4(d) dem-
onstrates the versatility of our focused ion beam irradiation
to reproduce a miniature version (500 x 500 um?) of the
painting ‘La Musique’ by Henri Mattise by controllably
patterning the wavelength of the reflected light from
regions irradiated with doses ranging from 4x 10 to
1.5x105%/cm?. Slight variations in dose across an irradi-
ated area result in different shifts of the central wavelength,
hence slightly varying colors.

3. Conclusions
The optical properties of the ion irradiated Bragg reflec-

tor and microcavities have been investigated using reflectiv-
ity and photoluminescence measurements. The gradual
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blue shift of the reflected peak wavelength with dose can be
explained by the net reduction in the optical thickness of
each porous layer. For full color display applications, this
process could provide tunable, controlled reflection emis-
sion from adjacent micrometer size irradiated areas of por-
ous silicon microcavities with utilizable efficiency across the
whole visible range.
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