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Weight ratio [wt.-%]
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12A RM257
50
50
7.5

Photoinitiator
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homogeneous mixture and irradiated with UV light (365 nm, L2859–
01, Hamamatsu Photonics) of 1.5 mW cm–2 intensity. During photoirradiation, we monitored the optical texture of the blue phases with a
polarizing optical microscope.
Optical experiments were conducted with an optical microscope
(IX71, Olympus) combined with spectrometers (USB2000, Ocean
Optics). We focused the non-polarized white-light beam from a tungsten halogen light source (L7893, Hamamatsu Photonics) on the surface of the sample with a spot size of 30 lm in diameter through an
objective (650, LC Plan Apo, Olympus). The spontaneous emission
spectra from the blue phases were measured by using a continuouswave (CW) laser (532 nm, 0.13 mW, Edmund Optics), and lasing
spectra were measured by a Q-switched Nd:YAG (yttrium aluminum
garnet) laser (532 nm, 8 ns pulse, Polaris II, New Wave Research).
The excitation energy was adjusted using a half-wave plate in combination with a polarizing prism. The excitation beam was conducted to
the optical microscope and focused onto the sample surface through
an objective (620, LC Plan Apo, Olympus) to obtain a spot size of
about 50 lm. We collected the laser emission from the sample in
transmission and analyzed the spectrum with a spectrometer (Spectra
Pro. 150 and charge-coupled device (CCD) detector 256HB, Acton
Research).
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Table 1. Composition of samples used in preparing the dye-doped polymer-stabilized blue phases.
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Multicolor Photoluminescence from
Porous Silicon Using Focused,
High-Energy Helium Ions**
By Ee Jin Teo,* Mark B. H. Breese, Andrew A. Bettiol,
Dharmalingam Mangaiyarkarasi, Frederic Champeaux,
Frank Watt, and Daniel J. Blackwood
Bulk silicon is a poor emitter of light owing to its indirect
bandgap, which has greatly limited its integration in optoelectronic and photonic devices. Consequently there have been
great efforts in the last decade to produce controlled light
emission from silicon in the near-infrared and visible regions
with silicon/silicon dioxide superlattices,[1] silicon nanocrystals
in silicon dioxide,[2–4] and porous silicon.
Porous silicon is typically produced by electrochemical anodization of a silicon wafer in a hydrofluoric acid electrolyte.[5]
The electrical-hole current flowing to the wafer surface facilitates a reaction with the electrolyte, leading to partial dissolution of the silicon surface. This results in a highly porous silicon skeleton from which red–orange photoluminescence (PL)
is observed, which is commonly attributed to quantum-con-
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finement effects due to the low dimensionality of the remaining silicon islands.[6–9] This raises the possibility of
producing porous-silicon light-emitting
devices which are compatible with microelectronics technology,[10] and combined optical and electronic devices,[11]
incorporating patterned, porous material directly onto a single-crystal substrate.
Figure 1. PL images of a) 0.02, b) 0.3, and c) 3 X cm resistivity p-type silicon wafers irradiated with
Many demonstrations of patterning
a range of doses. The arrow points in the direction of increasing dose for all three images.
porous silicon have shown selective
a) Square patterns irradiated with doses of 5 × 1012, 1 × 1013, 2 × 1013, 5 × 1013, up to 5 × 1015 cm–2.
quenching or enhancement of PL inThe locations of lower doses irradiation are outlined by dotted squares, since no visible PL is produced. In (b) and (c), irradiations of 5 × 1011, 1 × 1012, 2 × 1012, 5 × 1012, up to 2 × 1013 cm–2 are distensity by using a variety of optical,[12]
[13]
[14]
played.
photolithographic, electron, soft-li[15]
thography,
and ion-irradiation methods.[16–18] However, attempts to produce
patterned areas with widely differing
(a)
(b)
emission wavelengths using light or electron beams have failed because such irradiation only alters the rate of anodization, not the properties of the silicon
wafer. In contrast, ion irradiation alters
the resistivity of the silicon, which affects
the wavelength emission in addition to
its intensity. This effect has been observed using low doses of 100–300 keV
Si-ion irradiation.[16,19] In this work, we
employ 2 MeV helium ions to pre-irradiate the silicon instead of the lower-energy, heavier ions used in previous studies.
According to SRIM calculations,[20] the
Figure 2. a) Measured PL intensity and b) peak-wavelength emission as a function of dose from
damage created is 2–3 orders of magniFigure 1, for low- (0.02 X cm, solid line) and moderate-resistivity (0.3 X cm, dotted line and
tude lower than that of 300 keV Si ions,
3 X cm, dashed line) p-type silicon wafers.
and extends to a depth of 7 lm rather
than 400 nm. This provides greater confor moderate-resistivity wafers (0.3 X cm, 3 X cm) there is a
trol over the resultant PL emission due to the thicker damaged
red-shift up to 150 nm in the wavelength emitted from the irlayer and reduced rate of damage with each dose. We use this
radiated areas with increasing dose, and a small peak in the inprinciple to produce patterned, micrometer-sized areas of potensity. It should be noted that the cracking effect observed in
rous silicon with widely differing PL wavelengths and intensithese films is a result of the drying process and can be reduced
ties on a single substrate, and explain these results in terms of
by freeze or supercritical drying.[23]
the ion-induced changes in the wafer resistivity.
The mechanism underlying the large PL red-shift and intenThree different resistivity p-type silicon wafers were patsity change with increasing ion dose from the different wafers
terned with a focused beam of 2 MeV helium ions in a nuclear
can be explained in terms of the resulting increase in resistivmicroprobe.[21,22] After irradiation, a contact was made to the
ity. Ion irradiation of silicon introduces lattice damage in
back surface using Ga–In eutectic and copper wire. The wathe form of vacancy-interstitial pairs (Frenkel defects). For
fers were anodized at a current density of 100 mA cm–2 for
2 MeV helium ions, the number of Frenkel defects is reasonfive minutes in a HF/ethanol/water electrolyte with a ratio
ably constant along the first six micrometers of the trajectory,
1:2:1, producing a porous layer several micrometers in thickthen increases sharply towards the end of the penetration
ness. The wafers were then washed in distilled water followed
depth of the ions at ∼ 7 lm.[20] Many factors influence the reby ethanol and transferred immediately to a vacuum chamber.
sulting hole concentration in p-type silicon that results from
Figures 1,2 show PL images and plots of the PL intensity and
ion irradiation; defects may be stable or they may agglomerpeak-wavelength emission as a function of ion dose, respecate into more stable divacancies and other vacancy- or impuritively. The most notable feature of the low-resistivity wafer
ty-related centers.[24–26] Electrically active defects form trap
(0.02 X cm) is a factor-of-twenty increase in the intensity of
levels in the energy bandgap where charge carriers undergo
red PL emission with increasing irradiation dose. In contrast,
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recombination through deep-level ener(a)
(b)
gy states, which reduces the hole density
and increases the resistivity. The resistivity close to the surface of p-type silicon as a function of 2 MeV helium ion
irradiation dose is plotted in Figure 3a,
based on the measured values of defect
production and trapping rates,[27] with
changes in hole mobility with doping
concentration taken into account. Of
note is the rapid increase in resistivity
above a certain dose threshold.
Figure 3b shows typical current-density versus applied-bias curves for p-type
silicon undergoing anodization in a HF
Figure 3. a) Calculated resistivity close to the surface of p-type silicon as a function of 2 MeV
electrolyte,[5] the data exhibits characterhelium-ion dose, for low- (0.02 X cm, solid line) and moderate-resistivity (3 X cm, dashed line)
istics similar to those of a Schottky diode.
p-type silicon wafers. b) Current density versus applied bias for low- and moderate-resistivity p-type
The curve at an ion-irradiated area,
silicon undergoing anodization in HF. The reduction in current density at an irradiated area is indiwhere the resistivity increases, is discated by the arrow.
placed to the right, compared with surrounding unirradiated material, resulting
in a smaller local current density for a
fixed applied bias. For example, a current
density of 100 mA cm–2 passing through
a low-resistivity wafer (0.02 X cm) would
result in ∼ 10 mA cm–2 passing through
a region where ion irradiation has increased the resistivity to 3 X cm, as
shown in Figure 3b. Ion irradiation thus
alters both the resistivity of the near-surface region and also the hole current
flowing through it, both of which effect
porous silicon formation. In the case of
n-type silicon,[28] ion irradiation has the
opposite effect of lowering the electrochemical pore-formation potential, thus
enhancing the likelihood of porous siliFigure 4. a) PL intensity and b) peak-wavelength measurements from bulk p-type wafers with resistivities of 0.02, 0.3, 3, and 20 X cm. The samples are anodized at four different current densities of
con formation in the irradiated regions.
5 mA cm–2 (dashed line), 20 mA cm–2 (solid line), 50 mA cm–2 (dotted line), and 100 mA cm–2
Figure 4 shows a plot of PL intensity
(dotted–dashed line), each for 5 min under identical conditions.
and peak-wavelength measurements as
a function of the resistivity of unirradiated p-type bulk-silicon wafers. These
exhibit similar trends to previous measurements,[5,29] and are
wavelengths as short as 550 nm, which is progressively redinterpreted using the quantum-confinement model;[7,30] poreshifted with decreasing current density. Anodization of lowsize classification is given by Lehmann [5]. The PL intensity is
er-/higher-resistivity wafers produces a significant fraction of
at a maximum and the emission wavelength at a minimum for
mesoporous/macroporous silicon, where larger pore sizes rewafers with a moderate resistivity of 0.1–10 X cm, where ansult in weaker, red–orange PL emission.
odization produces a large fraction of microporous silicon, in
The results in Figures 1,2 can now be understood within the
which the remaining silicon islands typically have sizes of
context of ion-induced changes in resistivity and hole current.
≤ 2 nm. Quantum-confinement effects are expected to domiFor unirradiated 0.02 X cm silicon, the PL intensity is faint at
nate when electrons are confined to a volume smaller than
all current densities. The PL intensity from the irradiated rethe exciton radius, equal to 4.9 nm for silicon. In this size
gions peaks at a dose of 1 × 1015 cm–2, where the resistivity
regime, the energy bandgap is opened up from 1.1 eV to as
is increased to within the range of 0.1–10 X cm; the region
large as 3 eV, allowing emission of visible PL over a wide
where formation of microporous silicon is favored. The full
range of wavelengths, depending on the pore size. In this resiswidth at half maximum of the PL-intensity peak occurs over a
tivity range, a high current density produces PL emission
narrow dose range, from 4 × 1014 to 3 × 1015 ions cm–1, consis-
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tent with a rapidly increasing resistivity with dose in Figure 3a. The peak wavelength emission remains between 725
and 755 nm regardless of dose. At doses where moderate-resistivity silicon is formed, this is consistent with a significantly
reduced current of 5–20 mA flowing through the irradiated
area.
Irradiation of moderate-resistivity wafers reduces the current flowing through the irradiated region, resulting in PL
emission which is red-shifted compared to the unirradiated
background. The reduced current flow also initially increases
the PL intensity, until the increased resistivity favors formation of macroporous silicon. Similar behavior is also observed
with high-energy proton irradiation at doses typically twenty
times larger than for helium ions, consistent with a comparable increase in resistivity.
Therefore there are two resistivity regimes in p-type silicon
where porous silicon formation is affected in different ways
by ion irradiation: for low-resistivity (∼ 0.01 X cm) wafers irradiation primarily results in a large PL increase, whereas for
moderate-resistivity (0.1–10 X cm) wafers irradiation primarily results in a large wavelength red-shift. A graphic demonstration of this different behavior is shown in Figures 5a,b. In
low-resistivity silicon the irradiated dragon produces bright
red PL compared with the faint unirradiated background. In

distribution in moderate-resistivity silicon, producing a gradual change in the PL emission wavelength. In Figure 5c, a circular region was irradiated with a dose which increased linearly towards the center, resulting in a gradual PL red-shift
towards the center as the hole current is continuously reduced. The tapered region in Figure 5d was produced by a
gradual increase in the irradiation dose from right to left,
again resulting in a continuous red-shift.
Figure 6a shows a picture of the painting “The Ancient of
Days” by William Blake (original in the British Museum,
London). To demonstrate the versatility of our technique, we
have reproduced a miniature version of the painting in porous
silicon, shown in Figure 6b. The dose of each region is se-

Figure 6. a) “The Ancient of Days” by William Blake (copyright the trustees of the British Museum; reproduced with permission). b) PL image
of the painting produced by irradiation of 3 X cm resistivity silicon. The
picture is irradiated with a dose of 5 × 1013 for black, 1 × 1013 for red,
5 × 1012 for orange, and 1 × 1012 cm–2 for yellow-green color.

Figure 5. PL images of dragons formed by irradiating a) 0.02 X cm wafer
with a dose of 1 × 1015 cm–2, b) 3 X cm wafer with a dose of 5 × 1013 cm–2.
c) Concentric ring pattern formed by linearly increasing the dose from
5 × 1011 cm–2 at the outer edge to 1.2 × 1013 cm–2 at the centre. d) Colour
bar showing a gradual wavelength red-shift as the dose increases from
2 × 1011 cm–2 at the right to 2 × 1013 cm–2 at the left.

moderate-resistivity silicon bright orange/red PL is produced
from the dragon and the background produces green PL of
similar intensity. The minimum resolvable line width of patterned areas using focused helium-ion irradiation in Figure 5a
is about one micrometer. Figures 5c,d show examples whereby a range of doses have been irradiated along a continuous
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lected so that the PL emission from the porous silicon fits
closely to the painting. The masculine body of the god, surrounded by a red, orange, and green aura, is depicted in orange and enhanced by the black outline produced by highdose irradiation. The high spatial resolution of this technique
has enabled us to discern the fine features on his face.
In conclusion, we have demonstrated the ability to controllably red-shift the wavelength of the PL from patterned areas
of p-type porous silicon over 150 nm in the visible spectrum,
in which the intensity is also varied. This is achieved by pre-irradiating the silicon with a focused 2 MeV helium-ion beam,
resulting in lattice damage which increases the resistivity and
reduces the current flowing through the irradiated areas during subsequent etching. This gradual red-shift of the PL emission with dose can be explained by an increase in nanocrystal
size as a result of the lower hole current through the damaged
regions. Oxidation-related mechanisms may red-shift the PL
emission from bulk wafers when exposed to air,[30] or blueshift the emission when thermally[31] or chemically oxidized.[32] It is however difficult to envisage any such mechanism capable of producing widely differing emission wave-
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Experimental
The irradiation of p-type silicon with 2 MeV He was carried out
using a single-ended accelerator. The desired pattern was fed into the
IONSCAN software which then controlled the beam scanning. The
dose at each region was controlled by the amount of time the beam
dwelled at that region. After irradiation, the samples were cleaned
with diluted HF (< 10 %) and electrical contact was made to the backside of the samples using In–Ga eutectic paint and copper wire. A
thick layer of epoxy was applied to protect the electrical contact during etching. Subsequently, the samples were electrochemically etched
in a solution of HF/H2O/ethanol (1:1:2) at constant current density
for 5 min. The current densities used varied from 5–100 mA cm–2. The
etched samples were then washed in a mixture of 1:1 ethanol and
water solution and transferred immediately to a vacuum chamber. All
characterizations using micro-PL spectroscopy were taken in vacuum
at room temperature using a 405 nm diode laser. The laser light was
focused onto the sample through a ME600 Nikon microscope with a
100x objective. The PL signals were detected using a charge-coupled
device (CCD) Ocean Optics Spectrometer by means of an optical
fiber. Most of the laser light was cut off from the PL signal with a
495 nm long-pass filter. All spectra have been corrected for system response. For PL imaging, the samples were excited with a UV lamp
through a 400 nm filter and captured with a CCD camera.
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lengths on the same wafer stored in vacuum, whereas such behavior is readily understandable using the quantum-confinement model. More work is needed to help understand the
mechanism of the PL emission.
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Self-Assembly Combined with
Photopolymerization for the
Fabrication of Fluorescence “Turn-On”
Vesicle Sensors with Reversible
“On–Off” Switching Properties**
By Guangyu Ma, Astrid M. Müller,
Christopher J. Bardeen, and Quan Cheng*
There is considerable interest in the development of self-amplifying polymeric materials that render direct fluorescence
measurements of analytes by means of detecting changes of
fluorescence intensity, wavelength, or lifetime.[1–3] Swager and
co-workers have examined a series of conjugated polymers as
the sensing material for a variety of molecular targets.[2,4–6] In
these “smart” materials, the excited states (excitons) propagating along the conjugated backbone are quenched on encounter-
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