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isible light emission from anodi-

cally etched silicon, also known

as porous silicon (PSi), continues
to interest researchers due to its trivial
synthetic preparation and unique optical
properties. Since its discovery in 1990,
there has been an ongoing motivation to
understand the luminescence mecha-
nism in the material.>~® One of the impor-
tant components to understanding the
photoluminescence is how polarized ex-
citation affects the emissive states. Previ-
ous reports have shown that bulk PSi dis-
plays a large degree of absorbance
sensitivity when excited with linearly po-
larized light.”'® This can be partially ex-
plained by the anisotropic etching (i.e., Si
pillar formation) of the silicon wafer un-
der anodic potentials.>'* Since the elec-
trochemical etching produces low-
dimensional wire-like silicon structures
(generally parallel to the [100] axis), it is
reasonable to assume that the lumines-
cence intensity of the PSi will be stron-
ger when the excitation polarization is
aligned with the major axis of the Si
wires.

These observations in bulk PSi can be
further explained using a dielectric
model.®'® Here PSi is treated as a series
of dielectric ellipsoids embedded in an ef-
fective dielectric medium, where the ma-
jor axes of the ellipses are aligned along
the [100] direction. More recently, a theo-
retical study on the polarization effects
in PSi described how the photolumines-
cence anisotropy arises due to optical
transitions in an asymmetric silicon crys-
tal.’” The optical transitions are calcu-
lated using a tight-binding technique and
interpreted through an effective mass
theory. Interestingly, the size of the ac-
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ABSTRACT Polarization anisotropy is investigated in single porous silicon nanoparticles containing multiple
chromophores. Two classes of nanoparticles, low current density and high current density, are studied. Low current
density samples exhibit red-shifted spectra and contain only one or two chromophores. High current density
particles, on average, contain less than four chromophores and display a blue-shifted spectrum. We utilize single-
molecule spectroscopy to probe the polarization effects of the particles, and we show that both classes of particles
are influenced by a polarized excitation source. These results are exciting at the fundamental level for
understanding coupled quantum dot emitters as well as for applications involving single-photon sources or silicon-
based polarization-sensitive detectors.

KEYWORDS: porous Si - silicon nanocrystals - single-molecule fluorescence -
polarization anisotropy

tive silicon crystal can greatly affect the
orientation of the dipole moment. Being
that silicon is an indirect band gap semi-
conductor, conservation of momentum
occurs through the absorption or emis-
sion of a crystal vibration mode (i.e., a
phonon). In general, as the crystal be-
comes more confined, the uncertainty in
the crystal momentum increases.® This
translates into an increase in zero-
phonon transitions as the size of the
nanocrystal decreases.®'® In this article,
we experimentally investigate single
nanoparticles of PSi, containing different-
sized active regions (i.e., chromophores),
and probe the polarization effects as the
excitation vector is rotated in real time.

RESULTS AND DISCUSSION

Our experimental approach to studying
the polarization anisotropy in PSi involves *Address correspondence to
removing the Si chromophore from the buratto@chem.ucsb.edu.
bulk and applying single-molecule spectro-  Received for review September 1, 2007
scopic techniques.'”~2° The fluorescence and accepted March 03, 2008.
spectra in Figure 1A represent two classes Published online May 23, 2008.
of PSi nanoparticles. The HCD sample was 10.1021/nn700209f CCC: $40.75
etched at 20 mA for 10 min, whereas the
LCD sample was etched at 5 mA for 10 min.  © 2008 American Chemical Society
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Figure 1. Photoluminescence spectra and confocal fluorescence im-
age of PSi nanoparticles dispersed on glass. (A) Each spectrum rep-
resents an average of ~10 single particle spectra (10 s integration
time), under 457 nm CW excitation. Nanoparticles prepared under
low current density (LCD) exhibit a fluorescence maximum (A, =
675 nm) significantly red-shifted from that of high current density
(HCD) particles (\,,.x = 550 nm). (B) A typical confocal fluorescence
image of individual PSi nanoparticles on glass. The bright spots rep-
resent the particles on a linear gray scale (white ~20 kcps). Inset
shows a zoomed-in region of a single PSi nanoparticle.

Each spectrum was obtained by integrating over sev-
eral scan lines in a typical 15 X 15 um fluorescence im-
age and represents ~10 nanoparticles. The large blue
shift in the HCD sample can be explained by an excited-
state confinement effect.>'%> At higher current den-
sity, the resulting porous silicon framework is extremely
fragile, due to the smaller silicon nanostructures. In pre-
vious work, we showed that our HCD samples un-
dergo a severe internal collapse of the silicon network
after the solvent evaporates.?® This result can be ex-
plained by the three-dimensional etching that takes
place under the HCD conditions. The opposite is true
for the LCD case. The porous film remains attached to
the silicon substrate after evaporation of the solvent, in-
dicative of a larger, more rigid silicon framework. This
is largely due to an anisotropic etch (two-dimensional)
that dominates in the formation of the porous medium
under LCD conditions.

Before probing the effects of polarization modula-
tion, it is crucial to know the number of emitting cen-
ters in each individual PSi nanoparticle and understand
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Figure 2. Polarization data taken from a LCD nanoparticle. (A) In-
tensity trajectory of a single LCD nanoparticle. The data is binned
by 125 ms (equal to a single scan line). Background signal is ~1 kcps.
(B) Unbinned time course image as linearly polarized light is ro-
tated 720° per scan line. (C) Plot of the fluorescence intensity ver-
sus polarization angle. Data averaged over the “on” time.
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how the size of the particle relates to chromophore
size. In earlier experiments, we determined that the av-
erage particle size for both LCD and HCD was 6 nm,
with 95% of the particles falling in the range of 4.5-8
nm. According to previous theoretical work, visible lu-
minescence from quantum-confined silicon should oc-
cur only at diameters <4 nm.** This suggests that the
active silicon chromophore must represent a small por-
tion of the silicon crystallite. Since the HCD etching con-
ditions produce a smaller silicon grain (blue-shifted lu-
minescence), it makes sense that a HCD PSi particle
would contain more chromophores. We determined
the number of chromophores in both LCD and HCD
samples by employing a single-particle statistical
method.?® In both cases, the nanoparticles contain
more than one chromophore. In the LCD samples,
~70% of the measured nanoparticles contain only a
singe emitting center, whereas in the HCD sample,
fewer than half of the particles measured contain a
single emitting chromophore, and a significant percent-
age contain three or four chromophores.

The fluorescence image in Figure 1B illustrates a
typical 15 X 15 wm scan of PSi nanoparticles dispersed
on a glass coverslip under an inert atmosphere. After
parking the excitation beam over a single particle, the
luminescence can be monitored as a function of polar-
ization angle. Figure 2A captures a typical polarization
intensity time course of a single LCD nanoparticle. The
image in Figure 2B displays the unbinned data as the
polarized excitation is rotated 720° per line. The sinu-
soidal pattern in Figure 2C is the result of collapsing
the “on” time counts of the particle onto the fast time
axis (x-axis). The intensity level reaches the background
signal (~1 kilocount per second (kcps)) at the trough
of the wave, suggesting that the absorption cross-
section of the emitting chromophore(s) approaches
zero at this point. It is unclear, in this case, if multiple
chromophores are emitting. However, considering the
laser power at the sample (~125 W/cm?), the intensity
level during the “on” time (1 kcps), and the agreement
with previous studies under similar conditions, we
would conclude that only one chromophore is emit-
ting with a strong polarization anisotropy.

Treating the chromophores as elliptical crystallites
supports the observed time course for the LCD nano-
particles. Since the etching process forms vertical pil-
lars of silicon along the [100] planes, it is expected that
the chromophores are also aligned along this axis
plane. Therefore, an enhancement in the fluorescence
signal should be observed when the excitation polariza-
tion is parallel to the growth axis. The data in Figure 2
that shows a single, strong polarization anisotropy rep-
resents the majority of the traces captured on the LCD
nanoparticles, which correlates well with previous re-
ports.?® This also agrees with our previous findings that
the LCD particles generally contain only one chro-
mophore. However, as Figure 3 illustrates, there are par-
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pole oriented 90° to the initial
emitting chromophore. With op-

y posing dipoles, the polarization
anisotropy is canceled out and ap-

off, only the chromophore ori-

3 ¢ pears as a flat trace in Figure 3D.
After both chromophores blink
A 4

. ented 90° to the first chro-

mophore turns back on, leaving a
90° phase-shifted profile. The sec-

ond explanation involves the
same scenario as above through
region 2, but in region 3 a third

chromophore turns on with a 90°

Figure 3. Polarization data taken from a LCD nanoparticle. (A) Intensity trajectory dipole orientation relative to the

of a single LCD nanoparticle. The data is binned by 125 ms. Background signal is ~1
keps. (B) Unbinned time course image as linearly polarized light is rotated 720°
per scan line. (C—E) Data averaged over regions 1 (C), 2 (D), and 3 (E).

ticles generated from LCD etching conditions that show
multiple-chromophore behavior.

The intensity trajectory in Figure 3A shows three
“on” regions labeled 1, 2, and 3. Ordinarily this time
course would be treated as a PSi particle entering a
“dark” state, blinking on again, and then remaining off
for the rest of the trace. With randomly or circularly po-
larized light, it would be impossible to state whether
the “on” regions are due to the same chromophore,
multiple emitters, or a different chromophore turning
on. However, as linearly polarized light is rotated dur-
ing the time course (Figure 3B), a clear distinction is ob-
served. In region 1, a strong polarization anisotropy is
captured (Figure 3C), but region 2 shows a washing out
of the polarization (Figure 3D), with a slight increase in
the overall fluorescence intensity (Figure 3A). After the
particle enters a dark state and blinks on again, there is
a 90° phase shift in the polarization trace (Figure 3E).
The data can be interpreted one of three ways. First, a
second chromophore turns on in region 2 that has a di-

first chromophore. Last, it is pos-
sible that two different chro-
mophores with opposing dipole
orientations turn on in region 2 at the same time the
first chromophore blinks off. After all chromophores
turn off, only one chromophore turns back in region 3.
With any of these scenarios, the data supports a system
containing multiple chromophores (most likely two)
that are aligned with their long axes perpendicular to
each other. It is important to note that a majority
(~70%) of the data collected thus far on the LCD nano-
particles show strong polarization anisotropy similar to
Figure 2, whereas <5% display a response similar to
Figure 3.

The HCD nanoparticles, which contain a larger num-
ber of chromophores, should display polarization ef-
fects similar to anomalies observed in the LCD particles
(Figure 3). Figure 4 is a representative data series for a
HCD sample probed under conditions similar to those
used for the LCD nanoparticles. The time course in Fig-
ure 4A displays multiple levels, and the unbinned time
course image (Figure 4B) shows a strong anisotropic po-
larization. The first 12 s of the time course has an inten-
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Figure 4. Polarization data from a HCD nanoparticle. (A) Intensity trajectory of a single HCD PSi nanoparticle. Background
signal is ~1 keps. (B) Unbinned time course images as linearly polarized light is rotated four times per line trace. The first im-
age (time axis downward) is for the first 50 s of the time course. The second image (time axis upward) is for the last 50 s of
the time course. (C) Plot showing the excited-state dipole orientation versus time during the course of the intensity trajec-
tory. Dipole orientation (angle) is referenced to the initial orientation (at time = 0) only. The dipole orientation is undefined
during “off” times.
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sity level 3 times that of the ~1 kcps background, sug-
gesting that at least three chromophores are emitting
simultaneously. From the time course image in Figure
4B, it is apparent that there is a small net dipole in the
particle during this time, which changes to a strong po-
larization anisotropy, slightly shifted (~40°), starting at
12 s and ending at 72 s. After a long “off” time, the par-
ticle blinks on with a slightly phase-shifted signal. At
time equal to 83 s, the dipole rotates during the “on”
period 33°, which is better illustrated in the dipole ori-
entation plot (Figure 4C). The exact orientation of the
particle and chromophore under the microscope is ar-
bitrary, but the plot shows the relative dipole move-
ment in real time. The progression of the dipole orien-
tation is on a much slower time scale than the
frequency generator, ruling out a simultaneous dipole
and polarization vector movement. If the modulation
was due to the function generator shifting its phase, the
oscillating signal would broaden due to the short pixel
dwell time of ~195 ws/data point. To verify a stagnant
waveform, the function generator was constantly moni-
tored using a synchronous output to the waveform.
The sync signal showed negligible phase-walking dur-
ing the time span of the experiments.

The explanation of polarization results for the initial
12 s is similar to that of the multichromophore LCD
nanoparticles. The intensity level suggests that at least
three chromophores are emitting. With a larger number
of randomly oriented dipoles, the scrambled polariza-
tion anisotropy in the first 12 s is expected. As the time
course persists, one or two chromophores turn off at
the 12 s mark and leave two or one, respectively, still
emitting. All chromophores turn off at 72 s, but mul-
tiple chromophores begin re-emitting photons at ca.
79 s. Interestingly, once the chromophores turn on, a
strong polarization signal persists with an intensity level
suggesting at least three chromophores are emitting.
During this “on” time, a mechanism differing from the
LCD case could help explain the wandering anisotropic
signature. This model allows multiple chromophores
to emit with different orientations but still give an over-
all dipole across the entire nanoparticle. If one of the
chromophores ionizes (ejects an electron from the Si
crystal), due to an Auger-type ionization process,'®?72®
there would be an induced dipole (charge separation)
across the nanoparticle which could lead to a strong po-
larization axis. The data does not support three chro-
mophores turning on simultaneously with aligned di-
poles due to the multiple polarization states seen in the
dipole orientation plot. In addition, it would be very un-
likely for the dipole orientation to exhibit real-time
drift (i.e., not have discrete states) if individual chro-
mophores were simply turning on and off. This behav-
ior has never been observed in LCD nanoparticles and
provides an ideal platform for studying coupled quan-
tum dot systems.
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Figure 5. Spectra of a single PSi nanoparticle showing spec-
tral splitting at two different linear polarization angles. Po-
larization direction (black arrows) is only relative to the
other.

The fluorescence spectra of PSi nanoparticles can
also be a valid means of understanding polarization ef-
fects in low-dimensional materials. The emission spec-
tra of bulk and nanoparticle PSi is generally broad
(fwhm > 200 nm) and featureless. However, the lumi-
nescence spectrum of individual nanoparticles often
displays vibronic structure similar to that shown in Fig-
ure 5. The peak splitting is believed to be a result of vi-
bronic coupling to Si—0 modes of the particle that
arise within the passivating layer on the surface of the
Si nanoparticle. The effects of the surface passivating
layer, a mixture of Si, O, and H of varying stoichiome-
try, on the luminescence from porous Si have been dis-
cussed thoroughly by Gole and co-workers.>'3 The
measured splitting in the spectra of Figure 5 is ~ 1300
cm ™' (~ 160 meV) which is consistent with the Si=0
stretch of oxide-passivated silicon (1100-1300 cm ")
observed by Gole et al.' As depicted in Figure 5, the
higher energy peak diminishes relative to the other
peak as the excitation is rotated 90°. This decrease in in-
tensity could be due to a single, higher frequency emit-
ting chromophore that has its long axis aligned perpen-
dicular to the electric field vector. As expected, the
vibronic coupling remains strong as the polarized exci-
tation is rotated, but the absorption cross-section of the
chromophore decreases, causing a weaker emission.
The other emitting chromophore(s) likely has a weak di-
pole or its long axis is oriented 45° relative to the polar-
ization axis.

In conclusion, we have determined that multiple
emitting centers exist in individual PSi nanoparticles
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prepared from electrochemically etched bulk samples.
They can be treated as small segments of the bulk crys-
talline material. Particles generated from low current
densities exhibit a red-shifted spectrum and contain on
average only one or two chromophores. Nanoparticles
prepared under high current density conditions contain
=4 emitting chromophores and have a spectral blue
shift. Strong polarization anisotropy is observed in both
LCD and HCD nanoparticles. The data support the
model that most of the chromophores formed during
the etching process are elliptical in shape. In the HCD
nanoparticles, there is a larger distribution of randomly
oriented chromophores, assumed to be due to the
three-dimensional etching at high current densities. In
the LCD case, a two-dimensional etch dominates, pro-

METHODS

Porous silicon nanoparticles were prepared using a method
similar to that described by Heinrich et al.?° Briefly, a p-type
[100] Si wafer was anodically etched in a 15% hydrofluoric acid/
10% hydrogen peroxide/ethanol electrolyte. Red- and green-
emitting samples were prepared by etching for 10 min at 5 mA/
cm? (low current density, LCD) and for 10 min at 20 mA/cm?
(high current density, HCD), respectively.?® After etching, the
PSi film was mechanically removed into chloroform and diluted
to 1 nM. All colloid solutions were sonicated for 24 h to reduce
particle size and eliminate aggregates. The nanoparticles were
spatially isolated by spin-casting a 30 p.L aliquot of the 1 nM col-
loid solution onto a clean glass coverslip.

Fluorescence from single nanoparticles was detected and im-
aged using a laser scanning confocal microscope (LSCM)
equipped with a high numerical aperture oil-immersion objec-
tive (Zeiss, 1.3 NA).%° After spinning the PSi particles on a glass
coverslip, the sample was inverted and placed on a home-built
variable ambient scanning stage.>° The sample chamber was
evacuated, back-filled with nitrogen, and kept at a constant flow
rate during the experiment. The 457 nm line of an Ar™ (Spectra-
Physics), attenuated to ~125 W/cm?, was used to excite the
sample. The beam was focused through the cover glass to a
nearly diffraction-limited spot at the nitrogen/glass interface. A
beam splitter was placed in the path of the fluorescence to al-
low both images (Digital Instruments) and spectra (Princeton Ap-
plied Research) to be acquired. Fluorescence intensity trajecto-
ries were captured by parking the excitation spot over a single
nanoparticle and monitoring the luminescence intensity as a
function of time. Linearly polarized light was rotated using a
simple optical train consisting of an electro-optic modulator
(Fastpulse Technology) and a /4 waveplate. A function genera-
tor applied a ramping voltage to the EOM with a frequency
matched to the scanning electronics.
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