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Detection of luminescent single ultrasmall silicon nanoparticles
using fluctuation correlation spectroscopy

O. Akcakir, J. Therrien, G. Belomoin, N. Barry, J. D. Muller, E. Gratton, and M. Nayfeh?
Department of Physics, University of Illinois at Urbana-Champaign, Urbana, Illinois 61801

(Received 1 November 1999; accepted for publication 11 February 2000)

We dispersed electrochemical etched Si into a colloid of ultrasmall blue luminescent nanoparticles,
observable with the naked eye, in room light. We use two-photon near-infrared femtosecond
excitation at 780 nm to record the fluctuating time series of the luminescence, and determine the
number density, brightness, and size of diffusing fluorescent particles. The luminescence efficiency
of particles is high enough such that we are able to detect a single particle, in a focal volume, of 1
pcm®. The measurements yield a particle size of 1 nm, consistent with direct imaging by
transmission electron microscopy. They also yield an excitation efficiency under two-photon
excitation two to threefold larger than that of fluorescein. Detection of single particles paves the way
for their use as labels in biosensing applications. © 2000 American Institute of Physics.

[S0003-6951(00)04814-2]

Electrochemical processes have been used to produce
silicon with novel luminescence. The material was first pre-
pared in the 1950s by electrochemical etching in hydrofluo-
ric (HF) acid and ultraviolet (UV) irradiation,' but its red
luminescence was discovered only in 1990 by Canham.? Re-
cently we demonstrated the presence of micron-size regions
that are rich in ultrasmall structures, for which the intensity
of the luminescence has a threshold, and highly nonlinear
emission characteristics, rising by several orders of magni-
tude in a stimulated emission process.®> We developed an
etching procedure that enriches the smaller substructure* and
allows subsequent conversion into dispersed nanoparticles.
Under UV excitation, intense blue emission is generated
from the Si particle colloid, observable by the naked eye, in
room light. We used two-photon fluctuation correlation spec-
troscopy and photon counting histogram (PCH) to analyze
the fluctuations of the emission.”> We demonstrated the de-
tection of single Si particles, crossing the interaction volume
of 1 pcm?®. The measurements yield a particle size of ~1 nm,
consistent with direct imaging by transmission electron mi-
croscopy (TEM). They also yield an excitation efficiency
two to threefold larger than that of fluorescein. Detection of
single ultrasmall nanoparticles paves the way for their use as
labels in biosensing.

The silicon substrates were (100) oriented, 1-10 {2 cm
resistivity, p-type boron doped Si, laterally anodized in H,O,
and HF acid.® The peroxide catalyzes etching and cleans the
material, resulting in much reduced structures of high chemi-
cal and electronic quality. The interaction of HF with silicon
is a self limiting process since the interaction passivates with
hydrogen. In anodization, the interaction is catalyzed by the
external current. Incorporation of H,0O, catalyzes the process
further because H,0, oxidizes silicon while HF dissolves the
oxide vigorously. The combined effect of the two chemicals
leaves no oxygen and results also in hydrogen passivation of
the material. The hydrogen passivation in this case is more
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complete and of better quality, and is free of electronic de-
fects. Moreover, H,O, is known to be the most powerful and
commonly used oxidant to remove nearly every kind of con-
tamination (organic material, metals, alkalines, and metal hy-
droxides) from silicon surfaces by oxidative dissolution and
complex formation. The smallest structure is found where
the anodizing current concentrates, such as at the meniscus
(air-liquid interface).”®® The ultrasmall particles are en-
riched by advancing the wafer, at a speed of ~1 mm/h, pro-
ducing a large meniscus-like area. An ultrasound acetone
bath crumbles the top film into a colloid of ultrasmall par-
ticles, leaving a deep red luminescent bottom layer. Of the
suspension, larger yellowish luminescent particles precipi-
tate, leaving a stable luminescent bluish colloid. A thin
graphite grid was coated with the particles. Direct imaging
using high resolution TEM shows that the particles are 1 nm
in diameter. Electron photospectroscopy showed that the par-
ticles are composed of Si with no oxygen present.*

We used mode locked femtosecond Ti—sapphire near in-
frared laser, generating pulses of 150 fs duration at a repeti-
tion rate of 80 MHz. At the target, the average power, 20
mW, is focused to a spot of 0.7 um diameter using a 1.3 NA
lens, giving an average intensity of ~5x10° W/cm? (peak
pulse intensity of ~4 % 10" W/cm?). The beam-sample in-
teraction is viewed via an optical microscope (xX40). Emis-
sion is detected in photon counting mode by either a photo-
multiplier with a relative detection efficiency of 20% and
50%, or by an avalanche photodiode (APD) with relative
detection efficiency of 5% and 40% at 390 and 430 nm,
respectively. The APD has a lower quantum efficiency at the
particle emission wavelength, however, it has a lower dark
count than the photomultiplier. When the colloid is excited
by the pulsed 780 nm in a two-photon process, deep blue
emission is observed via an optical microscope, with the na-
ked eye, in room light. Also, when a colloid in a 1 cm cu-
vette is excited by the third harmonic of a Nd-YAG laser at
355 nm, deep blue luminescence is observed with the naked
eye, in room light. The use of near infrared radiation in a
two-photon process, however, is less damaging to the
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FIG. 1. Raw traces of (a) a Si particle sample and (b) a fluorescein standard,
taken under the same intensity and beam focusing conditions.

sample, provides better discrimination against scattered inci-
dent radiation, as well as better definition of the probed vol-
ume. In multiphoton excitation processes, higher intensities
are needed to induce excitation, thus the effective excitation
volume is restricted to the central portion of the focal spot
where the intensity is the highest, allowing fluctuating sig-
nals for nanomolar solutions of fluorophores to be detected.

Figures 1(a) and 1(b) gives sections of the photon count-
ing time trace (binned in units of 12.5 ms) of emission of a
Si colloid sample and a fluorescein standard, taken at an
average intensity of 10® W/cm? at 780 nm, under the same
beam focusing conditions. Fluorescein absorbs in a single
photon process in the range 325-430 nm and emits in the
range 450—-600 nm. On the other hand, the particles absorb
in the range 300—400 nm with a maximum absorption at 355
nm and emit in the range 390—460, with a maximum emis-
sion at 390 nm.* Unlike fluorescein, the nanocolloid traces
show a number of events of significantly higher photon
counting rate than the average rate.

We use a global procedure designed to analyze hetero-
geneous solutions of fluorophores, in which we concurrently
analyze the amplitude of fluctuations as well as their persis-
tence to yield the size, brightness, and number density. In the
procedure, the analysis of amplitudes is achieved by the PCH
method (frequency Vs photon counts). The PCH measured
within a suitable time window (~20 us) for a nondiffusing
single fluorophore yields a Poissonian distribution whose av-
erage yields a brightness parameter (incident intensity depen-
dent). Diffusing fluorophores sample different regions of the
excitation profile (e.g., three dimensional Gaussian). There
will also be fluctuations in the number of particles detected.
Averaging over the excitation profile and the number of fluo-
rophores yields a super-Poissonian histogram. The deviation
of the histogram from the ideal Poissonian contains informa-
tion on the number density and effective brightness. Fitting
routines allow these parameters to be extracted.®> Analysis by
the PCH method gives the histograms of the individual spe-
cies comprising the sample as in Fig. 2 which shows that the
majority events in the colloid average to a brightness ¢,
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FIG. 2. Photon counting histogram (PCH) of the raw data of Fig. 1 showing
the frequency of events versus photon per bin for (diamond) the particle
sample and for (cross) fluorescein with (solid line) theoretical fits and the
theoretical contribution (dot) of the majority particle species and (dash) of
the minority particle species.

~0.1, with the number of particles in the focal volume N, is
~30. But a small fraction N,/N;~10"2 has an average
brightness ¢, as large as 50. The analysis gives one compo-
nent for fluroescein as expected.

The diffusion coefficient (hence size) of the particles (as
well as their number density) are determined, in the proce-
dure, by calculating the autocorrelation function from the
time series of photon counts. In the case of a single species,
the autocorrelation function extrapolated to time zero gives
the relative size of the fluctuation compared to the average
signal. Dilute solutions yield higher relative fluctuations. The
t=0 intercept is thus proportional to 1/N for a single species.
Appropriate weighting must be used to evaluate the magni-
tude of relative fluctuations for multiple diffusing species.
The diffusion coefficient of the particles on the other hand
may be obtained by measuring the persistence of the fluctua-
tion, which corresponds to the time a fluorophore requires to
diffuse out of the focal volume, with smaller particles diffus-
ing faster than larger ones. Figure 3 gives the autocorrelation
function [1(t+ 7)I(t)*dt for the particle sample of Fig. 1(a).
We assume a Guassian beam profile and quadratic absorp-
tion dependence as measured. The correlation function is fit-
ted to a two component Gaussian diffusion function: G(t)
=A,[1/(1+8D t/w?) X SQRT[1/(1+8D,t/z?) ]+ A,[1/(1
+8D,t/W?)]X SQRT[1/(1+8D,t/z?)]+ B, where w is the
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FIG. 3. Autocorrelation function [G(t)] of the blue luminescence of the Si

sample of Fig. 1a, along with a theoretical fit, yielding 29 particles in the
focal volume.
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FIG. 4. Autocorrelation function G(t) for (dash) a filtered Si particle sample
with 5.4 particles in the focal volume (plus) the fluorescein standard with
1.5 molecule, (dot) a filtered Si samples with 2.8 particles and (solid) a
filtered sample with less than a single particle (0.8) in the focal volume.

waist of the beam, z is the depth of the focal volume, t is
time, | is the total average brightness, B is an offset, A;
=0.076N;(g,/1)%, and N;,&;, and D; are the number of
particles in the focal volume, brightness, and diffusion coef-
ficient of the ith particle, i=1 or 2, and 0.076 is a numerical
calibration factor. From the response of fluorescein (3
x 10~ % cm?/s diffusion coefficient), taken under the same
beam focusing conditions, we get w=300nm and z
=2.5um, or a volume of 0.68 pcm®. A self consistent
analysis of the histogram and the autocorrelation spectra
gives N;=29, £,=0.12, D;=9.5Xx10" % cm?/s for the ma-
jority component, and N,/N;=8.6x10"%, &,=51, and D,
=11.4x10"8 cm?/s for the minority component.

Using the Stokes—Einstein relation, d=kT/37 7D, al-
lows the size of the particles d to be estimated, where T
=300K, the viscosity »=10"%kg/ms, and k is the Boltz-
mann constant. This gives 0.9 and 80 nm for d, the particle
diameter of the two components. The size of the majority
species is consistent with direct high resolution TEM
imaging.* Although the fitting procedure is reasonably accu-
rate, we filtered the sample to remove the larger entities,
hence simplify the analysis. The raw traces (not shown here)
before and after filtering through a 200 nm filter show that
the brightest events are dramatically reduced. Further filter-
ing using a 10 nm filter demonstrated no detectable differ-
ence in the time traces. Since the luminosity of the larger
entities is very high, we believe that they were actually clus-
ters comprised of smaller luminescent particles.

We next recorded the time traces and the photon count
histogram, and calculated the autocorrelation functions G(t)
for a filtered sample and a 10 nM fluorescein standard (Fig.
4, dash and cross, respectively) under the same beam condi-
tions. A self consistent analysis, with the response being fit-
ted to a single species, i.e., taking A, =0 gives 5.4 particles
and 1.4 fluorescein molecules in the focal volume, and a
corresponding luminosity of 0.07 and 0.15. The count rate of
a blank solvent is 200 counts/s, while 6500 counts/s is the
count rate per silicon nanoparticle. With this signal to noise
ratio, one can signal dilute samples such that one nanopar-
ticle is found in the focal volume. To attain the single par-
ticle level, we diluted by factors of ~2 and ~5. We recorded
the raw emission traces and the photon count histogram, and
calculated the autocorrelation functions (see Fig. 4, dot and
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solid, respectively). A self consistent analysis gives 2.8 and
less than one (0.8) particles for the dilution by factors of 2
and 5. The analysis gives luminosity of 0.083 and 0.081,
respectively. When normalized, the autocorrelation functions
of fluorescein and the particles are comparable, hence they
have similar diffusion coefficient and size. Fluorescein mol-
ecules have a planar molecular structure of 88 atomic
bonds (less than 1 nm across).

The excitation efficiency of the Si particles is now de-
fined in terms of that of fluorescein. The quantum efficiency
of fluorescein (emission efficiency per photon absorbed) is
established at 90% *=5%. The excitation efficiency presented
here, however, is not the quantum efficiency; rather it is the
product of absorption and quantum efficiencies. Using 0.078,
the average luminosity of the measurements of the filtered
sample and its dilution, gives an excitation efficiency 52% of
the fluorescein standard (0.15). It should also be noted that
the excitation and detection in these measurements are not
optimized for the Si particles, rather they are skewed in favor
of fluorescein. A rough estimate of the correction for the
detector efficiency increases the excitation efficiency to a
level two- to threefold larger then that of fluorescein. More-
over, the particle excitation efficiency is expected to increase
for excitation at shorter wavelengths near its maximum re-
sponse at 710 nm (by a factor of 4).

In conclusion, we demonstrated detection of a few ultra-
small (1 nm) silicon nanoparticles including single ones in a
volume of 1 pcm?®. The particles were derived and dispersed
in a colloid from porous silicon. Fluctuation correlation spec-
troscopy and photon counting histogram yield a diffusion
coefficient, and a particle diameter comparable to those of
the fluorescein molecule. The excitation efficiency (absorp-
tion times quantum efficiencies) was found to be two- to
threefold larger than that of fluorescein. Using an infrared
two photon process minimizes beam induced damage to bio-
logical systems, hence they have a great potential as fluores-
cent labels in biosensing.
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