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Investigating individual chromopores within single porous silicon
nanoparticles

M. D. Mason, D. J. Sirbuly, P. J. Carson, and S. K. Burattoa)

Department of Chemistry and Biochemistry, University of California at Santa Barbara, Santa Barbara,
California 93106-9510

~Received 3 November 2000; accepted 24 January 2001!

We use single nanoparticle luminescence microscopy to determine a distribution of individual
chromophores present in porous Si nanoparticles. From these distributions, we determine the
average number of emitting chromophores in each nanoparticle and the fluorescence emission count
rate of a single chromophore within the porous silicon nanoparticle. We also show that the same size
nanoparticles prepared under two different electrochemical conditions have different fluorescence
peak maxima, and exhibit different chromophore number distributions, consistent with the quantum
confinement model for the luminescence in porous silicon. ©2001 American Institute of Physics.
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INTRODUCTION

Visible light emission from Si via anodic etching i
aqueous HF~called porous Si! has stimulated tremendou
interest over the past several years due to its potential a
cation in optoelectronic devices such as light emitting dio
and lasers and the ability to be integrated with current
processing technology.1,2 The visible photoluminescence i
porous silicon has been attributed primarily to a confinem
effect, determined by the Si grain size.3

Although a quantum confinement model for the emiss
mechanism of as-prepared porous silicon has gained w
spread support, the high degree of structural inhomogen
and parametric tunability of etched bulk samples have m
a direct correlation between chromophore size and opt
band gap difficult.4 General support for a quantum confin
ment model is drawn from a host of fluorescence data,
cluding a dramatic shift toward higher emission energ
with an increase in the bulk porosity, which presumably
sults in a decrease in the Si grain size.5 However, due to the
structural inhomogeneity of the Si framework within th
bulk porous silicon structure, a direct correlation between
Si grain size and the observed shift in band gap has b
elusive. In order to investigate this relationship in detail,
cent studies from our group have focused on removing th
chromophore from the bulk and applying single molec
spectroscopic techniques.6–8

Our previous experiments have shown that colloidal
rous Si samples can be dispersed on a glass cover slip
that the average distance between nanoparticles is.0.5 mm.
The emission properties of the individual nanoparticles
then probed in the absence of spatial averaging. These in
single nanoparticle luminescence experiments uncovere
number of new phenomena in porous Si such as reso
vibronic structure in the emission spectrum, luminesce
intermittency, random spectral wandering, and coupling
tween adjacent chromophores. The main conclusion dr
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from these data was the strong influence of the surface
the surface-passivating layer on the emission from the
rous Si nanoparticles. Our results suggest that the emis
from porous Si nanoparticles originates from excitons in
quantum confined crystalline Si core, strongly coupled to
surface of the quantum dot, which is a relatively thick mat
of siloxene (SiOxHy) species. Further work from our grou
has demonstrated that, on average, fewer than 3% of n
particles prepared from bulk porous silicon are luminesce9

which is consistent with the relatively low quantum ef
ciency of bulk porous silicon~1%–5%!.10–13Taking this into
account it is possible that the emission properties of a sin
particle is strongly dependent on the structure of the surf
and the relationship between the number and size of
chromophores~crystalline regions! present in the nanopar
ticle.

In order to examine the relationship between the Si ch
mophore and the nanoparticle more closely we employ s
eral spectroscopy and microscopy techniques including:~1!
fluorescence microscopy,~2! single-particle spectroscopy
and ~3! shear-force microscopy on a series of size-selec
surface-modified single nanocrystals. We apply simple s
tistical techniques to provide a more complete picture of
electronic structure of the luminescent species within th
nanoparticle systems.

EXPERIMENT

Colloidal porous Si samples were prepared from b
porous Si using the method of Heinrichet al. In these ex-
periments,p-type Si was anodically etched in a 1:1:1 b
volume solution of hydrofluoric acid~49%!, ethanol, and hy-
drogen peroxide~30%!. Red and green emitting porous sil
con bulk samples were prepared by electrochemically e
ing for 20 minutes at 5 mA/cm2 @low current density~LCD!#,
or 10 min at 10 mA/cm2 @high current density~HCD!#, re-
spectively. The total number of silicon atoms removed
equivalent to the half the number of injected charg
~holes!,4 which is simply the current density multiplied b
9 © 2001 American Institute of Physics
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8120 J. Chem. Phys., Vol. 114, No. 18, 8 May 2001 Mason et al.
the etch time. In each case discussed here the same qu
(3.031025 mol) of silicon atoms was removed. The resu
ing bulk morphologies, however, are dramatically differe
owing to a larger pore volume, and a decrease in the siz
the silicon framework, as the current density is increase14

The resulting porous silicon layer was mechanically remo
from the surface and sonicated for 24 h in hexanes to red
particle size. The larger particles were allowed to settle
of solution and the top portion of the solvent containing on
the smallest nanoparticles was removed. Samples of spa
separated porous Si nanoparticles were prepared by dilu
this stock solution~;1 nM! and spin casting a 30mL aliquot
of the diluted solution onto a clean glass coverslip.

Emission from single nanoparticles was imaged in
far field using a laser scanning confocal microscope wit
high numerical aperture oil-immersion objective~Zeiss, 1.3
NA! described in detail in a previous publication.8 For all
experiments, the 457 nm line of an Ar1 laser ~Spectra-
Physics! was used as the excitation source. The diffractio
limited excitation spot was focused on the sample side
posite the immersion oil. Using a beam-splitter in the path
the collected fluorescence signal, we were able to acq
emission intensity images~Digital Instruments! and emission
spectra~Princeton Applied Research! simultaneously.

Shear force microscopy6 was used to determine the su
face topography of the nanoparticles on glass. In this te
nique ~an analog of attractive mode atomic force micro
copy! a pulled tapered fiber-optic tip is attached to a sm
piezoelectric tube and dithered on its mechanical resona
The tip–sample distance is determined by monitoring
dither amplitude as the sample approaches the tip. The d
amplitude is measured by focusing laser light on the pr
tip and monitoring the scattered light synchronously with
dither frequency using a lock-in amplifier. This amplitud
provides input for the feedback loop of our scanning el
tronics, which are set to maintain a constant height above
sample surface~approximately 10 nm!. A topography image
is then acquired by digitizing the output of the feedba
loop. It is important to note that the size of the tip is;100
nm, which is the limit of the lateral resolution. The heigh
however, is measured with a resolution of a few angstro
the noise on our feedback signal.

RESULTS AND DISCUSSION

The fluorescence image shown in Fig. 1 is a typical c
focal image~15315 mm2! of one of our samples disperse
on glass. Each 250 nm bright spot indicates a luminesc
nanoparticle. It is important to note that the size of brig
spot represents the diffraction limited size of the illuminati
spot and not the size of the nanoparticle. The distance
tween adjacent nanoparticles is at least 1mm ensuring ad-
equate isolation.

The emission spectra shown in Fig. 2 are for two poro
Si nanoparticle samples prepared under different elec
chemical conditions. The spectrum shown in Fig. 2~a! is for
a sample etched at 10 mA/cm2 for 10 min ~HCD sample!
Fig. 2~a!, and the spectrum in Fig. 2~b! was prepared by
etching at 5 mA/cm2 for 20 min. Each spectrum was ob
tained by integrating over several scan lines in the fluor
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cence image~Fig. 1!, and represents the average of;10
nanoparticles. Nanoparticles prepared under LCD conditi
~gray line! show strong red luminescence with a maximum
675 nm. Those prepared using HCD conditions~black line!
exhibit a slightly broadened spectrum which is blueshift
and has a maximum at 550 nm. In both cases the spe
peak maximum of the original bulk is conserved when co
verted into a nanoparticulate colloid. Furthermore, wh
both sample types have broad spectra at room tempera
the relative asymmetry of the HCD line shape suggests
the distribution of chromophore sizes in each sample is
ferent.

Evidence for multiple chromophores is also observed
the emission from individual nanoparticles. The line trace
Fig. 3 shows the fluorescence intensity of an individu
nanoparticle as a function of time. The intensity trajecto
~time course! shown in Fig. 3 was acquired for a single LC
nanoparticle under 5mW of cw 457 nm excitation and is

FIG. 1. Representative fluorescence~LCSM! image of single nanoparticles
deposited on glass. The bright spots represent spatially isolated nan
ticles on a linear gray scale~white ;20 kcps!. The image size is 15mm315
mm.

FIG. 2. Photoluminescence spectra of porous silicon nanoparticles dispe
on glass. Each spectrum shown is the average of;10 single particle spectra
~10 s integration time!, under 488 nm cw excitation. Nanoparticles prepar
using low current density~gray line! exhibit a characteristic fluorescenc
maximum (lmax5675 nm) significantly redshifted from high current densi
samples~black line! (lmax5550 nm).
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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8121J. Chem. Phys., Vol. 114, No. 18, 8 May 2001 Single porous silicon nanoparticles
representative of both the HCD and LCD samples. The ra
jumps in intensity, referred to as ‘‘blinking,’’ are the resu
of an Auger type ionization mechanism and are describe
detail elsewhere.8,15 Of particular interest is the appare
multilevel structure, which in single molecule spectrosco
is often attributed to a system having several emitt
species.16

In order to investigate the individual chromophore~s!
within the silicon nanoparticle it is necessary to first exam
the relationship between the nanoparticle size and the siz
the quantum confined silicon chromophore. The ima
shown in Fig. 4~a! is a representative shear-force topograp
image of an 838 mm area of a LCD sample. A bright spot i
the topography image indicates a nanoparticle. On the he
scale shown the blank glass cover slip is nearly flat. As m
tioned previously, if the size of the nanoparticle is mu
smaller than the tip itself, as in this case here, then the na
particle images the tip rather than the reverse. As a resu
features appear the same size in the lateral dimensions@as
seen in Fig. 4~b!#. If we assume as a first-order approxim
tion that each nanoparticle is roughly spherical then
height of each feature in Fig. 4~b! is a more accurate repre
sentation of the particle size than the lateral width. We h
applied this approach to the LCD and HCD samples and
both cases the average nanoparticle size is approximate
nm with 95% of particles falling within the range of 4.5–
nm. Previous theoretical work has suggested that visible
minescence from a quantum confined grain of silicon w
only occur at diameters,4 nm.17 Therefore, in light of the
quantum confinement model, the silicon chromophore m
represent a relatively small volume of the entire nanoparti
As mentioned earlier, the crystalline silicon framework, a
therefore the Si ‘‘quantum dot’’ is expected to be mu
smaller in the HCD samples, since the emission spectrum
blueshifted relative to the spectrum of the LCD sample~Fig.
2!. This also suggests the possibility of multiple chr
mophores in a single nanoparticle and that there may
more chromophores/nanoparticle in the case of the H
sample.

In order to investigate the number of chromopho
within an individual nanoparticle a statistical method w
employed. In this approach, single nanoparticle intensity
ages were acquired for both the HCD and LCD samples.
fluorescence peaks in the single nanoparticle images ex

FIG. 3. Intensity trajectory~time course! of a single low current density
porous silicon nanoparticle dispersed on glass. The data shown wer
quired with 125 ms bin times, and additionally binned by 8 to emphasize
apparent multilevel blinking behavior.
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a two-dimensional~2D! Gaussian shape@shown in Fig. 5~a!#,
which is consistent with the intensity profile of diffractio
limited excitation area. Each peak in the fluorescence ima
was fit to a 2D Gaussian and the fit for the data of Fig. 5~a!
is presented in Fig. 5~b!. The full width at half maximum
~FWHM! of all 2D Gaussians and the lateral shape of the
Gaussian~circular! were held constant during each fit. Th
accuracy of each fit was monitored by calculating the
residual~data fit!, shown in Fig. 5~c!, which should result in
noise for a good fit~as shown!. The peak maxima of each
fitted 2D Gaussian were then taken as the fluorescence in
sity of each porous silicon nanoparticle.

The single nanoparticle emission intensities were co
piled and binned into the histograms shown in Fig. 6 for bo
LCD and HCD samples@Figs. 6~a! and 6~b!, respectively#.
The histogram in Fig. 6~a! represents 481 LCD nanopa
ticles, and the histogram in Fig. 6~b! represents 834 HCD
nanoparticles. Each of the histograms shown in Figs. 6~a!
and 6~b! has been fitted~heavy black line! to four Gaussians
~gray lines!. Here, the FWHM of the fitted Gaussians in
creases as nearly the square root of the peak intensity, w
suggests that the fitted parameters are accurately represe

ac-
e

FIG. 4. Shear-force topography image and corresponding line trace f
typical dilute porous silicon nanoparticle sample dispersed on glass.
cross section shown in the line trace was taken along the dashed line s
in the image. The mean nanoparticle height is approximately;6 nm with
and uncertainly of,0.5 nm.
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



a
po
n

f

or
s

aks
in-

am
sev-
ians

ro-
f of
ro-
four

s,
t in
tain

ual
ulk
ain
a-

e and
ano-
les
ment
tion
n of
and

ues
on
ng

ta

of

8122 J. Chem. Phys., Vol. 114, No. 18, 8 May 2001 Mason et al.
the ensemble of individual shot noise limited peaks. In
cases, regardless of the number of bins used, the peak
tion of the first Gaussian was at;2.2 kcps and the mea
separation between Gaussians is approximately 2 kcps
both histograms.

If each Gaussian represents a subset of chromoph
each emitting with nearly the same intensity, then the po

FIG. 5. ~Color! Two-dimensional fit to photoluminescence intensity da
~a! Representative 15315 mm raw photoluminescence intensity data,~b! 2D
Gaussian fit to data, and~c! fit residual~raw data–simulation!.
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tion of the first peak, and the relative spacing between pe
suggests that the individual chromophore emits with an
tensity of;2 kcps~under these excitation conditions!. Prob-
ably more significant is the overall shape of each histogr
which suggests that the average nanoparticle consists of
eral chromophores. The relative areas of the fitted Gauss
suggest that for the LCD samples@Fig. 6~a!# ;70% of the
nanoparticles measured contain only a single emitting ch
mophore. For the HCD samples, however, fewer than hal
the particles measured contain a single emitting ch
mophore and a significant percentage contain three or
chromophores.

This is consistent with our previous measurement14

which show that although HCD prepared samples resul
the same size nanoparticles as for the LCD case, they con
less silicon and are therefore more porous. If the individ
nanoparticle is simply a small segment of the larger b
framework, then the HCD nanoparticles should cont
smaller crystalline silicon regions. If the nanoparticles me
sured in the experiments discussed here are the same siz
there are, on average, more chromophores in the HCD n
particles, then the Si chromophores within the HCD samp
must be smaller. From the data discussed here this state
appears to be true. This provides a more direct correla
between the actual Si chromophore size and the positio
spectral emission than previous bulk porosity arguments,
is further evidence for the quantum confinement model.

CONCLUSION

Using simple single molecule spectroscopic techniq
we have directly probed the optical properties of silic
nanoparticles made from bulk porous silicon. By fracturi

.

FIG. 6. Intensity histograms and corresponding multiple Gaussian fits
high and low current density porous silicon nanoparticles.
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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8123J. Chem. Phys., Vol. 114, No. 18, 8 May 2001 Single porous silicon nanoparticles
the porous silicon framework into spatially isolated nanop
ticles we can remove the effects of spatial averaging w
maintaining the optical properties found in the bulk poro
silicon framework. We find that nanoparticles prepared
der high current density conditions, on average, contain<4
emitting chromophores, while those prepared under lo
current density conditions contain only one or two ch
mophores that are emitting. Furthermore, our data sug
that the chromophores in the high current density sam
must be smaller, and is consistent with the observed spe
blueshift of a confined quantum dot. This work provides
direct link between the number and size of the quantum d
found in porous silicon and their observed photolumin
cence emission.
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