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ABSTRACT: The luminescence linewidth of individual silicon nanocrystals was characterized
by single-dot spectroscopy, and an ultranarrow linewidth of ~200 peV at 10 K was found.
This value is, in fact, limited by system resolution and represents only the upper limit of the
homogeneous linewidth. In addition, the effect of the matrix was investigated for nanocrystals
coated with organic ligands, embedded in silicon dioxide, as well as for nanocrystals with only
a thin passivating layer. It was found that, depending on the matrix, the room-temperature
bandwidth may vary by an order of magnitude, where values as small as ~12 meV (~5 nm) at
300 K were detected for nanocrystals with a thin passivation. The observed values for silicon

@ @ ©
AN 8

PHOTOLUMINESCENCE LINESHAPE

nanocrystals are similar and even surpass some of those for direct-band-gap quantum dots.
The narrow linewidth at room temperature enables the use of silicon nanocrystals for nontoxic narrow-band labeling of
biomolecules and for application as phosphors in white-light-emitting devices.
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he discovery of strong, visible luminescence from porous

silicon two decades ago' brought hope for applications in
optoelectronics such as a long-sought silicon-based light source
for on-chip optical communication. Although the demonstrated
quantum efficiency was relatively high, the microsecond-long
luminescence lifetime indicated the indirect-band-gap nature of
the optical transition remained, limiting high-speed and high-
brightness applications. The nanostructured network of the
porous silicon (p-Si) and the tunable emission wavelength
pointed toward a quantum confinement mechanism of the light
emission, although other surface-related mechanisms were
proposed.” Later, similar luminescence was demonstrated in
different systems involving silicon nanocrystals (NCs)
embedded in oxide, e.g., prepared by ion implantation3 or co-
deposition® with subsequent annealing,

The wide emission spectrum of porous silicon (typically
150—200 nm) was also a serious limitation for potential
applications and was generally believed to stem from a wide size
distribution (so-called inhomogeneous linewidth) in the p-Si
skeleton.” Thus, activities toward narrowing the size distribu-
tion were initiated by, for example, size selection of porous
silicon particles.5 This resulted in some narrowing; however the
emission spectrum essentially remained wide (Figure 1, blue
curve). Finally, single-dot spectroscopy studies of individual Si
nanocrystals, performed by this® and other groups,” also yielded
broad homogeneous linewidths of ~100—200 meV (~40—80
nm at ~700 nm wavelength) at room temperature, significantly
broader than those exhibited by direct-band-gap quantum dots.
Line-narrowing at reduced temperatures was, however,
demonstrated later, reaching ~2 meV at 35 KB Again, it is
only marginally smaller than the thermal broadening and is still
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Figure 1. Room-temperature luminescence spectra from an ensemble
of size-selected porous silicon particles (blue, ref $) and of ligand-
passivated silicon nanocrystals (green, this work), from a single silicon
nanocrystal in a SiO, shell (red, ref 6), and with only a thin passivating
layer (black, this work). The effect of matrix on the homogeneous
linewidth (black to red) can be as significant as inhomogeneous
broadening (red to blue, green), increasing the linewidth several times.

much larger than the natural limit set by the uncertainty
principle (see Discussion). At the same time, theoretical
calculations predicted broad spectra could originate from
phonon-mediated radiative recombination.” In any case, what
sets the linewidth in an indirect-band-gap material nanocrystal
remained unclear, and one may ask whether it is sample
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dependent and what the roles of the interface and matrix would
be.

In the past decade different protocols for chemical synthesis
of colloidal silicon nanoparticles have been proposed. Typically
these methods include fabrication of a nanocrystal-rich solid-
state matrix with subsequent release of nanoparticles into a
solution. Among them are thermal processing of hydrogen
silsesquioxane (HSQ),"® silane combustion,"" hydrofluoric acid
treatment of magnetron-sputtered films,'* silane decomposition
in nonthermal plasma,"® or laser pyrolysis.'* Direct synthetic
methods, such as laser ablation in liquid"® and microwave-
assisted reaction,’® have also been investigated. A significant
advantage of the colloidal form of Si quantum dots is the
possibility of surface chemistry modification. In general, along
with the size of nanocrystals, surface passivation is recognized
as an important parameter affecting optical properties. It was
shown, for instance, that passivation of Si NCs with organic
ligands instead of silicon oxide can improve quantum yield and
shift their luminescence spectrum.'” The surface engineering of
nanoparticles in a solution is not only limited to chemical
reactions but can also be extended to, for example, microwave
or plasma treatment.'® These recent developments made
possible mass fabrication of Si NCs, which can be tailored for
different applications as passive fluorophores.

One such application is luminescent labeling, where quantum
dots have clear advantages for in vitro and in vivo imaging when
compared with conventional fluorescent dye molecules."
Among the benefits are reduced sensitivity to microenviron-
ments due to capping of the quantum dot core, better
photostability under strong excitation, and spectral multiplexing
(i.e., possibility for parallel detection where a wide absorption
spectrum enables the use of a single pump source). The
biocompatibility and biodegradability of silicon®® becomes an
important factor in this field, considering that many standard
solutions of prototypical quantum dots include toxic elements
such as cadmium. It was indeed shown that silicon nanocrystals
can be used for cell imaging,u’22 single-molecule tracking,23
and in vivo studies.”*

Another area where quantum dots find an application niche
is solid-state lighting. Today white-light-emitting diodes
(LEDs) are often composed of a blue-emitting GaN diode
and rare-earth elements, which act as phosphors for partial
down-conversion of the light frequency, resulting in a
broadband emission of the device.”> In order to avoid the use
of scarce rare-earth elements, different methods are being
investigated, such as Mn doping of glass.26 Nanocrystals offer
an alternative route considering their relatively high lumines-
cent quantum yields that approach those of rare-earth
elements.”® It has been reported that the luminescent quantum
yield of silicon nanocrystals can reach up to 60%,””** making
them attractive nontoxic material candidates.

For any of the above-mentioned applications one of the most
important parameters is the luminescence linewidth. Indeed, it
has been shown that the spectral purity of quantum dots can
substantially improve the color rendering index and the
correlated color temperature of an LED.* Parallel detection
in biolabeling also requires size-separated ?uantum dots to be
free from overlapping emission spectra.’ In general, the
linewidth of a quantum dot ensemble is a convolution of the
homogeneous I',,, and inhomogeneous I';, broadening:

I'= V 1—‘homz + l—;nhZ
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For CdSe nanocrystals the typical room-temperature values are
" ~ 20—35 nm* and I, & 15—20 nm.*® As discussed above,
in previous measurements of oxidized Si nanocrystals I'},,,, was
found to be 3—4 times larger than for CdSe nanoparticles.
These values imply that even perfect size-selection would not
provide a narrow ensemble linewidth for this material, where
the individual luminescence linewidth appears to be a limiting
factor.

In this paper, we report the narrowest linewidths ever
observed, to our knowledge, for Si nanostructures both at low
and at room temperature. We demonstrate a significant
narrowing of the spectrum for free-standing silicon nanocrystals
with a thin passivation layer (Figure 1, narrowest peak)
compared to oxide- and ligand-embedded nanoparticles. In
contrast to previous studies the effect of spectral diffusion was
minimized here by virtue of a more sensitive instrument
allowing for shorter acquisition times. It is also found that
reduced shell thickness for the same matrix leads to narrower
linewidth, explaining previous observations of broad low-
temperature as well as room-temperature lines for nanoparticles
in a thicker oxide. Thus, on the basis of single-dot spectroscopy
of differently passivated nanocrystals we clarify the effect of the
surrounding matrix on the nanocrystal emission bandwidth and
provide an explanation in the context of exciton scattering with
specific acoustic phonon modes. It is shown that detected
luminescence linewidth values for indirect-band-gap material
quantum dots in fact do not differ from that of direct-band-gap
nanoparticles, revealing similarities of these two types of
semiconductor materials at the nanoscale.

B EXPERIMENTAL AND RESULTS

Three different sample preparation procedures were used to
form silicon nanocrystals in target matrices: (i) Silicon dioxide
capped nanocrystals were fabricated in an ultrathin layer of a
low-doped silicon-on-insulator wafer by thermal oxidation. In
this case, crystalline nanostructures of different sizes can form
randomly due to the unevenness (on a few nanometer level) of
the top silicon layer. The oxidation time was very short (less
than a minute at 900 °C), leading to the formation of a thin
(ie., only a few nanometers) oxide shell around the
nanocrystals.*°

Second, (ii) ligand-functionalized silicon nanocrystals were
produced using a well-established chemical synthesis,'® where it
was shown recently that oligomer chains are typically formed
on the surface.*’ An HSQ solution (Fox-17, 74 wt % solution in
methyl isobutyl ketone) from Dow Corning was dried under
vacuum to remove the solvent. The resulting white powder was
thermally processed at 1100 °C (ramp up temperature 18 °C
min~') in a 5% H,/95% Ar atmosphere for an hour. The
resulting amber solid was ground to a fine brown composite
powder consisting of Si NCs in a SiO, matrix. Hydride-
terminated Si NCs were liberated from the Si NC/SiO,
composite using HF etching®> and extracted from the etching
solution using toluene. Surface functionalization of Si NCs with
dodecyl was achieved via thermal or radical (azobis-
(isobutyronitrile) at 60 °C) initiation, and the solution was
stirred at 60 °C for 15 h until a transparent orange solution was
obtained. The dodecyl-functionalized particles were purified by
repeated solvent/antisolvent (toluene/ethanol) precipitation,
centrifugation, decantation, and redispersion in toluene.
Following three cycles, the Si NC stock solution was filtered
through a 0.45 um polytetrafluoroethylene syringe filter. An
ensemble photoluminescence spectrum of such nanocrystals in
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solution is shown in Figure 1 (green) and appears to be similar
to porous silicon particle emission. For single-particle optical
characterization the stock solution was diluted 100X upon
addition of dry toluene and spin-coated (6000 rpm for 30 s) on
a piece of cleaned silicon wafer.

Finally, (iii) to prepare silicon nanocrystals without a definite
matrix, a similar protocol as in (ii) was used except for
nanoparticle extraction and surface functionalization steps. A
commercial HSQ resist from Dow Corning (type XR-1541, 10
wt % solution in methyl isobutyl ketone) was spin-coated on a
piece of cleaned silicon wafer and left to dry for 24 h. Then it
was annealed at 1000 °C in 5% H, and 95% Ar for an hour. The
resulting film had a porous structure and was about 100 nm
thick as seen in cross-sectional transmission electron micro-
scope images.>® It contained silicon nanocrystals with Si—O—R'
bonds on the surface, as revealed by TEM, Fourier-transform
infrared measurements, and optical characterization.*® Unlike in
the previous case, no additional deliberate measures were taken
to affect the nanocrystal surface for this sample. We will refer to
such nanocrystals as passivated only or thin-shell particles,
implying the lack of continuous elastic media around them,
since their thin shell is partly or largely exposed to air when
embedded in a porous film.

The presence of crystalline Si nanoparticles was confirmed in
all samples by TEM, and they were comprehensively
characterized using standard methods as described else-
where.'”*°™* On the basis of ensemble lifetime and single-
dot excitation power-dependent measurements (not shown) we
have found that exciton lifetime in all these nanoparticles is in
the microsecond range, typical for Si NCs. Here their
temperature-dependent optical response was evaluated using
a microphotoluminescence apparatus with single-particle
detection capability. The instrument is equipped with a liquid
flow cryostat (Oxford Instruments) that can operate with liquid
nitrogen or helium, where the sample is held on the coldfinger
under vacuum for thermal insulation from the cryostat glass. A
blue laser diode (405 nm) was applied in continuous wave
mode for dark-field, nonresonant excitation. An imaging
spectrometer (Andor Shamrock 500) with two different
gratings of spectral resolution, 0.9 and 0.08 nm (~200 yeV
in the nanocrystal emission range), and a thermoelectrically
cooled, intensified charge-coupled device camera (Andor iXon-
3) were used for signal detection. This optical system has an
order of magnitude better spectral resolution and higher
sensitivity than the one used in previous studies.® A key
procedure toward recording ultranarrow luminescence spectra
at low temperature was a sequential recording of 10—100
spectra at a relatively short time scale (~2 min each) in order to
reveal “spectral diffusion”. The detected linewidth naturally
broadens if such random displacement of the emission peak
occurs, and this effect can be reduced by selecting relatively
stable dots or by using a short acquisition time (see video in the
Supporting Information). For comparison we note that with
the previous optical system® the acquisition time was ~30 min
to get a good signal-to-noise ratio.

A representative room-temperature spectrum from a
“passivated only” nanoparticle is shown in Figure 1 (black
line). It is seen that for the same emission wavelength the
linewidth is clearly narrower than from nanoparticles embedded
in SiO, (red line). With decreasing temperature the linewidth
decreases for all three types of silicon nanoparticles. In Figure 2
an example of a low-temperature spectrum from an oxide-
embedded nanocrystal is presented. The spectrum is nearly
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Figure 2. Low-temperature narrow luminescence spectrum of an
individual Si nanocrystal, embedded in silicon dioxide with a resolved
~2 meV replica. The linewidth value for the main peak was
deconvoluted with a system resolution.

system resolution limited, and we indeed detected a few spectra
with a ~200 peV linewidth set by the apparatus for thin
passivation and oxide-embedded nanocrystals. The high
spectral resolution of the optical system used here not only
allowed the detection of the ultranarrow luminescence
linewidth at low temperature but also facilitated the observation
of a clearly resolved ~2 meV replica in oxide-embedded
nanocrystals. The amplitude of this replica appeared to be
much smaller than that of the main peak in all cases, while the
replica linewidth varied from dot-to-dot. With increasing
temperature this replica broadens and eventually merges with
the main line. Hence we conclude that this peak is not related
to singlet—triplet exciton ground level splitting since in that
case the replica would decrease in intensity with increasing
temperature, reflecting a reduced population of the lower lying
triplet state. Also the value of the singlet—triplet splitting for
oxide-embedded nanocrystals emitting in this energy range was
measured to be ~10—15 meV,>** several times larger than the
~2 meV separation of the replica from the main line detected
here. Therefore, following the Boltzmann distribution, at 10 K
only the lower lying triplet state can be populated (for 10 meV
singlet—triplet splitting energy the relative population of the
higher lying singlet state at 10 K should be ~107°) and no
lower energy peak should be observed. Thus, we attribute this
peak instead to nanocrystal-specific acoustic phonon modes,
where only the first-order mode of the manifold appears to be
above the instrument detection limit. The energy of these
modes depends on the matrix and strongly affects the room-
temperature bandwidth, as discussed below.

In this work, luminescence properties of individual nano-
crystals were analyzed using a statistical approach. In doing so,
more than 1000 individual spectra were recorded altogether at
different temperatures. An example of the emission peak
position distribution is shown in Figure 3 for all three particle
types investigated here. The presented spectra were acquired at
70 K. The variation in individual peak position from 1.6 to 2.1
eV can be ascribed to the size-dependent quantum confinement
effect in silicon, and the histograms nicely compare to the
ensemble spectra of porous silicon® or silicon nanocrystals in
oxide.> Furthermore, a similar emission range for the three
particle types indicates a comparable size distribution of
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Figure 3. Distribution of emission peak positions for individual silicon
nanocrystals with ligands (top), embedded in thermal oxide (middle),
and for passivated-only particles (bottom) measured at 70 K.

nanocrystals in these samples. The distribution of ligand-
passivated nanoparticles is somewhat broader and slightly
shifted to the green spectral region.

While the peak position distributions are similar, the
luminescence linewidth of individual particles for these three
samples varies significantly. This is demonstrated by the
histograms in Figure 4, where we have chosen spectra at 70
K in order not to be limited by the system resolution. Ligand-
modified silicon nanocrystals exhibit broad emission lines, while
the luminescence from oxide-encapsulated particles is narrower
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Figure 4. Statistical distributions of the spectral linewidth (full width at
half-maximum) for individual nanocrystals at 70 K for particles with
ligands (top), oxide-encapsulated nanocrystals (middle), and passi-
vated-only nanoparticles (bottom). Bin width is S meV in the top two
charts but reduced to 0.5 meV in the last chart for clarity.
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and passivated-only nanocrystals emit in extremely narrow
bands. Below, we outline a reasonable explanation for the origin
of the matrix-dependent linewidth broadening by invoking an
exciton—phonon scattering effect.

B DISCUSSION

In general, the ultimate limit of a linewidth for a given energy
state is defined by the uncertainty principle:

n

AE ~ —
At

(1)

For direct-band-gap semiconductor nanocrystals the lifetime
is on the order of nanoseconds,” corresponding to the natural
limit of ~0.1 peV. Experimentally, linewidth values close to the
ultimate limit were deduced from the accumulated photon echo
measurements for CuCl (~1 ueV),*® InGaAs (~2 peV),* and
CdSe (~1.6 ueV)*” quantum dots.

On the other hand, silicon quantum dots exhibit a
microsecond lifetime that is 3 orders of magnitude larger
than in their direct-band-gap counterparts.*® The origin of this
important difference is an indirect band gap of the
corresponding bulk material, where such zero-phonon tran-
sitions are forbidden due to the k-conservation rule. At the
nanoscale this selection rule is Fartly relaxed as a result of the
quantum confinement effect.””*® Together with possible
exciton localization, this leads to the observed zero-phonon
emission line with a weak oscillator strength.>® The ultimate
limit on the linewidth of such a transition would then be ~0.1
neV. In practice, however, a solid-state system with such a long
lifetime would inevitably suffer from different perturbations
such as exciton—phonon interactions or external fluctuating
charges. The random charges manifest in spectral diffusion or
hopping of the emission line, which was, for instance, observed
in thermally oxidized nanocrystals and occurs at long time
scales, such as seconds or even minutes*' (see Supporting
Information for a video of spectral diffusion). On the other
hand, exciton—phonon scattering is a fast process resulting in
broadening of the emission linewidth; this is discussed in detail
below.

In nanocrystals, along with bulk-related vibrational modes,
there is a specific class of phonon modes that can be described
by Lamb’s theory of elastic body vibrations for small particles.**
These modes can be spherical or torsional, depending on
whether the vibration takes place with or without radial
displacement. Experimentally the modes can be measured on
particle ensembles using Raman scattering® or for single
particles using luminescence spectroscopy (cf. Figure 2).
However, it was found that Lamb’s theory, describing the
behavior of free-standing particles alone, does not adequately
explain experimental data obtained from oxide-passivated
silicon nanocrystals.** The influence of the surrounding matrix
on vibrational mode energy was proposed, and later, indeed,
calculations for different core/shell configurations yielded
different phonon modes.** In fact, the elasticity of the matrix
plays an important role in defining the frequency of such
“breathing” vibrations. It is believed that unlike optical phonon
modes, which manifest in the sidebands of the luminescence
spectrum, such low-energy acoustic phonons cause energy
fluctuations of the exciton level, resulting in homogeneous
broadening of the emission linewidth.** Then the temperature
dependence of the linewidth should reflect Bose—Einstein
statistics of the thermal population for these phonon modes.®
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Here we consider individual silicon nanocrystals emitting in a
similar spectral range (cf. Figure 3), indicating their similar size
distribution, but embedded in different matrices. Their acoustic
mode energies can be estimated from

CL,t

)

where [ and n are angular momentum and principle quantum
numbers, S and T are spherical and torsional modes, C; ; is the
longitudinal and transverse speed of sound, R is nanoparticle
radius, and y is a calculated value.*

To identify the most relevant mode for the present case (n
and | values), first we note that silicon is a nonpolar
semiconductor, where piezoelectric electron—phonon coupling
does not exist. So the selection rules derived for a zincblende
crystal, such as CdSe, are not applicable.45 The coupling here is
caused by deformation potential only, and we apply selection
rules as described in ref 46. In the luminescence experiment
phonon creation is associated with the light emission process.
Since the photon emission is electric dipolar, it will create a
phonon of the dipolar spheroidal mode only (I = 1), and not
spherical (I = 0) or quadruple (I = 2) modes. It was
independently demonstrated that the contribution from
torsional modes to exciton—phonon interaction in Si nano-
crystals is 2—3 orders of magnitude smaller than from
spheroidal modes.*> Then, by limiting consideration to the
lowest order mode only (n = 0), the phonon energy values
become for ligand-functionalized particles £{’(lig) ~ 0.7 meV,
for the Si/SiO, system ei’(ox) ~ 2.5 meV, and for passivated
only particles £{’(po) ~ 10 meV. The longitudinal speed of
sound averaged over crystallographic directions, 4 nm particle
diameter, and calculated »'° values for three different matrices*™
were used. The presence of a few meV modes in the
luminescence spectrum of SiO,-embedded nanocrystals was
indeed observed here from oxidized nanolayers (cf. Figure 2) as
well as previously from oxidized nanopillars® and nanowalls.*”

The energy of the mode, in turn, defines exciton—phonon
coupling strength.*® For a given mode the coupling strength is
inversely proportional to the square of the mode energy:

2

=(2)

€

where the proportionality coefficient y is a matrix element
(coupling constant) of the electron—phonon interaction
Hamiltonian. Thus, the lower energy modes present in
ligand-passivated nanocrystals are much more strongly coupled
to the exciton than the same modes, but with a higher energy,
inherent to passivated-only particles. The weaker coupling
strength explains the lack of consistent observation of phonon
replicas in the latter case, where the emission line shape is
usually found to consist of a main line only. On the other hand,
very small phonon mode energy in the case of a ligand layer
makes it indistinguishable from the main emission line in
photoluminescence experiments.

Finally, the mode energy also defines the temperature
evolution of the emission linewidth. The number of phonons in
an energy state € as a function of temperature kgT is defined by
Bose—Einstein statistics:

()

kyT
nN;z(kBT>>e)zB—
exp(e/kgT) — 1

&€

4)
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From eq 4 one can see that at the high-temperature limit the
number of phonons is linearly proportional to temperature,
where the proportionality coefficient is the inverse mode
energy. In Figure 5, we have plotted average fwhm values
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Figure S. Temperature evolution of the average value of the
luminescence linewidth for individual Si nanocrystals with ligands
(triangles), in dioxide (circles), and for passivated-only particles
(squares). Error bars show the width of the fwhm statistical
distribution. The solid line is a fit based on phonon population
statistics for 0.7, 2.5, and 10 meV intrinsic acoustic modes,
correspondingly. Measured linewidth values in meV were for reference
recalculated to nm for 1.85 eV emission photon energy (right axis).
Inset shows low-temperature data in log-scale for clarity.

measured at various temperatures for individual Si nanocrystals
with a thin shell only, in the oxide, and in ligand matrices. The
fit to the data points is based on phonon population statistics
(eq 4) for three intrinsic energy modes (0.7, 2.5, and 10 meV),
where the scaling coefficient is the only fitting parameter for all
these configurations. One can see that the temperature
evolution of the emission linewidth can be described well by
invoking specific vibrational modes whose energy strongly
depends on the surrounding matrix. It is in fact impossible to
fit, for example, the data for nanocrystals with ligand passivation
using phonon mode energies of thin-shell nanocrystals and vice
versa. At higher temperatures, as expected from Bose statistics,
the linewidth grows linearly, where the slope is inversely
proportional to the phonon energy, leading to a narrower
linewidth for thin passivation particles. As a result, the average
room-temperature bandwidth can vary by an order of
magnitude: from ~25 meV for passivated-only particles to
~220 meV for dodecene-functionalized particles, depending on
the encapsulating layer elastic properties. Error bars in Figure §
reflect variations from dot-to-dot in, for example, size, for the
same type of surface passivation since the acoustic mode energy
has strong size-dependence.” In addition, single-nanocrystal
shape may deviate from an ideal sphere, resulting in splitting of
the lowest order breathing mode into several direction-
dependent modes. These modes may have slightly different
energies, leading to the observation of broad replica peaks
instead of well-defined sharp replica lines in individual spectra
(cf. Figure 2), and may also contribute to the observed dot-to-
dot linewidth variations. However, we believe that the strongest
effect on the homogeneous linewidth comes from the matrix
elastic properties, where the specific phonon energy may vary
by more than an order of magnitude, as estimated above.

dx.doi.org/10.1021/ph500221z | ACS Photonics 2014, 1, 998—1005
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The above-mentioned estimations for oxide- and ligand-
embedded particles are based upon the infinite matrix
assumption. For real nanocrystals, however, the finite thickness
of the surrounding layer could also affect the vibrational mode
energy and, hence, the room-temperature linewidth. In Figure
6, we compare linewidth distributions for individual nanocryst-
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Figure 6. Statistical distribution of the spectral linewidth for individual
nanocrystals in a SiO, matrix at room temperature (top) for nanolayer
samples with a thin oxide passivation layer and (bottom) for nanopillar
samples with a thick oxide layer. Solid lines are guides for the eye.
Typical TEM images are shown in the insets.

als embedded in SiO, of different thickness. Nanocrystals
obtained from time-limited (i, 10 s at 900 °C) or native
oxide-only nanolayers were compared with those formed by
long self-limiting oxidation of nanopillars (i.e., 1 h at 900 °C).
From TEM images the oxide thickness is 15—20 nm for the
latter and 3—S5 nm for the former case (inset in Figure 6).
Indeed the distribution of the emission linewidth is shifted to
smaller values for the thinner oxide thickness, where nano-
crystals approach elastic stress-free nanoparticle configuration.
We note here that initial measurements on oxidized nanocryst-
als®® were performed on particles with a thick oxide shell,
leading to the observation of broad emission lines. So it is
possible to obtain narrow luminescence linewidths with a
careful design of the preparative method for a given material/
matrix target. Recently, the same dependence of the linewidth
on the shell thickness was observed in CdSe/CdS core/shell
nanocrystals.*®

To put these results in perspective, we compare a typical
luminescence linewidth of silicon nanocrystals measured by
single-dot spectroscopy in this work with literature values for
direct-band-gap nanocrystals characterized by the same
technique. While time-domain measurements can give higher
resolution at low temperature,3’5_37 photoluminescence meas-
urements are more important practically since they directly
correspond to the situation where nanocrystals can be applied
as phosphors or biolabels. Temperature evolution of the
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emission linewidth can also be studied, providing insight into
the observed values at room temperature. The data for
nanocrystals of different materials are summarized in Table 1

Table 1. Narrowest Low-Temperature Homogeneous
Linewidth Deduced from Single-Dot Spectroscopy for
Nanocrystals of Different Materials (ueV)

GaN**
~6000

GaAs™
<30

InP*?
<40

InA S1
<30

Ccds*
~1000

CdSe*
<120

Si [this work]
<200

Table 2. Typical Value of the Room-Temperature
Homogeneous Linewidth Deduced from Single-Dot
Spectroscopy for Nanocrystals of Different Materials (meV)

CdSe/ InAs/ PbS/ Si/thin shell Si/SiO, Si/ligands
ZnSe”  GaAs™ polymer™  [this work] [this work]  [this work]
>50 ~20 ~100 ~25 ~90 ~220

for the low-temperature and in Table 2 for the room-
temperature measurements. It is immediately evident that
single-dot spectroscopy at low temperature gives values that are
much higher than the ultimate linewidth limit (set by the
uncertainty relation) for all quantum dots. The measured values
are limited either by the spectral resolution of the detection
system or the influences of spectral diffusion, which are
especially pronounced in CdS and GaN nanocrystals.”>>* Thus,
the values in Table 1 simply represent upper limits of the
linewidth achievable by this method. Taking into account the
experimental limitations, one can reasonably expect that silicon
quantum dots behave very similarly to their direct-band-gap
counterparts regarding the bandwidth absolute value and its
temperature evolution. In some cases, such as the room-
temperature linewidth for thin-shell nanocrystals, they even
outperform CdSe nanocrystals (cf. Table 2), which have been
long considered as a model system for optical studies of
quantum dots.

B CONCLUSIONS

In this paper we report the observation of ultranarrow emission
lines from single silicon nanocrystals/quantum dots at low
temperature. The observed linewidth, ~200 peV at 10 K, can in
fact be much lower since this value is the limit of our system
resolution. Comparison with linewidths reported for other
quantum dot systems and the tunability of the emission for
various dots strongly support a quantum-confined mechanism
for the luminescence from silicon quantum dots. We have also
demonstrated that the mechanical coupling of a nanocrystal to
its matrix largely influences the luminescence linewidth due to
exciton—phonon interaction. This can be minimized using a
thin passivating layer, resulting in a relatively sharp linewidth
even at room temperature (as narrow as ~$ nm). These results
unequivocally show that previous theoretical models predicting
necessary broadening due to the indirect band-gap structure of
silicon were incorrect, having general implications for modeling
and applications of silicon nanostructures. In fact, only now
when the homogeneous linewidth has been reduced, methods
to address a smaller size distribution to reduce the
inhomogeneous broadening can be applied. Mass fabrication
of narrow-linewidth individual nanocrystals reported here and
their size-separation by centrifuging or charge-separation by
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ACS Photonics

high-performance chromatography would be the next exper-
imental steps to achieve narrow-linewidth ensembles.

Thus, a direct application of understanding the phonon
contributions to the photoluminescence broadening described
in the present study can facilitate the development and
application of nanomaterials with narrow spectral linewidths.
This can possibly be used for biolabeling and for replacing
phosphors in solid-state light-emitting diodes, where silicon
nanocrystals have a clear advantage, being a nontoxic and
environmentally friendly material.

B ASSOCIATED CONTENT

© Supporting Information

A video file composed of a sequence of spectral images showing
the spectral diffusion effect in individual silicon nanocrystals
with a description text file. This material is available free of
charge via the Internet at http://pubs.acs.org.
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