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ABSTRACT: The photoluminescence (PL) of size-purified
silicon nanocrystals is measured as a function of temperature
and nanoparticle size for pure nanocrystal films and
polydimethylsiloxane (PDMS) nanocomposites. The temper-
ature dependence of the bandgap is the same for both sample
types, being measurably different from that of bulk silicon
because of quantum confinement. Our results also suggest
weaker interparticle and environmental coupling in the
nanocomposites, with enhanced PL and an unexpected
dependence of lifetime on size for the pure nanocrystal films
at low temperatures. We interpret these results through
differences in the low-temperature size dependence of the ensemble nonradiative equilibrium constants. The response of the
PDMS nanocomposites provides a consistent measure of local temperature through intensity, lifetime, and wavelength in a
polymer-dispersed morphology suitable for biomedical applications, and we exploit this to fabricate a small-footprint fiber-optic
cryothermometer. A comparison of the two sample types offers fundamental insight into the photoluminescent behavior of
silicon nanocrystal ensembles.
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■ INTRODUCTION

The unique optical and electronic properties of semiconductor
nanocrystals have generated a tremendous amount of interest
directed at a broad range of potential applications.1−8 Although
most of the focus has been on nanocrystals synthesized in
solution from precursors of binary alloys such as cadmium
selenide, an increasing amount of attention is being directed at
silicon, an abundant and technologically well-established
element that can be synthesized into nanocrystals of controlled
mean size through a single-step process in a low-pressure
nonthermal plasma.9,10 Silicon nanocrystals (SiNCs) produced
in this manner have a bright photoluminescence (PL) with a
relatively high quantum yield that can be tuned across the
visible spectrum to the near-infrared (NIR).11 In general,
SiNCs have low toxicity,12 good solubility,13 and high colloidal
and intracellular mobility,14 which makes them excellent
candidates for a number of potential applications, ranging
from imaging contrast agents15 to luminescent inks16 and
electron-acceptor materials in photovoltaic devices.17 In
particular, efficient emission in the NIR,18 a spectral regime
where biological tissues are relatively transparent,19 coupled
with good biocompatibility20 make SiNCs ideal candidates for
applications that seek to exploit nanocrystal PL within tissues
or biological fluids.

Like all semiconductor nanocrystals, the PL from SiNCs is
intimately shaped by quantum confinement.21 In addition to a
strong dependence of emission color on particle size, overlap in
the electron−hole pair leads to faster recombination and a
reduction in the rate of nonradiative events that typify the bulk
material.22 The indirect nature of the bandgap, however,
significantly broadens the emission and leads to lifetimes on the
order of 10−100 μs, which stands in stark contrast to the
behavior of direct bandgap materials. An area of application
where this difference might be beneficial is thermometry based
on the PL from quantum dots.23−30 As one example,
cryosurgery at liquid nitrogen temperatures is emerging as a
particularly effective way to treat certain internal cancers,31 but
to fully destroy the tumor it is critical to achieve a uniformly
low temperature throughout the target.32 Currently employed
metrics for monitoring temperature during cryosurgery are
based on ultrasound or magnetic resonance imaging, which
provide good spatial resolution but lack thermal sensitivity.
Most work to date has focused on CdSe, which exhibits a 5-fold
increase in PL between 300 and 100 K.23 The potential
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cytotoxicity of CdSe might be unacceptable for biomedical
applications,7,8 however, and SiNCs thus represent a more
attractive option for the fabrication such devices.
There has been a small but significant amount of recent work

on the temperature dependent PL from SiNCs dispersed in a
variety of environments.33−37 In general, the intensity and
lifetime both increase with decreasing temperature as the
influence of nonradiative effects decreases, while the emission
peak shifts because of thermal changes in the bandgap.33−37

Only a coarse picture of how the response varies with
nanocrystal size has emerged, however, and this has focused
primarily on the influence of quantum confinement.33,37 The
potential importance of many-body effects in SiNC ensembles
is emerging as a topic of interest, and recent results suggest that
nanocrystal size and polydispersity can play a role in the
collective optical response.38,39 In this regard, a temperature
dependent PL study has never been performed on size-purified
plasma-synthesized SiNCs, and from the perspective of
applications that seek to encapsulate the nanocrystals in a
protective matrix, the influence of a surrounding polymer on
the cryogenic behavior of SiNCs has never been investigated.
Such questions are highly relevant to the development of
cryogenic sensing applications that exploit the PL from SiNCs,
but they also offer more general insight into the fundamental
nature of PL from semiconductor nanocrystal ensembles.
Here, we report on the temperature dependent PL of size-

purified SiNCs in both pure nanocrystal films and poly-
dimethylsiloxane (PDMS) nanocomposites, and we exploit the
results to fabricate the first PL-based SiNC cryoprobe. As might
be anticipated, each scenario (pure nanocrystal vs. polymer
nanocomposite) shows an appreciable increase in PL intensity
and lifetime with decreasing temperature, while the size-
dependent bandgap exhibits a common temperature depend-
ence that is measurably different from the thermal behavior of
bulk silicon. In addition, however, our measurements reveal an
unanticipated increase in lifetime with decreasing nanocrystal
size at low-temperature in the pure SiNC films, which as a
consequence can exhibit greater fluorothermal sensitivity. We
interpret this result through the size dependence of an effective
nonradiative equilibrium constant for the low-temperature
ensemble, and we compare it with theoretical predictions.
Significant insight into the origin of the trend comes from its
absence in the polymer nanocomposites, which our results
suggest are nonetheless superior materials for fabricating small-
footprint fiber-optic cryothermometers. In a much broader
view, our results have relevance to any application that seeks to
exploit the PL of SiNC ensembles or SiNCs embedded in a
polymer matrix, including LEDs, photo and thermo responsive
polymer nanocomposites, and SiNC-aggregate fluorophores for
bioimaging applications.

■ RESULTS AND DISCUSSION
The materials are plasma-synthesized SiNCs covalently capped
with 1-dodecene, where the ligand imparts solubility in
common organic solvents. Details of the plasma synthesis
scheme are given elsewhere.9,10,40 The mean nanocrystal size in
the parent is 4 nm with a standard deviation of 0.8 nm
(polydispersity index of 1.05), and the microstructure is in
excellent agreement with the diamond structure of silicon.39

Size purification was achieved through density-gradient ultra-
centrifugation (DGU) in organic solvents as described
elsewhere.39 Two separate sets of comparable fractions from
the same parent material were used to make the pure SiNC

films and nanocomposites, respectively. Increasing fraction
number corresponds to greater depth in the density gradient
and hence larger nanocrystal size, where typical fractions have a
polydispersity index of 1.01 (standard deviation of 0.35 nm,
Supporting Information). The absolute quantum yield of the
parent is near 30% immediately after synthesis and processing,
while that of the fractions is comparable to the parent for the
larger fractions but decreases dramatically with size for the
smaller fractions (Supporting Information).39 As a polymer
matrix, we use cross-linked PDMS because of its widely
established biocompatibility and biodurability, and we focus on
the temperature range relevant to cryomedical applications that
employ liquid nitrogen (80 to 300 K). Differential scanning
calorimetry (DSC) measurements of the pure PDMS show a
single glass transition at Tg ≈ −125 °C, and there is a small
decrease in the optical transmission of the pure PDMS from
ambient down to Tg (Supporting Information). Further details
are given in the Materials and Methods section.
Figure 1 shows the PL spectrum of the parent at 80 K, PL

spectra of the fractions as pure films and PDMS nano-

composites at 80 K, and typical changes in PL with
temperature. Use of the fractions over the parent (AP) material
offers a clear and significant reduction in PL line width, which
will be important for spectral and imaging applications. The
difference in PL behavior demonstrated in Figure 1c arises
primarily from a difference in the temperature dependence of
the quantum yield between the pure SiNC and PDMS
nanocomposite samples, but there is also a slight decrease in
the optical transmission of PDMS below Tg (Supporting
Information). Fraction linewidths are among the lowest
reported for nanocrystalline silicon; roughly 1.4× that of
commercially available CdSe at comparable emission energy.
Figure 2a shows how E, the energy of peak PL, evolves with T,
where the excitation power was maintained below 50 mW/cm2

to avoid low-T saturation effects associated with PL lifetime.33

In all cases, the PL intensity increased monotonically with
decreasing temperature for excitation powers down to 0.2 mW/
cm2. The PL peak shifts to lower energy with increasing T
because of thermally induced changes in the quantum-confined
energy levels, where such changes can depend on lattice
spacing, strain, and electron−phonon coupling.34,41

Thermal changes in the bulk Si bandgap occur predom-
inantly through thermal expansion and electron−phonon
interactions.34,42 For quantum dots in general,41 thermal
expansion can affect E(T) through its dependence on lattice
spacing a, with (∂E/∂T)a = (∂E/∂a) (∂a/∂T). Such a

Figure 1. (a) Low-temperature (80 K) PL spectra of pure SiNC films
from the fractions, where the black curve is the emission spectrum of
the as-produced (AP) material at 80 K. (b) Low-temperature (80 K)
spectra of SiNC/PDMS nanocomposites made from comparable
fractions. (c) Temperature dependent PL for a pure SiNC fraction
(1.86 eV peak emission) and a fraction in PDMS (1.78 eV peak
emission), both normalized by the emission at 80 K.
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contribution is typically weak for quantum confinement,
however, because of the magnitude of (∂E/∂a).41 Thermal
expansion of the quantum-confined envelope41 will likewise be
a small effect, since the thermal expansion coefficient of Si
changes sign near 100 K but is otherwise small (∼ 10−6 K−1).43

This leaves electron−phonon coupling as the dominant factor,
similar to what occurs in the bulk.33,34,42 A rigorous expression
for E(T) does not exist for SiNCs, so we adopt the approach of
ref 44 and fit E(T) to a second order polynomial (curves,
Figure 2a), where the constant term models the 0 K bandgap
(E0). Figure 2b shows the parameter E0 fit to the expression

18,39

E0(R) = 1.17 eV + 4.53/(2R)1.5 characteristic of quantum
confinement, along with representative TEM images. From the
fit of E(T) we compute dE/dT, which we compare to bulk
silicon44 in Figure 3. The two sample types exhibit the same

size-dependent deviation from bulk behavior. Assuming that
larger nanocrystals would approach the bulk value of dE/dT,
our data suggest that the magnitude of dE/dT should exhibit a
minimum at ∼4−5 nm, which roughly coincides with the
exciton Bohr radius of Si.
Despite the identical thermal behavior of the bandgap, there

are some important differences between the two sample types.
The PL line width is similar for the largest fractions, but the
polymer nanocomposites have measurably narrower spectra at
smaller nanocrystal size (Figure 4). In both cases, the full width
at half-maximum (fwhm) increases weakly with decreasing
temperature and decreasing size from a minimum near 2R ≈ 4
nm, with a size dependence (Figure 4c and d) that is opposite
to that of dE/dT. The near-Gaussian shape of the spectra
(Figure 4a) suggests that the broadening is predominantly
inhomogeneous. The larger fwhm at lower T and the larger

fwhm in the pure SiNC films compared to the polymer
nanocomposites is consistent with coupling to the “ensemble”
environment that is stronger both at lower T and in pure
nanocrystal films. The former effect is consistent with an
increase in pressure associated with contraction upon cooling
(Supporting Information), while the latter effect is consistent
with a suppression of interaction effects by the polymer
matrix39 in the PDMS nanocomposites, as discussed in greater
detail below.
Typical PL decay in response to pulsed UV excitation is

shown in Figure 5a and b. The “stretched” nature of the
background-corrected intensity, I(t) = I0 exp[−(t/τ)α], leads to
noticeable curvature on a semilog plot. Figure 5c and d show
lifetime maps of the two sample types in the plane of

Figure 2. (a) Temperature dependence of the energy of peak PL for
both pure SiNC fractions and PDMS nanocomposites, where the
arrow indicates the direction of increasing size. (b) Size dependence of
the fitting parameter representing the 0 K bandgap, where the upper
insets show TEM images of a typical fraction (top, 5 nm scale) and a
single nanocrystal (bottom, 1 nm scale).

Figure 3. (a) Size dependence of dE/dT for the two sample types at
80 and 300 K, where the curves are second order polynomial fits. Bulk
values from the literature are shown as dashed lines.

Figure 4. (a) Spectra of a fraction (f12) in PDMS at 300 K and a pure
fraction (f7) at 80 K with a Gaussian profile (black). (b) PL line width
(fwhm) from the measured spectra as a function of temperature for
the pure SiNC fractions and the corresponding PDMS nano-
composites, where the arrow indicates the direction of increasing
size. (c) fwhm for the SiNC fractions and nanocomposites as a
function of size at 80 K and (d) an analogous plot at 300 K. The
curves in (c) and (d) are second order polynomial fits, and the
horizontal label in (c) is identical to that in (d).

Figure 5. (a) Temporal decay of PL for a pure SiNC fraction at three
different temperatures and (b) an analogous plot for a PDMS
nanocomposite. The curves are the stretched-exponential fits used to
extract PL lifetime, and the dashed lines highlight the deviation from
purely exponential relaxation. (c) Lifetime in the plane of temperature
and nanocrystal size for the pure SiNC fractions and (d) an analogous
plot for the PDMS nanocomposites, where the hatch marks indicate
measurement locations.
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temperature and nanocrystal size, and Figure 6a suggests that
the dependence of the exponent α on R and T is the same for

the two sample types. Stretched-exponential relaxation typically
arises from a broad superposition of exponential decays, where
for nanocrystalline silicon this distribution can reflect phonons,
surface trap states, or recombination centers.43,45−50 It has
recently been suggested that multiexponential relaxation is in
fact intrinsic to indirect bandgap semiconductor nanocrystals.49

In light of the monodisperse nature of the fractions and the
insensitivity of α to sample type, the data presented here
support an intrinsic origin, with the α → 1 trend at low T
reflecting a decrease in the number of available phonon modes
upon cooling. Figure 6b shows how τ evolves with T, and
Figure 6c shows the trends with size at low and high
temperature. Although otherwise similar, an increase in τ with
decreasing R is clearly evident for the pure SiNC films at 80 K
Figure 6c).
A handful of recent studies have focused on the PL of size-

purified SiNCs,39,51−53 and an increase in lifetime with
increasing nanocrystal size can be anticipated up to the
characteristic size corresponding to the optimum quantum
yield. A striking exception to this trend is the low temperature
behavior exhibited by the pure SiNCs, which show an increase
in lifetime with decreasing size. A hint of this trend can also be
seen in recent cryogenic measurements on size polydisperse
solution-synthesized SiNCs,37 although only two nanocrystal
sizes were examined in that study. In the simplest view, the
quantum yield is Φ = k0/(k0 + k′), where k0 and k′ are
equilibrium constants associated with radiative and nonradiative
relaxation, respectively. The lifetime is τ = (k0 + k′)−1 and the
radiative (T→ 0) lifetime is τ0 = (k0)

−1, with τPure /τPDMS = (k0

+ k′)PDMS/(k0 +k′)Pure. The assumption that k0 is intrinsic to an
individual nanocrystal implies

τ
τ

=
Φ

Φ
=

+ ′
+ ′

k k
k k

1 ( / )
1 ( / )

Pure

PDMS

Pure

PDMS

0 PDMS

0 Pure (1)

with the behavior in Figure 6c thus suggesting that there is a
low-temperature decrease in the nonradiative rate constant
(k′)Pure with decreasing size. For both sample types, a decrease
in k′ upon cooling leads to an increase in τ, but our data suggest
that the low-T decrease in k′ is more pronounced for the pure
SiNC films at smaller nanocrystal diameters.
A feasible explanation for this difference is the influence of

interactions, which appear to reduce nonradiative rates in SiNC
clusters.39 We note that a somewhat related but different trend
has recently been predicted by many-body theory, where room-
temperature exciton transport rates and PL relaxation rates
both increase with decreasing nanoparticle separation and
decreasing nanocrystal size.38 Such computational schemes are
better suited to smaller SiNCs,38 however, and are inconclusive
at the close separations of interest here. They also use local field
factors to approximate the screening of interdot Coulomb
interactions and neglect any role for “dark” trap states. Here,
insight into the origin of the effect comes from its notable
absence in the PDMS nanocomposites. A previous study of PL
enhancement in size-purified SiNCs showed a correlation
between PL and ensemble microstructure; clusters slowly dried
from neat SiNC solutions showed PL “brightening”, while
clusters formed quickly in composite films through phase
separation in polymer solutions showed “bleaching”.39 The
important differences are the tendency for packing order in the
pure SiNC films39 (whereas the SiNC clusters in the polymer
nanocomposites are amorphous) and the presence of residual
interfacial polymer in the nanocomposite clusters. Although
more research is clearly warranted, both of these have the
potential to influence the collective optical response through
interactions, particularly at low temperature. Here, the PDMS
nanocomposites also show significant phase separation between
the nanocrystals and the polymer matrix (Supporting
Information), suggesting that the same morphological factors
that influence room-temperature PL “brightening” might also
influence the low-temperature PL relaxation behavior reported
here.
Finally, we utilize the above observations to fabricate the first

PL-based fiber-optic cryothermometer from SiNCs. A typical
device is shown in Figure 7 and details of the fabrication
scheme are given in the Supporting Information. The device
relies on the transmission of excitation light through one fiber
and the collection of PL through another (parallel) fiber, with
the SiNCs assembled as a film on the common end (Figure 7a).
The labeled end is then placed inside a cryostage while the
temperature is changed. The PL response from these prototype
devices is sufficient to provide an optical metric of temperature
with a potentially small footprint (∼ 1 mm), which might open
up routes to new cryo-sensing and thermometry applications.
Interestingly, devices fabricated from the PDMS nano-
composites had stronger signal than devices fabricated from
the pure SiNCs, suggesting that despite the above differences in
quantum yield, the polymer nanocomposites are better for
making devices. Optical inspection of the labeled ends of the
fibers revealed a more uniform coverage for the PDMS
nanocomposites, highlighting one of the major advantages of
polymer coating technology.

Figure 6. (a) Exponent α as a function of temperature for pure SiNCs
(solid) and PDMS nanocomposites (dashed). The black trace is the
fraction average. (b) Lifetime vs T for pure SiNCs (solid) and PDMS
nanocomposites (dashed). The color key is the same as in Figures 1
and 2 and the label for the horizontal axis in (a) is the same as that for
(b). (c) Lifetime as a function of nanocrystal size for pure SiNCs and
PDMS composites at 300 and 80 K. Error bars are the size of the
markers.
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■ CONCLUSIONS
We have characterized the temperature dependent PL of highly
monodisperse size-purified SiNCs in pure nanocrystal films and
PDMS nanocomposites from room temperature down to 80 K.
We find behavior consistent with weaker interparticle/environ-
mental coupling in the PDMS nanocomposites and stronger
interparticle effects in the pure SiNC films, but the overall
behavior is in agreement with the trends that would be
expected based on the thermal behavior of bulk silicon and the
influence of quantum confinement. The line width is slightly
larger at low temperature (consistent with stronger coupling to
the local environment at lower T) and somewhat smaller in the
nanocomposites (consistent with weaker ensemble coupling
due to the cross-linked polymer matrix). The functional form of
the PL decay is a stretched-exponential relaxation independent
of sample type (pure vs nanocomposite), consistent with
coupling to a distribution of internal phonon modes.
The lifetime for both samples increases with decreasing

temperature, but an unanticipated low-T increase in τ with
decreasing nanocrystal size in the pure SiNC films is suggestive
of an increase in ensemble quantum yield mediated by
nanocrystal interactions. A feasible explanation for the absence
of this enhanced lifetime in the PDMS nanocomposites would
then be the influence of intervening polymer on the interaction
of neighboring nanocrystals. Although perhaps less sensitive to
changes in temperature than the PL from the pure SiNC films,
the intensity, lifetime, and wavelength of the PDMS nano-
composites is sufficient to provide a measure of local
temperature in a polymer-dispersed morphology suitable for
biomedical applications. The flexible transparent PDMS matrix
also offers a convenient way to contain and protect the SiNC
fluorophores, while preventing their loss into the environment
and maintaining a more uniform coating on the fiber ends.
Although an apparent suppression of low-temperature many-
body effects by the intervening polymer matrix might reduce
the ensemble quantum yield, it might also have a stabilizing
influence on the PL, which could be critical for sensing
applications that demand reproducibility.

■ MATERIALS AND METHODS
Materials. The nanoparticles were plasma synthesized and surface

processed with a 5:1 mixture of mesitylene and a ligand (1-dodecene)
through a liquid-phase thermal hydrosilylation reaction.9,10,40 The
SiNCs were then further purified by size using DGU as detailed
elsewhere.39,53,54 Pure and PDMS composite films of SiNC fractions

were prepared on quartz or glass coverslips. For the PDMS, a 10:1 by
mass ratio of monomer to hardener was used for the films and 20:1
was used for the devices. Resin and catalyst were combined in a vial
and stirred for 5 min. A small amount (∼100 mg) of mixed PDMS was
placed in another vial and then combined with toluene to form a 2%
by weight PDMS/toluene solution. This parent solution was then used
for all PDMS/SiNC samples. The coverslips were UVO plasma
cleaned and then annealed in perfluorodecyltriethoxysilane vapor to
generate a fluorinated self-assembled monolayer (SAM), which
enables control of film thickness (and total PL signal) through the
rate of solvent evaporation on a partially wetting surface. Composite
and pure SiNC films were drop cast from toluene or hexane,
respectively, onto treated coverslips, and in the case of PDMS
annealed under vacuum at 40 °C for 1 h to promote cross-linking.
Polymer nanocomposites prepared in this fashion showed limited
phase separation at the time of measurement (immediately after
preparation), but such samples coarsened considerably over the span
of days (Supporting Information).

Methods. Transmission-electron microscopy (TEM) images were
taken with a JEOL JEM-2100 analytical TEM operated at 200 kV.
Digital images were collected using a GATAN Orius SC1000 bottom-
mount CCD. Quantifoil grids containing an orthogonal array of
microscopic holes on a 200 mesh copper support were cleaned with
chloroform and toluene, dried under vacuum, and then placed on a
UVO plasma cleaned coverslip. A small volume (10 μL) of purified
water was introduced onto the grid, followed by 20 μL of a nanocrystal
fraction dispersed in toluene. The toluene quickly evaporates to leave a
monolayer of nanocrystals on the water surface, and this monolayer
gets suspended over the grid as the water evaporates (TEM images in
Supporting Information). Optical measurements were generated using
nearly simultaneous visible/NIR fluorescent imaging and visible/NIR
fluorescence lifetime spectroscopy on a customized upright micro-
scope. All PL measurements were taken in transmission mode with a
4× long-working-distance NA 0.13 objective. A collimated variable-
power 1 mW fiber-coupled LED (365 nm) was used for continuous
excitation, and modulated pulsed excitation was delivered with a fiber-
coupled pulsed UV laser (Advanced Laser Diode Systems, PiL037, 375
nm, 30 ps pulse width, 140 mW peak power, 1 kHz to 1 MHz
modulation) fiber coupled to a photomultiplier tube (Hamamatsu
H10721−20). Measured excitation power at the sample with the LED
was typically 30 to 60 mW/cm2, while RMS pulsed-laser excitation
power at the sample was 0.2 mW/cm2 at 1 MHz. For the pure PDMS,
spectral transmission was measured using a fiber-coupled white-light
LED. All measurements were performed as a function of temperature
between 80 and 300 K using a Linkham BCS196 CryoBiology stage. A
TA Instruments Q2000 DSC with LNCS cooling was used to measure
the Tg of the pure PDMS.
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