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I
nterest in the photophysical properties
of semiconductor nanocrystals (NCs)
arises from well-known particle-size con-

trolled bandgap, high photoluminescence
(PL) quantum yields, and facile processing
for use in devices.1�5 A number of applica-
tions subject NCs to elevated operating
temperatures, including concentrated solar
cells,6 high brightness/current light-emitting
diodes (LEDs),7 and lasers.8 However, PL
quenching (and thus exciton quenching) is
known tooccur at elevated temperature,9�14

which suggests deteriorationofperformance
in such devices. Our prior examinations of
CdSe and InP NCs point to electron and hole
trapping as culprits for PL quenching with
temperature elevation, while replacement of

native ligands with a wide bandgap shell
(ZnS) or inorganic capping ligand (S2�)
has led to improved PL retention.10,11 De-
spite the importance of the NC surface to
high temperature PL performance, a key
surface motif remains unexplored, namely
the covalently bound organic ligand. In
most core-only NC compositions, the sur-
face is passivated by an ionically bound
ligand (e.g., trioctylphosphine on CdSe),
the volatility and departure of which likely
drives the formation of trap states at lower
coordination surface atoms.15 By contrast,
silicon NCs can form covalent bonds with
carbon,16,17 the stability of which may
lead to a more thermally robust surface
passivation.
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ABSTRACT We report the photoluminescence (PL) properties of

colloidal Si nanocrystals (NCs) up to 800 K and observe PL retention on

par with core/shell structures of other compositions. These alkane-

terminated Si NCs even emit at temperatures well above previously

reported melting points for oxide-embedded particles. Using selected

area electron diffraction (SAED), powder X-ray diffraction (XRD), liquid

drop theory, and molecular dynamics (MD) simulations, we show that

melting does not play a role at the temperatures explored experimen-

tally in PL, and we observe a phase change to β-SiC in the presence of

an electron beam. Loss of diffraction peaks (melting) with recovery of diamond-phase silicon upon cooling is observed under inert atmosphere by XRD.

We further show that surface passivation by covalently bound ligands endures the experimental temperatures. These findings point to covalently

bound organic ligands as a route to the development of NCs for use in high temperature applications, including concentrated solar cells and electrical

lighting.
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Also critical to the useful operational range of a
photoactivematerial is thewell-knownmelting tempera-
ture (Tm) reduction exhibited by nanosized particles
relative to the bulk composition.18�20 Depending non-
linearly onparticle size, fewnanometer diameterNCs can
melt at hundreds of degrees Kelvin below the bulk-
phase, Tm,bulk, owing to their large surface/volume ratio.
For instance, siliconNCswithdiameters of 2 and4nmare
reported to melt at respective temperatures of 0.3Tm,bulk

and 0.6Tm,bulk, where Tm,bulk = 1687 K.18 Furthermore,
irreversible effects active even below Tm, such as sinter-
ing, can irreversibly alter the particles and degrade PL.
Here we report studies of Si NC thermal stability

and show that organically capped Si NCs retain PL in
similarity to CdSe/ZnS and InP/ZnS core/shell compo-
sitions up to 800 K.We demonstrate robust PL recovery
upon return to near-ambient conditions, and molecu-
lar dynamics (MD) simulations confirm the retention of
covalently bound ligands throughout this temperature
range. We further corroborate the apparent physical
stability of the colloidally prepared NCs at tempera-
tures well beyond previously reported Tm for physically
synthesized particles using transmission electron
microscopy (TEM), selected area electron diffraction
(SAED), and powder X-ray diffraction (XRD), as well as
through theoretical modeling and MD simulations.

RESULTS AND DISCUSSION

Figure 1 shows time-integrated PL spectra and time-
resolved PL (trPL) decays collected from drop-cast
films of Si NCs synthesized by plasma dissociation of
SiH4 gas and passivated by reaction with dodecene
(see Materials and Methods).17 Samples were excited
using a 35 ps 405 nmpulsed diode laser. With increases

of temperature over the range studied (300�800 K),
static PL intensity decreases by 1�2 orders of magni-
tude by 600 K and 2�4 orders of magnitude by 800 K
for all four samples, exhibiting no distinct size depen-
dence. The observed changes in PL intensity are
comparable to those observed in compositions
with a wide bandgap inorganic shell (e.g., CdSe/ZnS,
InP/ZnS, InP/S2�), while other examples of ligand-
terminated cores exhibit markedly lower PL thermal
stability.10�12,21 Worth mention, decreases in tempera-
ture below ambient for both core/shell and organically
passivated cores (including Si NCs) are known to yield
increases in PL intensity.22�24 trPL dynamics collected
at the emissionmaximum indicate a decrease in excited
state lifetime, τ, with increasing temperature as deter-
mined by fitting time-resolved PL traces using a single
exponential function (see Supporting Information for
examinations of longer term PL stability at sustained
elevated temperatures).
Effects such as reduced surface passivation and

sintering can yield irreversible PL loss by eliminating
emissive particles in the ensemble. We performed
cyclical heating experiments to deconvolute such ef-
fects from reversible PL loss.10,11 Figure 2 shows inte-
grated PL of Si NCs obtained from a cyclical heating
experiment (PL decay times in Supporting Information).
Remarkably, PL loss and changes in τ are almost entirely
reversible in all four Si samples up to 650 K. Only
after heating to 800 K do irreversible effects become
significant. These results are particularly surprising
given experimental and theoretical Tm depression in
Si NCs, where particles 2�4 nm in diameter have been
reported to melt as low as 400�550 K.18�20,25

Irreversible processes such as Ostwald ripening
and sintering, which can occur below Tm, may alter
ensemble PL wavelength or fwhm upon cooling. We,
however, find PL fwhm and energies, which, respec-
tively, broaden and red-shift while at elevated tem-
perature in correspondence with the Varshni effect,26

reliably recover to initial values upon returning to 300 K
(see Supporting Information, Figures S2�S4). Thus,
if physical changes do occur in the NCs at elevated
temperature, those NCs cease to emit; and on the basis
of the recovery in PL intensity in cyclical heating
experiments, the newly “darkened” ensemble represents
a small fraction of the initially emitting NCs.
Theoretical considerations support the notion that

Si crystallinity and surface passivation persists well
beyond 800 K for the NC sizes considered here. First,
a liquid drop model of NC melting based on classical
thermodynamics and cohesive energies between sur-
face atoms, including a correction to accommodate
underestimation of Tm in covalently bonded materials,
predicts Tm by eq 1,27,28

Tm(n) ¼ Tm(¥) 1� 1
n

� �2
" #

(1)

Figure 1. Spectra of Si NCs collected from drop-cast films
heated in an evacuated optical oven are here normalized to
the intensity of the 300 K spectrum. (a) Static PL falls off with
increasing temperature in a 3.2 nm diameter sample and (b) in
integrated static PL in all four samples. (c) Time-resolved PL
decays likewise decrease with increasing temperature in the
3.2 nm Si sample, (d) a trend further reflected in decreasing
excitedstate lifetimeswith increasingtemperature inall samples.
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where n3 = N, and N is the number of Si atoms.
Predictions based on the modified liquid drop model
yield Tm from 1230 to 1553 K for NC sizes ranging from
four-atom clusters to a 4 nm diameter Si NCs, respec-
tively. Although this model predicts NC Tm size depen-
dence, it does not account for atomistic details such
as covalent surface chemistry, which may significantly
impact thermal stability and Tm.
We use MD simulations to gain atomistic insight

into the temperature-dependent behavior of Si NCs.
Faceted Si NCs were created using the Wulff construc-
tion and experimentally known surface energies.29

For simplicity and computational tractability, Si NC
surfaces were passivated with hydrogen atoms (addi-
tional calculation details are available in the Support-
ing Information).30�32 Figure 3a displays the potential
energy of a 2.6 nm Si NC (558 atoms) at each tempera-
ture step, averaged over the 2 ps production run.
A discontinuity, emphasized in the first derivative, is
evident at 1440 K and indicates a solid�liquid transi-
tion (Tm,) that is depressed relative to Tm,bulk = 1687 K.18

By similarly treating both a smaller and larger Si NC, a
positive correlation appears between size and Tm,
consistent with thermodynamic considerations (see
Figure 3b and Supporting Information Figure S5).
The MD simulations qualitatively agree with the mod-
ified liquid drop model and with prior MD studies

employing the Stillinger-Weber potential,33 although
in the MD simulation Tm of the largest NC size
approaches the experimentally determined Tm,bulk,
perhaps because the interaction potential knowingly
overestimates Tm,bulk.

34 Regardless, both methods
predict that NC Tm values exceed the temperatures
examined for PL.
MD simulations also suggest that Si�H bonds are

stable over the PL measurement temperature range.
Like the Si�C bond, the Si�H bond is covalent, and
both exhibit a similar dissociation energy, D (DSi�H =
91.8 kcal/mol,DSi�C = 89.6 kcal/mol), the comparison of
which serves as a simplified means to conceptualize
the bond character.35,36 The reactive bond-order po-
tential used here is parametrized to capture bond-
making and breaking,30 yet MD does not exhibit ligand
desorption until temperatures in excess of 1600 K.
While further investigation is necessary to model this
process with still higher accuracy, we note that, in
aggregate, the similar dissociations of Si�C and Si�H
bonds, coupled with the thermal stability found in MD
simulations, support the notion advanced by the PL
data presented here: namely, the covalently passivated
Si NC surface exhibits enhanced thermal stability in
comparison to the ionically bound organic ligands of
InP and CdSe NCs.
Finally, to ascertain the size-dependent trends, we

investigated Tm using TEM, SAED, and XRD. In support
of the optical and theoretical data, SAED experiments
reveal no melting at temperatures as high as 1000 K
in either end-member of the studied Si NC sizes, and
analysis of the size distribution in the 3.2 nm particles
shows little sintering after heating to 800 K, with more
pronounced sintering after heating to 1100 K (Figure 4,
and Supporting Information Figures S6 and S7). SAED,
however, indicates continued crystallinity at elevated
temperatures. Rather than loss of order (melting), we
observe a chemical phase transition to a new crystal-
line phase identified as β-SiC that replaces the original
diamond crystal phase and persists upon returning to
300 K. In other systems, the ability to synthesize β-SiC
relies on exploiting the same phase change that we
observe here, with even bulk Si suitable as a starting
material.37 We find a size-dependent trend, with the

Figure 2. Normalized PL intensity measured during cyclical heating experiments decreases with increasing temperature but
shows significant recovery upon return to near-ambient temperature, especially in the smaller, bluer-emitting samples.

Figure 3. (a) Average potential energy vs temperature for
a 2.6 nm-diameter, H-passivated Si NC. The data points
represent an averageof 2 ps of simulationof an equilibrated
NC at the given temperature. The dashed line indicates the
first derivative of the potential energy vs temperature. (b)
Melting point as a function of Si NC temperature via multi-
ple methods. The solid line indicates the prediction of the
modified liquid drop model, while the square data points
indicate first derivative maxima indicating melting tem-
peratures from MD simulations.
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smallest NCs undergoing the phase transition at the
lowest temperature, suggesting that melting may
mechanistically facilitate the observed phase change.
In support of this hypothesis, XRD reveals melting
of the largest sample through the temperature-
dependent loss of Bragg peaks (see Supporting Infor-
mation, Figure S8), with near complete disappearance
of diffraction coinciding with the phase change
temperature observed in SAED. Even upon cooling

and recrystallization, however, no evidence of SiC
formation is observed, suggesting that the electron
beam in SAED may facilitate the reactive phase trans-
formation process or that differences between the
vacuum conditions of SAED and inert atmosphere
(Ar/H2) of XRD may affect the chemistry taking place.
Further investigation to deduce the subtleties of each
technique notwithstanding, a degradation of structural
integrity of the Si NCs at temperatures well above
those often noted is evident.

CONCLUSIONS

The PL of Si NCs exhibits both persistence to high
temperatures and resilience to thermal cycling akin to
core/shell motifs. We suggest that the robustness
of the surface passivation, arising from the covalency
of the NC-ligand bond, aids PL retention, a point
supported by the presented MD simulations. More-
over, while a report examining oxide-terminated Si
suggests that melting might occur even well below
800 K for similarly size particles, our experimental
and theoretical investigations point instead to higher
melting temperatures at least for covalently passivated
particles.

MATERIALS AND METHODS
Si NCs were synthesized by room temperature plasma dis-

sociation of SiH4 gas, using an H2 flow in order to H-terminate
Si NCs. Surface functionalization yielding covalently bound
dodecane was accomplished by ultrasonicating and heating in
amixture of dodecene andmesitylene.17 The samples are labeled
here according to particle diameters, 2.6, 3.2, 3.8, and 4.6 nm,
which correspond to ambient temperature maximum PL wave-
lengths of 670, 740, 880, and 890 nm, respectively.38 Complete
synthetic details are available in the Supporting Information.
Photoluminescence experiments were carried out on films

drop-cast from toluene ontoglass slides, whichweremounted in
an evacuated optical oven. Time-integrated and time-resolved
PLwere collected from samples photoexcited by a 35 ps, 405 nm
pulsed diode laser using a thermoelectrically cooled CCD and
avalanche photodiode, respectively. Additional experimental
details are available in the Supporting Information.
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