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ABSTRACT: We report the bottom-up synthesis of colloidal
two-dimensional (2D) layered silicon carbide (SiC) quantum
dots with a cubic structure, lateral size of 5−10 nm, ⟨110⟩
exfoliation to few atomic layers, and surface passivation with 1-
dodecene. Samples shielded from oxygen and plasma-annealed
for purity exhibit narrow blue photoluminescence (PL) with
quantum yields (QYs) over 60% in exceptional cases, while
unshielded nanocrystals (NCs) exhibit broad blue/green/white
PL with 10−15% QY. The latter scenario is attributed to excess
surface carbon and oxygen accrued during synthesis and
processing, with size separation through ultracentrifugation
revealing size-dependent impurity emission. In contrast, the
shape of the bright narrow blue PL shows little variation with
NC size, while in both scenarios, the maximum QY occurs near four atomic layers. When dried under heat, the disk-like NC
suspensions are observed to aggregate into microscale domains, with further self-assembly into planar superlattice domains
with common crystalline orientation. The results are compared with photophysical simulations and bring clarity to the broad
emission commonly reported for top-down approaches, while inspiring bottom-up schemes directed at improved material
quality.
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Two-dimensional (2D) layered materials and semi-
conductors, such as graphene, hexagonal-boron
nitride, and the various transition metal dichalcoge-

nides, are of current interest for a range of scientific questions
related to a variety of potential electronic and optoelectronic
applications.1−4 As a wide-band gap semiconductor, silicon
carbide (SiC) boasts many exemplary physical attributes of its
own, with perhaps the most notable being physical hardness.
Silicon carbide also exhibits a variety of crystalline polymorphs,
and although 2D monolayer honeycomb SiC was theoretically
predicted to be a stable phase nearly a decade ago,5 it has only
recently been realized, specifically by thermally annealing
ultrathin (<3 nm) transition metal carbide films on the Si-
terminated face of 4H SiC in an inert atmosphere.6 In part, this
longstanding challenge stems from the fact that unlike graphitic
carbon, silicon carbide exhibits no known layered phase and
does not naturally exfoliate using top-down approaches,7−9

which by necessity are harsh, corrosive, and oxidizing.

Among the many emerging potential applications for
nanostructured SiC, some of the most compelling ones relate
to photonics and quantum technologies,10 which is a direct
consequence of the outstanding characteristics of the material.
As is often the case, accessing these features in a colloidal
“quantum dot” platform has the potential to enable fluid
processing and the associated technologies. In contrast to the
commonly employed top-down approacheswhich produce a
strongly oxidized material with a degree of intrinsic solubility
in polar solvents“bottom-up” synthetic schemes targeting
nanocrystalline and microcrystalline SiC are much less
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common and more recent.11−17 The resulting SiC nanocrystals
(NCs) can exhibit broad visible photoluminescence (PL), but
this feature is not universally observed and its precise nature
remains poorly understood. When present, it resembles the
broad blue/green/white emission commonly reported for top-
down approaches, with reported quantum yields (QYs) of ≤
17%.10,18−27 Although some of these studies suggest quantum
confinement, multiple types of surface impurities have also
been implicated as the probable source of the PL.22 Indeed,
impurity and/or defect emission in general is what currently
defines the photophysical landscape of all forms of crystalline
SiC, across the visible to the NIR region.10,18−32 The
commercial potential of these materials is thus highly
dependent on our ability to control and engineer such features.
Here, we report the bottom-up synthesis of 2D layered SiC

quantum dots from the liquid precursor tetramethylsilane
(TMS). The plate-like NCs have a cubic (β) SiC structure,
lateral size of around 10 nm, and ⟨110⟩ exfoliation to 1−6
atomic layers. Notably, the NCs are surface-passivated with 1-
dodecene for colloidal stability in organic solvents, which
allows us to use size separation through density-gradient
ultracentrifugation (DGU) as a characterization tool. Samples
shielded from oxygen and plasma-annealed prior to passivation
show narrow blue PL with QYs near 60% in exceptional cases,
while unshielded NCs universally exhibit broad blue/green/
white PL with 10−15% QY. In the second scenario, the PL
resembles the broad fluorescence commonly reported for
nanoscale SiC, with DGU revealing size-dependent impurity
emission associated with excess surface carbon and oxygen

accrued during synthesis and processing. In contrast, the bright
narrow blue PL has not been previously reported and is linked
to a much cleaner SiC surface. Surprisingly, the bright emission
exhibits little variation with NC size, implicating a highly
optimized impurity/defect PL mechanism, which we suggest
includes intrinsic surface effects in “clean” but overconfined
SiC. For both scenarios, the maximum QY occurs near four
atomic layers, which we suggest represents the optimal
combination of two absorbing base layers and two emitting
surface layers. The NCs are also observed to phase-separate
under modest heat, with self-assembly into square “discotic
superlattice” domains with common underlying NC orienta-
tion. Our results are compared with simulations of the PL from
disk-shaped SiC NCs and bring much needed clarity to the
nature of the blue/green/white emission commonly reported
for top-down approaches. At the same time, the findings
illuminate potential pathways to “bottom-up” materials with
exceptional properties.
An important aspect of this work is the surface passivation of

SiC NCs through simple thermal hydrosilylation with 1-
dodecene, which renders the quantum dots soluble in organic
solvents and enables polymer blending and liquid-phase
processing. To the best of our knowledge, the chemical
grafting of SiC nanostructures with short organic chains has
only been performed on acid-processed SiC materials,33,34
which invariably will have highly oxidized surfaces.35 In
contrast, simulations suggest that pure H-termination leads
to more desirable photophysical attributes,36 and ligand
passivation likely plays a critical role in both the quality of

Figure 1. (a) Portion of a reactor immediately after synthesis (left) and after 24 h in air under ambient (middle) and UV (right) light. (b)
SEM image of layered morphology (20 μm scale), where the inset shows the stratified deposit (100 nm scale). (c) SEM image of raw powder
(500 nm scale) showing terraced layers. (d) Composition in the Si/C/O triangle for the exposed raw material from across the reactor with
(e) Si vs C content (normalized by O) and (f) Si vs O content was 0 equiv. (normalized by C). (g) Ligand-passivated colloid under ambient
(top) and UV (bottom) light. (h) PL spectrum (12% QY) vs photon energy, where the filled purple curve is absorption, the purple line is
excitation, and the black dashed line is the Tauc gap (red arrow indicates effective Stokes shift). (i) Colloid PL spectra with increasing
concentration from dilute colloid (blue) to dried film (red). (j) QY and (k) PL peaks as a function of increasing concentration (relative
absorption). (l) Typical PL decay curve with a stretched-exponential fit, where the inset shows QY and lifetime vs PL peak as a function of
increasing concentration (purple).
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the PL we are able to achieve and the unusual self-assembly
that these nanomaterials exhibit. In some ways, the NCs are
SiC analogs of the popular carbon dots,37−44 particularly those
built on layered graphene platforms. However, the use of SiC
as the “core” material in a bottom-up synthetic methodology
demands a different environment and hence a very different
approach.

RESULTS AND DISCUSSION
We synthesize the SiC NCs using a nonthermal plasma reactor
and the liquid precursor tetramethylsilane (TMS) in a manner
that resembles our process for making ligand-passivated 3D Si
NCs from cyclohexasilane45,46 but with important differences.
Most notably, the SiC dots form on the wall of the reactor in a
layered bulk form, requiring collection and sonication-assisted
exfoliation of the flake-like material prior to surface passivation.
As we demonstrate here, TMS is in some ways an nonideal
precursor for luminescent SiC NCs due to its intrinsic
stoichiometric imbalance (4:1 C:Si), but it has been used
recently for bottom-up nanoscale SiC syntheses and thus
represents a valuable point of reference.12,13,16 In contrast to
our previously synthesized 3D SiC NCs, which were
unpassivated and nonluminescent,16 the dots made here are
surface-passivated through hydrosilylation with 1-dodecene,
which enables nanoscale colloidal dispersion and permits DGU
as a characterization tool.47−49 This purification step is critical
to revealing not just the shape and size of the NCs but the
nature of the PL as well. Details related to synthesis and
processing can be found in the Materials and Methods. Briefly,

we employ flow rates marginally greater than those previously
used to make small (2−3 nm diameter) SiC NCs16 but in
much narrower reactors. Under these conditions, there is no
filter deposition of nanoscale particulates but only wall
deposition, which is critical to the layered structure of the
raw SiC material.
Figure 1a shows a portion of a reactor immediately after

synthesis (left) and again after 24 h in air (right) under both
ambient and UV (365 nm LED) light. The deposit lightens in
appearance and acquires white PL with a blue/green tint upon
exposure to air, which we attribute to the oxidation of H-
terminated surface Si in wide-band gap SiC. After removing the
bulk material from the reactor walls with heat, scanning
electron microscopy (SEM) reveals a layered sheet-like
morphology (Figure 1b,c), where additional images can be
found in Figure S1. The layered structure of the raw SiC flakes
of interest is evident as stepped terraces in Figure 1c. Energy
dispersive X-ray spectroscopy (EDS) on such a raw exposed
material (Figure 1d) reveals equal fractions of Si, C, and O,
where the tie lines in Figure 1d indicate 1:1:1 composition.
Figure 1e shows Si content vs C content (normalized by O)
and Figure 1f shows Si content vs O content (normalized by
C), where both lines have slope 1. The EDS data indicate
SiOC for exposed flakes, with Raman spectroscopy identifying
the spherical inclusions (Figure 1b) to be amorphous silicon
(a-Si), as discussed further below.
After tip sonication in mesitylene to exfoliate the bulk

layered material, the resulting nanoflakes readily undergo
thermal hydrosilylation with 1-dodecene to form a stable

Figure 2. (a) TEM image of an individual NC (2 nm scale). (b) TEM image of colloidal NCs showing Moire ́ fringes from superposed plates
(5 nm scale). (c) XRD profiles of raw powder and the resulting colloid, where the peaks indicated by arrows correspond to the ⟨111⟩, ⟨220⟩,
and ⟨311⟩ directions of nanocrystalline β-SiC (from left to right). The inset shows the Scherrer fits used to deduce plate thickness h (0.82
nm for raw flakes, 0.83 nm for colloid), with the indicated peaks corresponding to lattice spacings of 0.23 nm (powder) and 0.22 nm
(colloid). (d) Raman spectrum of colloidal NCs showing only the LO peak (green), where the red arrow is the anticipated location of the
TO peak, and the arrows at 480 and 720 cm−1 (inset) indicate the anticipated positions of a-Si and ligand peaks, respectively. (e) AFM image
of size-purified colloidal NCs spin-coated on a c-Si wafer (500 nm scale), where the inset shows a higher magnification image with height
scale. (f) Lateral size histogram from TEM with log-normal fit. (g) Histogram of the aspect ratio with an exponential fit, where the inset
shows total AFM height (thickness) distribution of a parent compiled from several of its DGU fractions. (h) Lattice spacing histogram from
TEM (⟨11̅0⟩, ⟨11̅1⟩, ⟨001⟩ planes, from left to right).
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colloid that retains the broad emission (Figure 1g). Typical
PL/absorption spectra are shown in Figure 1h and indicate a
large Stokes shift. Interestingly, the PL red-shifts with
increasing concentration such that the emission from a dried
film is red. We note that samples shielded from air throughout
synthesis and processing did not show this trend, which we
attribute to concentration effects (e.g., broad PL and self-
absorption) and the interaction of the red-emitting oxygen-
containing surface groups detailed below. As is often observed
for quantum dots, the PL QY drops as the concentration
increases (Figure 1j,k), with dilute suspensions from exposed
flakes typically having QYs near 10−15%. In response to
pulsed UV excitation, the time-dependent PL intensity, I(t),
exhibits a stretched exponential decay, I(t) = I0 exp[−(t/τ)α]
(Figure 1l), with typical stretching exponents (α) of 0.6 to 0.7,
indicating a broad distribution of emitting states. Although the
QY drops with increasing concentration, the PL lifetime (τ) is
constant at near 4−5 ns. Additional information related to
processing, exposure, and QY for these unshielded materials
can be found in Figure S2.
The shape and crystallinity of the colloidal NCs were

evaluated with transmission electron microscopy (TEM), X-
ray diffraction (XRD), and atomic force microscopy (AFM), as
detailed in Figure 2, the Materials and Methods, and the
Supporting Information. Individual dots and their stacked
layers can be resolved with TEM (Figure 2a,b), where some
stacking occurs because of self-assembly when the grids are
dried (Figure S3), as detailed further below. The XRD spectra
are smeared due to the thin nature of the NCs (Figure 2c), but
the lattice spacing of the colloid (0.22 nm) is slightly smaller
than that of the powder (0.23 nm), and Scherrer fits of the
⟨111⟩ peak give a NC thickness (h) near 0.8 nm for both
powder and colloid (inset, Figure 2c). To directly assess NC
thickness, parent suspensions were size-purified with DGU,
and dilute fractions were spin-coated from toluene/hexane
onto polished wafer silicon, dried under vacuum at 200 °C, and
evaluated with AFM. A typical AFM image is shown in Figure
2e and demonstrates the 2D disk-like shape of the NCs.
Representative lateral size/shape (TEM) and thickness (AFM)
distributions for a parent suspension are shown in Figure 2f−g,
where the latter is obtained as a sum over thickness
distributions for the fractions. Lattice spacings based on
TEM (Figure 2h) agree with XRD and are consistent with the
⟨110⟩ exfoliation of cubic (β) SiC, which exposes the

stoichiometrically mixed face as the dominant surface. The
structural picture is thus alkyl-functionalized few layer-thick
crystalline SiC disks of 5−10 nm lateral size with a roughly
circular shape (in-plane aspect ratio: ∼1) and 5:15 out-of-
plane aspect ratio (defined as 2R/h).
Raman spectra of the ligand-passivated SiC NC flakes show

a strong longitudinal optical (LO) mode (Figure 2d), where
the peak (∼990 cm−1) is blue-shifted 20 cm−1 from values
reported for bulk and 3D nanoscale SiC (typically, ∼ 970
cm−1). Optical phonon splitting is suppressed in quasi-2D zinc-
blende systems,50,51 with the LO collapsing onto the TO due
to Coulomb screening effects in 2D. However, several factors
could influence the relative intensity here, and this question
will be explored in detail elsewhere. For the present purposes,
Raman spectroscopy provides an added confirmation of
crystallinity, where additional spectra can be found in Figure
S4. For the high-QY suspensions detailed further below,
Raman spectra of the raw flakes prior to passivation show a
weak but discernible TO mode at 780 cm−1, along with
longitudinal acoustic (LA) features associated with disordered
SiC and other crystalline SiC polytypes. However, such
features do not appear in the colloid, suggesting that they do
not survive passivation and processing. For low-QY colloids,
the disordered SiC LA peak at 680 cm−1 dominates the raw-
flake Raman spectrum.
The reduced dimensionality of the NCs becomes immedi-

ately evident in DGU. Sedimentation velocity scales as R2 for a
sphere but as Rh for a disk, and h < 1 nm implies spinning at
least twice as long (over 40 h, in this case) compared to what
we typically do for 3D Si NCs to get desirable size separation
(see the Materials and Methods for details). Sizing data for
DGU fractions based on TEM (lateral size 2R) and AFM
(thickness h) can be found in Figure S5. Figure 3a describes
the PL characteristics of the fractions, which show three broad
but distinct emission channels with increasing size (fraction
number f or sedimentation depth), with the longest wavelength
channel showing a red shift suggestive of confinement and
where the origin of each of these is detailed below. The QY,
lifetime (Figure S6), and optical absorption of the fractions are
plotted as a function of effective h in Figure 3b. Note that the
QY of the parent in mesitylene was around 10%, but there is a
slight drop when switching to toluene/hexane. Maximum QY
occurs near h ≈ 1.1 nm, which corresponds to four atomic
layers accounting for the ligand (Materials and Methods), and

Figure 3. (a) DGU fractions from a 10% QY parent showing three distinct emission channels as a function of size (dashed black lines), with
fractions exhibiting blue, green, and orange PL ( f 2, f 28, f 36, right panel). (b) QY and lifetime vs NC thickness, with optical absorption
shown in light gray (the dashed line is the NC aspect ratio, 2R/h) and where the upper axis is the approximate layer number. (c) Dominant
PL peak as a function of 2R where gray curves are typical confinement profiles and yellow triangles denote the mean value of the
corresponding jump. The heavy black curve is from ref16. (d) Dominant PL peak as a function of h. The red curves in the last two panels are
the heuristic power-law fits detailed in the text.
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2R ≈ 10 nm (which corresponds to the NC aspect ratio of 10,
where the dashed line in Figure 3b shows the out-of-plane
aspect ratio vs h). Over the same range of thicknesses, the
lifetime is relatively constant at 4−5 ns. These low-QY parents
have a visible tint, with optical absorption providing a measure
of mass distribution across the gradient (light-gray profile,
Figure 3b), although the unbound ligand from the parent likely
contributes to absorption for f ≤ 10, where the QY is thus
likely understated.
Figures 3c,d compares the dominant PL peak with quantum

confinement trends. Data in Figure 3c are plotted with the
expression E = E0 + A/(2R)2 for 0.5 ≤ A ≤ 50, with E0 = 2.2
eV for β-SiC. The heavy black curve is A = 14.5 as suggested
by recent size-dependent absorption trends for nonlumines-
cent SiC NCs.16 For comparison, typical values from Si NCs
are A ≈ 3−4.45 None of the trends in Figure 3c are consistent
with confinement, although the jumps between dominant
peaks (yellow markers) appear to be consistent with A = 50.
The data in Figure 3d are compared with the expression E = E0
+ A/h2 for 0.01 ≤ A ≤ 1.5, and although both the middle
dataset and the jumps between dominant peaks fall on the
trend for A ≈ 0.6, the overall size dependence is not consistent
with accepted confinement trends. The Bohr radius of β-SiC is
2 nm, which is well below the typical 2R values here, implying
that R is not a dimension of confinement. In contrast, h ≤ 1
nm is well below the Bohr radius, and lateral confinement is
therefore quite strong. The correct physical picture is thus size-
dependent impurity/surface emission in the limit of strong
confinement (Figure S7). Phenomenologically, the red-shifting
data scale as surface area per unit volume, h−1 or R−1/2 (red
curves, Figure 3c,d) using R/h ∼ h (dashed line, Figure 3b).
A richer picture of the nature of the PL emerges when the

dots are shielded from oxygen throughout synthesis,

processing, and passivation with brief annealing in the plasma
prior to processing/passivation. In the reactor, TMS
decomposes to form SiC clusters that deposit on the walls
along with excess carbon. In the plasma, hydrogen, sourced
from both the carrier gas and TMS, removes this excess carbon
and adjusts the composition profile, allowing the material to
“anneal” as it grows to a final thickness of several tens of
microns. A strong flow at the reactor surface causes the deposit
to become stratified (Figure 1b,c), with hydrogen passivating
dangling Si and C bonds, enabling exfoliation and hydro-
silylation. Growth is facilitated by deposition/sublimation
under shear without the presence of a liquid SiC phase. The
inherent 4:1 imbalance of TMS makes annealing a crucial step.
Plasma annealing fine-tunes the stoichiometry of the outer
surfaces: if it is too brief, excess carbon remains; if it is too
prolonged, excess silicon becomes predominant. The presence
of amorphous silicon (a-Si) spherical inclusions in the raw
flakes (Figure S4) indicates regions of intense annealing, where
such large features do not survive processing and passivation.
Figure 4a−d displays the resulting photoluminescence (PL) for
various annealing durations, defined as the total time in the
plasma with only the carrier gas and no precursor. The data in
Figure 4d correspond to the highest quantum yields (QYs) of
the passivated colloid for a given annealing time and suggest
that an optimal annealing time is around 5−10 min for a 2 h
run.
Figure 4e,f further details the PL as a function of annealing.

The highest QY, shortest lifetime (Figure S8), bluest PL, and
narrowest line width all coincide with the optimal time of 5−
10 min, where TEM images of the high-QY colloid can be
found in Figure S9. These high-QY suspensions are optically
transparent (no visual tint), consistent with high-purity SiC
(Figure S10). The lifetime trend for these parent suspensions

Figure 4. (a) Optimally luminescent raw flakes, (b) PL from the NC suspension after sonication, and (c) final passivated colloid, with 60%
QY and relatively narrow line width. The PL from the vial is saturating the digital camera. (d) PL spectra of the best samples obtained at
each annealing time. (e) Highest QY vs annealing time, where the inset shows lifetime vs annealing time. (f) PL peak wavelength and (inset)
fwhm vs annealing time. (g) Expanded view of FTIR spectra as a function of annealing time (arrow indicates longer annealing), where the
vertical dashed line indicates the SiH peak (2116 cm−1). (h) SiC and SiO FTIR bands at varied annealing times, where the vertical dashed
lines (left to right) are SiCH3 (1256 cm−1), SiOCxHy (1090, 1020 cm−1), and SiC (800 cm−1). (i) FTIR peaks associated with surface
passivation, where the vertical dashed lines (left to right) are SiCxHy (1607 cm−1), bound ligand (1460 cm−1), and SiOCxHy (1375 cm−1). All
spectra are normalized to the SiC peak at 800 cm−1.
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is revealing because it fully implicates defect/impurity
emission. For core PL like the red/NIR emission observed
from Si NCs,45 long lifetime correlates with high QY. The
opposite trend here reflects energy transfer to the surface
emitter, with QY being the highest when the transfer rate (τ−1)
is maximum. The data in Figure 4d−f are summarized in Table
S1.
Figure 4g−i shows colloid FTIR for varied annealing times

and QYs, where spectra are normalized to the SiC peak at 800
cm−1. Spectra for shorter annealing show strong narrow SiC,
strong narrow SiCH3, and strong symmetric SiOC, which
diminish at longer annealing times (Figure 4g,h). For samples
with the optimal annealing but lower QY (green dashed curve,
Figure 4i, QY = 17%), FTIR implicates SiH in the colloid,
consistent with incomplete exfoliation/passivation. The FTIR
peak associated with the bound ligand (1460 cm−1, the pure-
ligand FTIR feature that is enhanced by hydrosilylation)
increases with annealing time (Figure 4i), which is consistent
with an increase in the number of available Si−H sites with the
removal of carbon. Normalizing to the bound ligand peak
instead, the overall carbon content decreases with annealing
(Figure S13), and we suggest that high QY corresponds to the
removal of C to the point of optimally balanced Si:C
stoichiometry in the flakesobviously a challenge with
TMScoupled with the highest possible degree of oxygen
shielding. The outer surface of the material contacting the
reactor is shielded from the plasma during deposition and will
have a residual stoichiometric imbalance that requires
annealing. The shoulder peak on SiC (∼845 cm−1) at 40
min annealing indicates SiCH3 associated with surface
“copolymers” of siloxane, consistent with the cumulative

effects of trace oxygen in the plasma after extended annealing
time.
A notable feature of the high-QY colloid is a lack of SiH,

indicating near-complete hydrosilylation. This is different from
Si NCs (Figure S12), which have roughly 50% ligand
coverage,45 but it can be rationalized by 50% carbon on the
dominant equal-stoichiometric ⟨110⟩ face. X-ray photoelectron
spectra (XPS) and additional FTIR spectra for the raw
material, colloids, and pure ligand can be found in Figures S11
and S13, along with a table of FTIR peak assignments (Table
S2). Based on FTIR, we link the primary PL peak (∼420 nm)
to SiCH3 and SiOCH3, where we suggest that the former will
act as a surface recombination site in overconfined few-layer
SiC and we attribute the secondary PL peak (∼445 nm) to
SiOCH2CH3 and SiOCH2CH2CH3. The same two peaks that
are apparent in the high-QY fractions are also present in the
low-QY fractions (Figure 3), where they are just weaker and
broader. A third red-shifting peak (∼550 nm) emerges in the
low-QY colloids that we assign to still higher order O and C.
The results are in qualitative agreement with complementary
simulations (Figure S14) that rely on density matrix dissipative
dynamics, as described in detail elsewhere.52 The simulation
results suggest that pure hydrocarbon termination should give
the highest QY (55%); however, the surface oxygen impurity
SiOCH3 is surprisingly bright (41.5% QY), which can be
rationalized by a low degree of charge localization near the
oxygen impurity, resulting in a minimal change in the
nonradiative rate compared to intrinsic surface passivation.
Interestingly, the DGU assay looks quite different for the

high-QY colloidal SiC NCs, where the PL color and spectral
shape show little variation with size, instead resembling the

Figure 5. (a) PL from a postspin gradient of a high-QY parent. (b) Emission spectra from across the gradient, with NC thickness increasing
with depth. The inset shows a TEM image of an individual disk-like NC from a high QY fraction ( f 26, h = 1.11 nm, 5 nm scale). (c)
Expanded view of the size-resolved spectra in (b), with the two dominant emission channels showing little dependence on NC size/
thickness. (d) QY (blue, left scale) and lifetime (red, right scale) vs NC thickness, where the light-gray profile is the optical absorption. The
upper horizontal scale is the approximate layer number. (e) TEM image of the self-assembled planar “superlattice” coexisting with isolated
individual disk NCs and small aggregates (100 nm scale). (f, g) NC domain “melting” in the TEM beam (10 nm scale) and (h−j) similar
sequence for a NC domain edge (10 nm scale).
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parent (Figure 5a−c), but with a slightly smaller fwhm for the
best fractions (∼35 nm). This is in marked contrast with the
behavior presented in Figure 3. Nonetheless, the maximum QY
again occurs near four atomic layers (Figure 5d) with a drop in
QY on moving from mesitylene to the gradient solvents
hexane/toluene. The low optical absorption of the highest-QY
fractions reflects a high degree of SiC purity, with the mass in
these fractions being significant as we demonstrate below with
TEM. Note that while the QY generally increases as we
progress from Figures 1 to 5, the lifetime gets progressively
smaller, as might be expected for impurity/defect emission.
Like the parent behavior depicted in Figure 4e, the lifetime
measured for the high-QY fractions exhibits a minimum near
the maximum QY (Figure 5d), where such effects are likely
concealed by a broad distribution of impurities in Figure 3b.
Another striking feature of the suspensions is their self-

assembly, as detailed in Figure 5e−k for a fraction near the
maximum QY (Figure 5d, f 26, h = 1.15 nm). Like other
colloidal NC suspensions, the NCs form aggregates when dried
at sufficient concentration. Although a detailed study will be
presented elsewhere, here, the anisotropic clusters or planar
domains coexist with individual dots (Figure 5e). Depositing
an entire fraction onto a TEM grid and drying at ambient
temperature under vacuum, for example, leads to an
unimaginable hazy grid covered with the material, but simply
heating the grid under a vacuum for 48 h transforms the
material into coexisting structures like those shown here. The
aggregates initially assemble as amorphous clusters that in
some instances then further evolve into thin faceted planar
domains, of which additional TEM images can be found in
Figure S15. These structures “melt” back to the constituent
NC disks under sufficient electron beam intensity, as shown in
Figure 5f−h for a whole domain and Figure 5i,j for the edge of
a larger domain.
Notably, some of the planar assemblies have common

underlying NC crystalline orientation, as demonstrated in
Figure S16, where this alignment occurs during assembly and is
consistent with a short-range interparticle potential that
mirrors the asymmetry of the underlying crystalline lattice.53
Ligand passivation is obviously critical to the process. Although
the exposed ⟨110⟩ faces have uniform ligand coverage, the
edges will be heterogeneous. Pure-carbon edges will ideally
have short hydrocarbon terminations, while those with pure
silicon are presumably ligand-decorated. Similar edges will thus
be attractive in the short range, which could help the
anisotropic dots assemble into globally ordered domains.
The residual solvent in the self-assembled sheets likely plays a
role in NC mobility, as well. After 48 h at 100−200 °C, large
planar aggregates show signs of solvent boiling in the focused
electron beam, indicative of the intercalated solvent within the
assemblies despite their thermal history. The results will be of
general interest across the broader field of nanoparticle
interactions and NC self-assembly.54

CONCLUSIONS
In conclusion, we report the bottom-up synthesis of colloidal
SiC quantum dots with ⟨110⟩ exfoliation to few atomic layers
and surface passivation with 1-dodecene. The purest materials
exhibit narrow blue PL with QYs over 60% in exceptional
samples, making these intrinsically nontoxic NCs of potential
interest for biolabeling and display applications. This bench-
mark was accomplished through a combination of oxygen
shielding and plasma processing targeting stoichiometric

purity. Regardless of purity, our measurements suggest that
the optimum QY occurs at around four atomic layers, which
corresponds to the somewhat intuitive scenario of two emitting
surface layers encapsulating two inner absorbing layers. Our
results bring clarity to the long-standing question regarding the
nature of blue/green/white PL from SiC NCs while
empowering other SiC shapes and sizes with exemplary
blue/green emission.
As we demonstrate here, surface chemistry is critical, and

future approaches should target stoichiometrically balanced
precursors with more reliably stringent oxygen shielding, which
we are currently investigating. Although blue and green surface
PL can be achieved in Si NCs through the appropriate choice
of structured ligands,55 the materials described here rely only
on simple ligands and thermal passivation to achieve narrow
blue PL from an anisotropic NC geometry. From the
perspective of surface or near-surface Si, the results suggest
that optimal processing corresponds to an equal balance of
alkyl functionalization, SiCH3/SiOCxHy termination, and an
absence of SiH reflecting a high degree of exfoliation. In
contrast, a higher carbon content creates stronger absorption
with weaker and broader emission, while a higher surface Si
content reduces both the extent of the SiC “core” and the
prevalence of the desirable emitting surface functionalities.
The thermally driven self-assembly of the disk-shaped NCs

into planar superlattice structures with a common crystalline
orientation is also striking. Mobility would seem to be key,
with the ligand and residual solvent likely playing a critical role.
Finding a common NC orientation for two facially stacked
disks would seem to be as simple as a rotation, and correct
edge-to-edge assembly for the irregularly shaped plates could
conceivably follow from this. The fact that domains of the
somewhat irregularly shaped NCs can assemble into planar
shapes with sharp well-defined edges is intriguing, and we
expect this work to motivate insights into NC self-assembly in
general. Ligand passivation and associated ligand effects, such
as the presence of the intercalated solvent and unbound ligand,
are no doubt critical to this process, given that the NCs have a
surface-to-volume ratio that scales as h−1 for small h.

MATERIALS AND METHODS
NC Synthesis and Processing. Borosilicate glass reactors (38 cm

total length; 20 cm upper length with 0.94 cm OD, 0.56 cm ID; 17.8
cm bottom length with 2.54 cm ID, 2.06 cm OD, 2.54 cm widening
interval) were placed in a base bath (250 g of KOH, 4 L of isopropyl
alcohol, 1 L of DI water) for 16 h, rinsed in DI water for 5 min, and
dried in an oven at 150 °C for 30 min. Treatment of the reactor in
this manner is critical. For longer base bath immersion times, the
flakes fall off during deposition, while for shorter times, they resist
removal. After installation, the reactor tube was purged three times for
15 min using 95/5 Ar/H2, which also serves as the carrier gas. The
reactor was then left under vacuum for 5 h, and seals/pressures were
tested/monitored to minimize leaks before initiating synthesis. The
positive electrode was placed 14 cm from the upstream disconnect
and 3.5 cm above where the reactor widens, with the ground electrode
1.3 cm below. In this configuration, the plasma arcs to the top
disconnect rather than the ground electrode, which instead moderates
the plasma shape.

The flakes were synthesized by flowing 3 sccm carrier gas through a
bubbler of TMS with 40 sccm carrier gas added to the mixture before
the plasma (40 W at 13.56 MHz). The pressure in the reactor was
held constant at 5.8 Torr with a gate valve. Negligible aerosolized
material forms under these conditions. Instead, layered material forms
on the reactor walls in the upstream plasma, with a working sample
collection length of around 5 cm, well away from both the top

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.4c08052
ACS Nano 2024, 18, 26848−26857

26854

https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c08052/suppl_file/nn4c08052_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c08052/suppl_file/nn4c08052_si_001.pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c08052?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


disconnect and the upper electrode. This work involved extensive
processing inside a glovebox with <0.5 ppm oxygen. Based on
previous work,45 we expect considerable variation below this down to
<0.1 ppm, and it is reasonable to assume that higher QY here
correlates with the lowest achievable oxygen level. We note that for
one of the high-QY samples (5.5 min annealing time in Figure 4), all
the flakes between the electrodes were collected, suggesting that
under sufficient oxygen shielding, the working collection length can be
much higher than 5 cm. After 2 h, the plasma was turned off, and the
reactor was filled with the carrier gas to establish positive pressure.
The filter was then isolated from the reactor setup, cleaned,
reinstalled, and vacuum-purged for three cycles prior to resuming
gas flow. The sample was then annealed in the plasma with the carrier
gas flowing, but no precursor, for a predetermined amount of time,
after which heat was applied externally with a heat gun to release the
flakes from the reactor surface for subsequent transport to the filter.
For properly prepared reactors, this last step took less than 5 min, and
the precise release time was added to the preplanned annealing time
to get the total annealing interval. Upon release, the flakes
immediately lighten in color even in the absence of plasma, but
liberating the flakes in the presence of plasma was critical to obtaining
the optimal spectral shape and QY. A typical 2 h run would yield
about 20 mg of raw flakes that could be processed multiple times into
passivated suspensions. If flakes from the entire reactor are collected,
the mass yield is much higher than this, and we expect mass yield to
improve as the level of shielding improves.

The filter apparatus with the collected material was isolated under
positive pressure and transferred to a glovebox for further processing.
The flakes and 3 mL of mesitylene were charged in a microwave
reaction vial and sonicated for 4 h total (60 min intervals with 30 min
cooling between them) using a Cole Parmer CPX 130 tip
ultrasonicator operating at 130 W (80% power). The mixture was
then spun for 10 min at 15,000 rpm in an Eppendorf 5424 desktop
centrifuge before extracting a 2 mL supernatant fraction into a clean
microwave reaction vial. Following this, 0.4 mL of 1-dodecene was
added to the vial, which was subsequently crimp-sealed and heated to
185 °C for 4 h for thermal hydrosilylation. All synthesis and
processing steps were performed in oxygen-shielded environments,
and all solvents underwent freeze−pump−thaw degassing prior to use.
Photoluminescence Spectroscopy. PL QY was measured with

an integrating sphere fiber-coupled through a bifurcated UV/vis and
Vis/NIR fiber to Ocean Optics QE65000 and NIRQ512 spectrom-
eters (350−1700 nm available detection), predominantly with 375
nm CW laser excitation at 4.2 mW, but also with 365 nm excitation at
1 mW and a 15 mW 473 nm CW laser operated at low power. The
spectral shape was instrument-corrected using the blackbody emission
from a tungsten filament as a reference, and the QY was calibrated
against multiple standards spanning the visible spectrum. QY was
measured at varied SiC NC concentrations with reported values
measured in the dilute limit. For PL lifetime, 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 modulation) fiber-coupled to a
photomultiplier tube. A 10× objective was used in EPI illumination.
Measurements as a function of NC concentration (Figure 1l) show no
statistical change in lifetime until the fully dried state, where the
lifetime is slightly (∼30%) larger than that of the colloid. All lifetime
measurements were performed on concentrated but not fully dried
suspensions, except for the low-QY fractions in Figure 3 (which were
fully dried). QYs reported here are those measured concurrently with
the lifetime. For example, the 10 min-annealing time sample in Figure
4 initially gave a QY of ∼70%, but despite continuous shielding, this
value had relaxed to 60% by the time lifetime was measured. Over the
course of nearly a year, the measured value further relaxed to ∼55%.
Of note, the high-QY suspensions show an instantaneous drop in QY
upon opening the vial in air, which is similar to the behavior reported
for Si NCs.45
DGU Size Purification. Size purification of the passivated NCs

was performed in a Beckman Coulter Optima L-80 XP ultracentrifuge
using a five-layer step gradient of 10%, 30%, 50%, 70%, and 90%

hexane in toluene by volume. Custom polyvinylidene-fluoride
(Kynar) ultracentrifuge tubes were obtained from Seton Scientific.
The step gradient was layered using a pipet, with subsequent layers
deposited in the order of decreasing density. A 0.3 mL solution of
concentrated colloidal SiC NCs (in roughly 1:1 mesitylene:dodecene)
was layered on top of the gradient, and the tube was immediately
transferred to a SW-41 Ti swinging-bucket rotor and centrifuged for
44 h at 30,000 rpm and 10 °C. After the centrifuge run was complete,
fractions were extracted in a nitrogen-filled glovebox using a robotic
pump system mounted on a micromanipulator.

For spherical NCs (subscript “s”) in a fluid of uniform density,
sedimentation velocity maps onto depth in the centrifuge tube (or
fraction number f) and scales as Rs

2 where Rs is the NC radius [vs =
2ΔρsGR2/(9ηs), with G being the centripetal acceleration, Δρ being
the density contrast between the colloid and solvent, and η being the
solvent viscosity]. This gives R ∼ f 1/2, whereas experiments in a
density gradient56 give R ∼ f 1/4. For disk-shaped NCs (subscript “d”),
sedimentation velocity scales as Rd h [vd = 3πΔρdGRdh/(32ηd)], and
for uniform solvent density, we thus expect Rh ∼ f. In contrast,
experiments in a density gradient give Rh ∼ f 1.45 (Figure S4).
Qualitatively, we expect a thin disk to have strong viscous effects but
weak buoyant effects (h → 0) and thus require a longer spin time.
The phenomenological trends support this with f ∼ Rs

4 and f ∼
(Rdh)0.7 for spheres and disks, respectively. The sedimentation profile
in a density gradient requires numerical solutions of the Lamm
equation,45 but we can rationalize the trends for uniform solvent
density. Comparable separation implies vdTd ≈ vsTs, where T is the
spin time, which gives Td ≈ (64/27π)(Δρs/Δρd)(ηd/ηs)(Rs

2/Rdh)Ts,
with the dominant terms being Δρs/Δρd and Rs

2/Rdh. For Rs ≈ Rd ≈ 4
nm and h ≈ 1 nm, the latter term is on the order of 4, but the former
dominates because the effective density of a thin SiC disk is governed
by the ligand shell (i.e., Δρd → 0).

TEM. Samples were drop-cast on PELCO single-layer graphene
lacey carbon 300 mesh copper grids, dried in air for roughly 1 h, and
then placed under vacuum at ambient temperature for 24 h. The
vacuum oven temperature was then set to 100 °C for 24 h and finally
to 200 °C for at least 24 h to remove all the unbound ligand. The
drying protocol under heat is what triggers aggregation and self-
assembly in sufficiently concentrated suspensions, with more dilute
suspensions being used for sizing. HRTEM images were collected
with a JEOL JEM2100 LaB6 transmission electron microscope
equipped with a Gatan Orius SC1000 CCD camera, and ImageJ was
used for sizing.

EDS. Samples were attached to aluminum mounts using double-
stick carbon adhesive tabs or tape (Ted Pella, Redding, California)
and then coated with a conductive layer of carbon in a high-vacuum
evaporative coater (Cressington 208c, Ted Pella). Images were
obtained with a JEOL JSM-7600F scanning electron microscope
(JEOL). Energy dispersive spectroscopy (EDS) information was
acquired using an UltraDry silicon drift X-ray detector and a
Pathfinder X-ray Microanalysis System (Thermo Fisher Scientific).

AFM. SiC NC DGU fractions in toluene/hexane straight from the
gradient were spin-coated on polished Si wafers for AFM. A fraction
was added over a 5 s interval at 300 rpm, and the speed was then
ramped to 1000 rpm for 5 s. The wafer was dried under a vacuum at
200 °C for 24 h and imaged with an NT-MDT INTEGRA atomic
force microscope. ImageJ was used for the thickness analysis. The
ligand contribution to effective NC disk thickness (hL) is obtained by
comparing the XRD thickness for the colloid in Figure 2c (0.83 nm)
with the mean AFM thickness from the inset of Figure 2g (1.06 nm),
which gives hL = 0.23 nm (total). For h ≥ 0.5 nm, thickness h
(Figures 3 and 5) can then be approximately converted to the layer
number as n = (h − hL)/a, where a = 0.24 nm from Figure 2h. For
fraction numbers corresponding to h ≤ 0.5 nm, the fractions are
presumed to contain “monolayers” of varied lateral sizes 2R, along
with small impurities such as unbound ligand.

Nanocrystal Characterization. Raman spectroscopy was per-
formed with a HORIBA Jobin Yvon LabRAM ARAMIS confocal
imaging system using 532 nm excitation with 10 and 50× objectives
on dried films. A reflecting sample support was used to simultaneously
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collect both forward and backscattered light, which boosts the signal
and accommodates a larger number of Raman selection rules for
potentially aligned NCs in the dried films. Diffuse reflectance XRD
data were collected from dried samples using a Bruker D8 Discover X-
ray diffractometer, with the substrate background measured and
removed. FTIR spectra were collected in reflection using a Thermo
Scientific Nicolet 8700 instrument with attenuated total reflectance
(ATR) capabilities. X-ray photoelectron spectroscopy (XPS) data
were collected using a Thermo Scientific K-α XPS system.
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