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Through selective microwave absorption, we demonstrate the ability to activate TOPS as an efficient
sulfur donor, allowing the rapid (18 m) growth of highly emissive (PLQY= 33%), Zn blende CdS
quantum dots (QDs) passivated by TOP/TOPS in the 4-6 nm size regime (5% size dispersity). The CdS
QDs exhibit sharp absorption features and bandedge photoluminescence even for the largest CdS
sample. Addition of hexadecylamine restricts the growth rate by limiting the Cd monomer activity and
lowers overall PLQY. The use of MW chemistry for QD formation allows a highly reproducible
synthetic protocol that is fully adaptable to industrial applications.

Introduction

The development of II-VI semiconductor quantum
dots (QDs) has expanded exponentially over the last 15
years due largely to advancements in reactive monomers
and the QD growth conditions.1-9 Recent studies have
definitively correlated growth and dispersity for the QDs
to the reaction operating in the diffusion-controlled or
reaction-controlled mechanism, depending upon the
heating conditions and addition of additives.10-19 Under
conditions where slow release of the chalcogenide from

the solution phase monomer is achieved, the reaction
proceeds predominately through a diffusion controlled
mechanism, and thus the size dispersity is controlled by
monomer concentration, in effect the equilibrium that
exists between monomer bound to the QD surface and
free in solution.20 Although these efforts have clearly
identified organic additives that manipulate the diffu-
sion-controlled reaction rates via controlling surface
activity, little effort has focused on the activation of
monomers directly through the use of selective energy
absorption into the specific monomer. In a series of
studies, we have explored the use of selectiveMWabsorp-
tion into tri-n-alkyl phosphine complexes of the form
R3P-X (R= alkyl, X= Se, Te) leading to remarkable
enhancements of reaction rates for QD formation.21 The
realization that selective absorption can enhance the
activity of the TOP-Se or TOP-Te monomer in a sol-
vothermal reaction conducted in a MW cavity suggests
that monomers with low activity might be enhanced by
the absorption of MW energy.
Although there is a plethora of examples of CdSe and

CdTe materials generated from R3P-X, it is surprising
that there are no reports of growing CdS form R3P-S as a
precursor without the addition of alkyl phosphonic acids to
enhance reaction rates, although TOP-S is a common
reagent for the shelling step in a core-shell QD.10,12,19,22,23

Because nearly all the published II-VI metal chalcogenide
nanocrystals are readily prepared from R3P-X, the limited
examples of CdS prepared from TOPS is surprising
although it can be traced to the bond strength of P-S
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(444( 8 kJ/mol), P-Se (364( 10.0 kJ/mol), vs P-Te (280
( 10.0 kJ/mol).24 Consistent with this observation, a more
typical sulfur monomer is TMS-S because of its greater
monomer activity reflecting the weaker Si-S bond strength
relative to P-S.14 The strength of the P-S interaction limits
the ability for TOP-S to act as a good monomer for sulfur
addition to the growing QD, thus impacting the ability to
form a stable critical nuclei in solution.2,5,12 Because the
bond strength controls themonomeractivity (EP-S>EP-Se

> EP-Te), it directly influences the growth rates for the II-
VI nanocrystals (dr/dt(CdTe)>dr/dt(CdSe)>dr/dt(CdS)).
Thus it is not surprising that few examples of formation of
CdS from R3P -S exist unless an activator is added to
enhance themonomer activity of TOPS leading tomaterials
that exhibit narrow size dispersity, well-defined excitonic
absorption features, and strong bandedge photolumines-
cence at large CdS sizes.25,26

The low sulfur atom transfer efficiency in R3P-S may
be enhanced in this reaction if bond cleavage can be
activated in the monomer through selectively energizing
the monomer. In a lyothermal reaction this is impossible
to achieve; however, in a microwave (MW) reaction
selective absorption of MW energy can enhance reaction
rates by overcoming kinetic barriers in the reaction.27 It
has been shown in both organic chemistry and nanoma-
terial chemistry that MW absorption is selective into the
free solution monomer with the highest static dipole
moment if the reactions are carried out in a solution that
has a very lowMWabsorption cross-section.28 In the QD
reactions, whether the rate enhancement arises from local
heating in the heterogeneous reaction environment
or from selective activation of the monomer is still
unknown.
In this manuscript, we report selective absorption of

microwave (MW) energy intoTOPS leads to formation of
4-6 nm CdS quantum dots (QD) with narrow size
dispersity (5% rms based on TEM). The CdS QDs
reported herein exhibit an aspect ratio of 1.2 with a size
dispersity of 5%, discrete excitonic features in the absorp-
tion spectra, band edge photoluminescence (PL), and the
highest reported quantum yields (33% PLQY). Defect
PL, arising from glide plane defects and/or vacancies,
constitutes less than 5% of the total observed emission.
The highest bandedge PLQY (PLQY=33%) is achieved
for the 4.3 nm CdS carried out at a 1:1 molar TOP:
HDAratio. ThehighPLQY is remarkablewhencompared
to earlier reports, where the PLQY is typically less than
20%.29,30 Consistent with the bond strength argument,

the formation of CdS requires much longer reaction
times (18 min) than observed previously for formation of
CdSe (30 s) or CdTe (15 s) even with MW assisted activa-
tion of R3P-S. The restricted growth behavior of CdS
grown in the presence of HDA is believed to reflect a
reduced monomer and QD surface activity limiting
the burst growth achieved by selective MW absorption
into the R3P-S monomer, thus limiting Cd monomer
activity and growth rates of the QD resulting in the
observed increased size distributions and higher defect
densities.

Experimental Section

Chemicals. All reactants and solvents were used without

further purification. Cadmium stearate (CdSA, 90%) and sulfur

powder (S, 99.99%) were purchased from Strem Chemicals.

Cadmium stearate is a known carcinogen. Tri-n-octylphosphine

(TOP, 90%)was purchased fromAlfaAesar.Decane (99%)was

purchased from Acros Organics.

Characterization. The CdS QDs are analyzed for size (cross-

correlated to TEM) and crystal structure by powder X-ray

Diffraction (pXRD). The size of the QD is fit by utilizing the

Scherrer expression31

D ¼ bλ

Δð2θÞ cos θ
where D is the QD diameter, b is shape coefficient (b is a shape

factor of the particle and in this study is set to a value of 1.1 based

on correlation of the TEM and pXRD sizing), λ is the wave-

length of the X-ray radiation source (Cu KR 1.5418 Å), Δ(2θ) is
the full width at half-maximum (fwhm) in 2θ, and θ is the angle

for the pXRD peak. Correlation of the pXRD to absorption

spectra and select TEM indicates the Scherrer analysis ade-

quately predicts the size. TEM imaging of selected sizes is used

to estimate the size dispersity.

Room temperature pXRDwere recorded on 10mg powdered

samples on a Rigaku DMAX 300 Ultima 3 Powder X-ray

diffractometer (using Cu KR, λ= 1.5418 Å� radiation). The

pXRD is calibrated to Sio. Transmission electron microscopy

(TEM) obtained using a Philips CM300-field emission gun with

a maximum acceleration voltage of 300 keV. A Gatan 673 wide

angle CCD camera with a field of view of 49 mm � 49 mm was

used to digitize themicrographs. TEMsamples were prepared as

dilute solutions in toluene with an absorbance of less than 0.1 to

prevent aggregation. One drop of the prepared solution was

placed onto a holey carbon 400 mesh TEM grid for 1 min and

the drop was removed. The TEM sample was dried overnight in

a desiccator prior to imaging. The d-spacing for the observable

fringes were analyzed using a calibrated TEM to lattice spacing

in Au.

Optical experiments were performed on 1 � 10-9 M CdS

dissolved in toluene. Absorptionmeasurements were performed

on a Varian Cary 50 UV-vis spectrophotometer. Photolumi-

nescence measurements were performed on a Varian Cary

Eclipse Fluorescence spectrophotometer using quartz cuvettes

(cell path length=1 cm).

Synthesis. All syntheses were performed in a single mode

CEM Discover System operating at 300W, 2.45 GHz. The
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reactions were carried out under ambient reaction conditions in

a 10 mL borosilicate reaction vessel (4-5 mL reaction volume).

The solvent temperature is monitored continuously via a remote

infrared (IR) sensor.

For a typical CdS QD reaction,21 135.2 mg (0.2 mmol) of

cadmium stearate is dispersed into 4 mL of decane, and 0.2 mL

(0.2 mmol) of a 1 M TOPS stock solution was added. For

reactions carried out in the presence of hexadecylamine (HDA,

0-0.4 mmol) is added to the solution prior toMWheating. The

reactionmixture is heated in themicrowave reactor fromRT to a

predetermined reaction temperature at 300W and immediately

cooled to room temperature RT (∼1 min). In this manuscript,

this reaction protocol will be referred to as zero hold time. The

CdS QDs are isolated from the reaction mixture using standard

precipitation methods via suspension in a (1:3) toluene/butanol

mixture and addition of an excess of methanol to precipitate the

entire QD batch. The QD growth behavior appears to be

unaffected by the presence or absence of air and therefore all

experiments reported herein are carried out without exclusion of

ambient air.

Results and Discussion

The formation of 4.3 to 5.6 nm CdS QDs is achieved in
theMWwithin 18min yielding elliptical, Zinc blendeCdS
with a 1.2:1 aspect ratio based on analysis of the TEMand
pXRD data (Figure 1). By comparison, carrying out the
identical reaction using high temperature injection of the
precursors in a lyothermal approach does not yield any
product on the same time scale (up to 1 h). Conversion
efficiency of the precursor to CdS QD is ∼25% based on
TOPS as the limiting reagent. The experimentally re-
ported size regime is limited in this study, but the range
does not reflect an inherent limitation of MW chemistry.
The observed experimental limitations herein reflect con-
tributions from the critical energy to initiate QD nuclea-
tion and sustain growth by absorption of the MW
through the growing QD, wherein the limitations are
imposed by the power and temperature limits of the
particular MW reactor design.21 The upper limit for the
experimental size range for the current CEM MW con-
figuration utilized in this study reflects maximum micro-
wave power (300W) and maximum temperature limits
(280 �C). The smallest size obtainable reflects the neces-
sity to reach at least 180 �C to cleave the TOPS bond. It is
expected based on our earlier studies that optimization

of concentration, power, pressure, and time may yield
smaller CdS samples.
The absorption and PL spectra (Figure 1A) reveal that

over the entire size range studied in this manuscript, the
CdSQDs exhibit discrete excitonic features in the absorp-
tion spectra and strong band edge PL. For the materials
prepared in the MW reaction, well-defined higher lying
excitonic features in the absorption spectra are clearly
observed, which are typically not observed for larger CdS
QDs grown by traditional lyothermal methods.16 The PL
defect intensity accounts for <5% of the total PL in-
tensity in all cases. The size distribution for the samples
depends on reaction conditions, but for a 5.3 nm CdS
QD prepared from 50 mM CdSA solution carried out at
240 �C, a size distribution of 5.4% (see the Supporting
Information, Figure SF1) is observed. For the 5.3 nmCdS
sample, clearly resolved Æ001æ lattice fringes are observa-
ble (see the Supporting Information, Figure SF2).
CdS QDs smaller than 4.5 nm were observed to ablate
readily in the TEM thus limiting our ability to utilize
TEM analysis to quantify distributions, although low-
resolution images confirm distributions in the 5-6% size
range. Sizing <5 nm QDs was carried out by Scherrer
broadening analysis of the pXRD, and the relative dis-
tributions assumed by analysis of the first exciton full
width at half-maximum (fwhm) coupled to the appear-
ance of higher lying excitonic transitions to be consistent
with the TEM results. Scherrer broadening analysis on
the 5.3 nm CdS QD confirms the use of the pXRDwith a
size observation from the pXRDof 5.4 nm (Figure 1) and
the TEM of 5.3 nm (see the Supporting Information,
Figure SF1).
The pXRDpattern for the 5.3 nmCdSQD inFigure 1C

exhibits clearly defined reflections at 26.4, 43.9, and 52.1�
corresponding to the (111), (220), and (311), which can be
fit to the zinc blende (Fh3m-Td

2) crystal lattice. The assign-
ment is confirmed by the lack of intensity for the wurtzite
Æ103æ and Æ102æ. Although twinning in a QD can give rise
to the appearance of a cubic pXRD pattern for a wurtzite
crystal, the lack of intensity for the Æ103æ reflection that
would appear between the (220) and (311) reflections
supports the assignment of the isolation of the metastable
cubic phase in Figure 1C. The formation of the meta-
stable phase is not surprising, as it represents the kinetic

Figure 1. (A)Optical spectra ofCdSQDs (i) 4.3, (ii) 4.5, (iii) 4.8, (iv) 5.2, and (v) 5.6 nm; (B) TEM image of 5.3 nmCdSQD; (C) pXRDanalysis of a 5.3 nm
CdS QD.
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structure that is expected to be formed under the highly
energetic, rapid nucleation and growth achieved under
MW absorption.
Growth. The reaction to form II-VI QDs from metal

and chalcogenidemonomers is thermodynamically favor-
able and has been shown to be strongly influenced by the
individual activity of the monomers in the solution re-
lative to the monomers on the growing QD surface.15 As
shown previously, the addition of ligands such as alkyl
amines, can have a dramatic effect on QD formation by
restricting the accessibility of the metal precursor to the
growing QD surface thus providing control over QD
growth by limiting the precursor addition rate.6 Likewise,
we have shown MW absorption can also impact the
growth by controlling the nucleation step through the
direct MW absorption of the R3P-X precursors.21 Be-
cause it is believed that the strength of the R3P-S limits
the sulfur monomer activity in a typical lyothermal reac-
tion, in this study, the competition for controlled growth
between direct MW absorption and ligand-dependent
monomer controlled growth was explored to determine
the optimal growth conditions for CdS.
In the MW, the growth of the CdS QD is governed by

the instantaneous nucleation event that occurs uponMW
absorption by TOPS, the molecule with the highest static
dipole moment. Although the growing QD possesses a
dielectric constant that allows MW absorption, the con-
centration and size of the QD limit its impact on the
reaction. As the QD increases in size, the direct absorp-
tion into the QD is believed to provide the necessary
energy to anneal the CdS QDs, improving overall photo-
physical properties. Direct MW QD absorption may
impact the range over which the CdS QD can be grown
at low MW fluence.
The optical properties (exciton fwhm, PL defect inten-

sity) and the size of the isolated CdS QD is observed to
strongly depend on the total MW reaction time and the
presence (1:1 mol ratio HDA to TOPSe) or absence of
hexadecylamine (HDA) (Figure 2). It is clear the observed
size of the QD is time-dependent regardless of the pre-
sence and absence of HDA; however, the optical quality
as measured by the excitonic spectra breadth and spectral
detail, as well as photoluminescence appears strongly
dependent on the presence or absence of HDA. The

narrowest absorption features and lowest PL defect levels
are observed for reactions grown in the absence of HDA
(Figure 2A). In addition, the CdS QDs are significantly
smaller at short reaction times in the presence of HDA
implying restricted growth. The restricted growth is con-
sistent with the argument that the presence of HDA
appears to impact the accessibility of Cd2þ for the grow-
ing QD in solution.
A plot of theQD size versus reaction temperature (MW

turned off immediately upon reaching the desired tem-
perature) in the presence of HDA (red) and in the absence
(black) of HDA is revealing (Figure 3). As the tempera-
ture approaches 300 �C, the QD size vs T plot converges
(Figure 3A). The data exhibits a linear dependence on T
but exhibits different growth rates, as evidenced by the
slopes of the lines in Figure 3A. The fits have χ2 values of
0.033 in the presence of HDA (black) and a value of 0.038
in the reaction lacking HDA (red). No difference is
observed for the rate to reach the reaction temperature
in the presence or absence of HDA, indicating MW
absorption by HDA does not contribute to the reaction
rate changes and the observation of delayed growth. For
the reaction carried out with zero hold time, it can be
concluded that the presence of HDA restricts CdS QD
growth when compared to the reaction carried out in the
absence of HDA. A similar observation was suggested in
the growth control of CdSe in the presence of amines and
most likely reflects the reduced activity of the Cd molec-
ular precursors in solution in the presence of HDA, as
described previously.6,18 However, the experimental
growth lag in the MW may reflect either growth rate
differences or an impact on the initial nucleation step
when HDA is present.
The kinetics of growth can be accessed by plotting the

QD size vs reaction time at a fixed reaction temperature
(240 �C) (Figure 3B). The plot can be fit to an exponential
function that demonstrates the same kinetics for QD
growth (τ=0.027 ( 0.04 s) in the presence and absence
of HDA are observed. The χ2 value for the exponential fit
for the reaction lacking HDA (red) is 1.1 � 10-3 and for
the reaction containing HDA a χ2 value of 1.8 � 10-5

(rejecting the 30 s data point) is obtained. The correlation
of the kinetics for growth at a fixed temperature im-
plies the growth rate (dsize/dt) is the same regardless of

Figure 2. Absorption andphotoluminescence spectra ofCdSQDs grown
(A) in the absence and (B) presence of HDA. All CdS QD samples were
grownat 240 �Cwith a ramp timeof 18minwith hold times at the reaction
temperature of (i) 0, (ii) 24, (iii) 62, and (iv) 82 min.

Figure 3. Growthbehavior ofCdSquantumdots in theMWcavity in the
presence (red) and absence (black) of HDA as a function of (A) tempera-
ture at zero hold time and (B) carried out at 240 �C, 50 mM CdSA.
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monomer activity, and therefore, the smaller initial QD
size in the presence of HDA must reflect stabilization of
the initial nuclei due to HDA packing, which may lead to
an Ostwald ripening process for growth rather than a
MW reaction driven process. Above 300 �C, the activa-
tion energy of theQD surface or precursors are overcome.
Therefore, it is likely the observed size differences at the
same temperature for a reaction carried out in the pre-
sence and absence of HDA reflects a thermodynamic
limitation attributable to the presence of HDA, where
the packing of HDA on the growing QD hinders mono-
mer accessibility as has been suggested.13

Absorption Properties. The 5.3 nm CdS grown in the
absence of HDA yields the sharpest excitonic absorption
features reported in the literature to date (Figures 1
and 4).14,16,32 The dependence of the CdS exciton line
width in the absence of HDA is effectively independent of
the reaction time or QD size, yielding the narrowest
absorption features (fwhm = 24 nm), (Figure 4). It is
worth noting that the optical data for this work reflect
raw batch QDs isolated by complete precipitation of the
CdS QDs from solution by addition of MeOH. In com-
parison, in the presence of HDA, a strong size and time
dependence is observed for the exciton absorption fwhm
(38f 24 nm), only approaching the line width of the non-
HDA grown samples for the largest CdS QD size (Fig-
ure 4). The narrowing of the line width as a function of
time in the presence ofHDA can be fit to a linear function
withmarginal statistics indicating the fit should be treated
as a trend line, χ2 value of 2.2 in the presence of HDA and
2.7 in the absence of HDA. The dramatically larger slope
in the presence ofHDAat identical reaction temperatures
coupled to the observation of initially smaller QDs form-
ing in the MW with a broader size distribution suggests
the onset ofOstwald ripening plays amore significant role
for QDs gown in the presence of HDA, while in the
absence of HDA the MW triggered nucleation has mini-
mal Ostwald ripening contributions. The observation of
minimal Ostwald contributions suggest the MW absorp-
tion by R3P-S results in a reaction process dominated by

MW triggered nucleation, resulting in the rapid depletion
of the monomer content in solution.
Photoluminescence Properties. The most remarkable

affect of theMW reaction is the improved optical proper-
ties for CdS in comparison to lyothermally grownmateri-
als. Band edge photoluminescence is observed over the
entire size range for the CdS QDs with a narrow PL line
width of 18 nm (Figures 1 and 2). The observed PL line
width is narrowest for samples grown in the absence of
HDA (Figure 2) and only minimal changes in the PL line
width or magnitude of the band edge to defect PL
intensity is observed as a function of reaction time in
the absence of HDA addition. The PLQY for both
reaction conditions is size and HDA dependent
(Figure 5A), as well as exhibiting a strong dependence
on the time at a fixed reaction temperature (Figure 5B).
The time dependent data can be fit (χ2=6.7 (red) and 8.5
(black)) to an exponential function with a decline in
PLQY as the reaction progresses. The separation of size
effects from reaction time effects is difficult as they are
intimately related for the larger QD sizes. The observa-
tion of passivant dependent and size dependent PLQYs
for CdS are not surprising. The reported PL QY for CdS
QD varies widely by the method of synthesis. A recent
report for CdS preparationwithin theMWcavity shows a
QY of∼2%with a rapid degradation of the PLQY as the
reaction times increase.17 By comparison the lyothermal
reaction of CdO, ODE, and sulfur produced a reported
QY of 12%.12

At long reaction time, the PLQY approaches the same
low value for both samples, indicating the time depen-
dence is not due to the presence of HDA (Figure 5B).
The time-dependent loss in PLQY is surprising as the line
width of the absorption is observed to narrow over the
same time domain (Figure 4). A more compelling picture
of the affect of QD growth in the MW is gained by com-
parison of the PLQY for a similar sized CdS grown in the
presence and absence of HDA. The data in Figure 5
indicate that the PLQY in reactions grown with HDA is
reduced, for example the 5.2 nm CdS grown in the
presence of HDA has a PLQY of 8.45%, while the CdS
grown in the absence of HDA has a PLQY of 17.8%. The
effect of HDA on the reaction is investigated in further

Figure 4. CdS exciton absorption line width (full width half-maximum,
fwhm) in the presence (red) and absence (black) of HDA for reactions
carried out at 50 mM CdSA (A) for samples at zero reaction time at
temperature for variable temperatures, and (B) for samples held at 240 �C
for various reaction lengths at a fixed reaction temperature.

Figure 5. Percent photoluminescence quantum yield (PLQY) in the
presence (red) and absence (black) of HDA carried out at 50 mM CdSA
(A) for samples at zero reaction time at temperature for variable tem-
peratures, and (B) for samples held at 240 �C for various reaction lengths
at a fixed reaction temperature.

(32) Joo, J.; Bin Na, H.; Yu, T.; Ho Yu, J.; Woon Kim, Y.; Wu, F.;
Zhang, J. Z.; Hyeon, T. J. Am. Chem. Soc. 2003, 125, 11100–11105.
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detail below, but it is believed that the variability in PLQY
may reflect differences in QD quality under Ostwald
ripening conditions, changes in ligand packing densities,
or surface reconstruction.13,33-35 An alternative explana-
tion that may play a role at long times in both reactions is
the propensity for CdS to oxidize. Surface oxidation is
expected to decrease the PLQYbut not lead to sharpening
of the absorption features. Therefore, the observation is
attributed to time-dependent reconstruction of the QD
via Ostwald ripening, which would lead to sharpening of
the absorption and potentially loss of PLQY.36

Dependence on Monomer and Reactant Concentrations.

HDA Mole Ratio. It is clear that the presence of HDA
strongly influences the properties of CdS growth in the
MW cavity. The results of the above experiments imply
the Cd monomer activity is influenced by the presence of
HDA, and thus impacts either the growth rate by restrict-
ing monomer activity or affects the nucleation step. It is
likely both steps are influenced as the broadness and slow
evolution of the QDs as the reaction temperature in-
creases and the reaction time increases suggest the onset
of Ostwald ripening occurs more rapidly in the presence
of HDA in the MW when compared to reactions carried
out in the absence of HDA. A more in depth analysis of
the changes in the materials as a function of HDA is
shown in Figure 6A, where the optical spectra as a
function of the mole ratio of HDA to TOP at 240 �C
(50mMCdSA) is plotted at zero hold time. The linewidth
of the exciton absorption is broadest (60 nm) for the 2:1
HDA:TOP mole ratio and narrows as the concentration
is reduced to 0:1. Although size distribution of the QDs
appear to increase with increasing HDA concentration,
as evidenced by the loss of the excitonic fine structure as
HDA is added to the reaction (Figure 6A), the size of the
QD is largely invariant with HDA concentration above a

0.5:1 mol ratio. The observation suggests that the effect is
not simply a delay in growth behavior due to monomer
restriction but more likely an impact on nucleation and
subsequent Ostwald ripening, which occurs following
nucleation. The most likely effect is the onset of Ostwald
ripening rather than nucleation. The rationale reflects the
change in surface ligation and ligand packing that would
occur for HDA, which is packed as a highly ordered
passivant shell on the QD surface;33 compared to TOP,
which is more disordered. The assumption that the pack-
ing of the ligand impacts the QD surface is supported by
the observation that the PLQYs are extremely sensitive to
the HDA concentration exhibiting a 17.3% PLQY at
0 mmol HDA (0:1 mol ratio HDA to TOPS), 14.3%
PLQY at 0.1 mmol (0.5:1 HDA to TOPS), 33.1% at
0.2 mmol HDA (1:1 HDA to TOPS), and 6.4% at 0.4
mmol HDA (2:1 HDA to TOPS).

Influence of the Metal to Chalcogenide Ratio. Further
evidence that Ostwald ripening effects are the likely
critical difference between the presence and absence of
HDA is gained by inspection of the impact of Cd2þ mole
ratio in the reaction mixture.6 In Figure 6B, the change in
the optical properties as a function of the mole ratio of
TOPS to Cd in the absence of HDA shows that the
optimum conditions for growth of CdS in the MW
requires a 1:1 Cd:Smonomer concentration, as evidenced
by the optimization of the exciton features and PLQY.
For higher Smonomer ratios than 1:1 relative toCd:S, the
defect intensity increases, the PLQY is reduced by a factor
of 100, and the dispersity of the sample is lost. The loss of
the PL features can be interpreted in terms of the reaction
in a reaction driven regime, where excess sulfur monomer
concentration leads to rapid QD formation with a net
increase in vacancy and trap site formation under these
experimental conditions.

Conclusion

The observed enhancement of reaction rates for CdS
preparation in the MW provides further evidence that
selective MW absorption into the TOP-S monomer leads
to MW induced activation of the R3P-S bond and
subsequent rapid CdS nucleation and growth. The results
are consistent with our earlier reports that R3P-X, where
X is the chalcogenide, completely dominates the initial
MW absorption process, leading to nearly instantaneous
nucleation and growth.21 In light of these results, it is
instructive to consider the MW-based reaction rates
observed for formation of CdS (18 min), CdSe (30 s),
and CdTe (15s) carried out under identical conditions.
A remarkable correlation exists between the reaction
time required for formation of the QD materials and
the bond energy for TOP-S (444 ( 8 kJ/mol), TOP-Se
(363.6( 10.0 kJ/mol), or TOP-Te (279.9( 10.0 kJ/mol).20

The correlation between experimental reaction times
and bond strength supports the assumption that the
difficulty in preparation of CdS from TOPS can be
interpreted as a pure thermodynamic limitation for the
activation of the chalcogenide precursor. The reaction is

Figure 6. (A) Absorption and PL of CdS is shown as a function of HDA
concentration in the reaction mixture. The particles are grown at 240 �C
with a ramp time of 18min and zero hold time time under conditions with
(i) no HDA added (0:1 HDA: TOPS), (ii) 0.1 mmol HDA (0.5:1 HDA:
TOPS), (iii) 0.2 mmol HDA (1:1 HDA:TOPS), (iv) 0.4 mmol HDA (2:1
HDA:TOPS). (B) The absorption and PL spectra of CdS grown at (i) 3:1,
(ii) 2:1, (iii) 1:1, (iv) 1:2 Cd:S mole ratios.
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monomer limited by addition of HDA, which leads to a
slowing of the reaction dynamics and the observed smal-
ler QDs at identical reaction conditions. The poorer
PLQY for HDA may reflect a Cd rich surface due to
the presence of HDA. The presence of amines on CdSe
QDs has likewise been observed to lower PLQYs.37

Furthermore, the results strongly support the observation
that selective MW absorption can lead to monomer
activation in QD reactions. The quality and ease at which
CdS can be prepared from TOPS further generalizes the
advantages of using selective MW absorption to control
nucleation and growth in nanoscale materials.
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