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CdTe magic-sized clusters (MSCs) are promising building blocks
for semiconductor devices because of their single size, consistent
properties, and reproducible synthesis. However, the synthetic
conditions for CdTe MSCs vary significantly in different reports,
which hinders the general understanding of their formation
mechanisms. Here, we employed Cd(oleate),, trioctylphosphine
telluride (TOPTe), and oleylamine, which are commonly used for
larger quantum dot (QD) synthesis, as standard reaction precur-
sors, and systematically investigated the effects of solvent, phos-
phine amount, oleylamine amount, Cd: Te ratio, and temperature
on the evolution of MSCs with time. These conditions compose
the “reaction coordinates” to map out the “reaction zones” for
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Mapping the reaction zones for CdTe magic-sized
clusters and their emission propertiest

Saryvoudh A. Mech, Fuyan Ma and Chenjie Zeng (= *

CdTe MSCs and QDs. We found that CdTe MSCs with the first exci-
tonic transition (E;) at 449 nm can be synthesized in high purity
with excess TOPTe using toluene as the solvent at 100 °C. Whereas
higher temperature, excess of Cd(oleate),, or more viscous solvent
led to the aggregation of 449 nm MSC into larger magic-sized
species with E; at 469 nm as well as QDs with E; > 500 nm.
Increasing phosphine concentration simply enhanced the rate and
yield of CdTe MSCs, while a critical amount of oleylamine was
required to “turn on” the MSC formation. Interestingly, the pure
449 nm MSCs were non-emissive, but colorful emissions were
observed for the reaction mixtures containing both MSCs and QDs.
The emissions could be attributed to a small amount of QDs
formed during the reaction. The mapping of reaction zones is a
crucial step towards the rational synthesis of CdTe MSCs and
further understanding of their formation mechanism.

Introduction

Semiconductor nanocrystals (also called quantum dots, QDs),
are important building blocks for solution-processible opto-
electronic devices.”” An interesting observation during the col-
loidal synthesis of QDs is the formation of magic-sized clusters
(MSCs).>* They are single-sized clusters with enhanced stabi-
lity due to closed geometric structures compared with non-
magic ones with random sizes and less stable structures.”™°
Because of their single sizes and stability, MSCs can be repro-
ducibly synthesized in different reactions. This contrasts with
conventional QDs, which usually show size distributions and
batch-to-batch variations in synthesis. MSCs are usually identi-
fied spectroscopically by (i) sharp, intense, and consistent
absorption peaks and (ii) quantized redshift of absorption
peaks as MSCs grow from one size to another. Despite these
intriguing features, the synthesis and formation mechanisms
of semiconductor MSCs remain unexplored compared to that
of QDs.

Cadmium telluride (CdTe) is a promising semiconductor
material for optoelectronic devices and is the second most
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used semiconductor after Si for commercialized solar cells."*
Solar cells based on CdTe QDs have reached an efficiency of
>10%."? In addition, the relatively smaller band gap of CdTe
(1.50 eV, 829 nm) compared to the related CdSe (1.73 eV,
716 nm) and CdS (2.42 eV, 512 nm)” provides a wider room for
the ultrasmall CdTe clusters to show absorption and emission
in the visible light region (400 nm to 700 nm), which makes
them potential candidates for multicolor light-emitting
diodes.”>'* Despite the potential applications, CdTe MSCs are
less studied than CdSe and CdS MSCs">™' due to the limited
tunability in Te precursor compared to S and Se
precursors.>**?

Nonetheless, several CdTe MSCs have been discovered in
the past 25 years using colloidal synthetic methods with
various precursors and reaction conditions. For example, CdTe
MSCs were first observed by Rogach et al. in the aqueous
phase synthesis employing NaHTe, Cd(ClO,),, and thiols (as
protecting ligands).>* A relatively sharp absorption peak at
460 nm corresponding to the first excitonic transition (E;) was
observed after reacting at 96 °C for 2 hours. Later, Wuister
et al. reported CdTe MSCs with E; at ~420 and ~450 nm by
reacting Cd(CHj3;), and trioctylphosphine telluride (TOPTe) in
dodecylamine (DDA) at 40 °C and 100 °C, respectively.”®
Dagtepe et al. replaced the organometallic Cd(CHj;), precursor
with cadmium hexylphosphonate and used amine and phos-
phine oxide as the coordinating solvent; CdTe MSCs with E; at
449 nm and 491 nm were obtained at >200 °C under different
reaction times.>® The following work showed that a Te-rich
environment (Cd : Te of 0.2 : 1) was critical for the formation of
CdTe MSCs, while a Cd-rich (Cd:Te of 2:1) one resulted in
larger QDs.>” CdTe MSCs with E; at 445 nm and 483 nm were
also observed by using dialkylphosphinic acid.*® Based on the
previous success in the sequential growth of CdSe MSCs,"”
Zanella et al. extended the synthetic method to CdTe MSCs
and obtained 445 nm, 488 nm, and 506 nm MSCs by reacting
cadmium nonanoate in decylamine at 130 °C.*° The classical
cadmium oleate precursor can also be used to obtain 447 nm
and 483 nm MSCs from 50 °C to 180 °C.*° Using a Cd
(acetate),-amine precursor and TOPTe together with super-
hydride, Buhro and coworker obtained 374 nm MSCs at 40 °C
and a 450 nm one at 70 °C.*"*? The two clusters were assigned
to (CdTe),; and (CdTe),,, respectively, based on previous mass
spectrometry anaylsis.'®> Recently, Yu and coworkers discovered
a two-step method to obtain CdTe MSCs with E; at 371 nm,
417 nm, and 448 nm by firstly preparing a precursor mixture
of Cd(acetate),-oleylamine and TOPTe at various temperatures
and then injecting it into the solvent mixture of toluene and
amine. The size control was achieved by tuning amine concen-
tration in the solution, in which a lower concentration led to
larger MSCs.>*7%°

The above examples show that the CdTe MSCs can be pre-
pared in a wide range of reaction conditions, including reaction
temperatures (from room temperature®*>* to more than
200 °C**®), Cd:Te ratios (from Cd-rich®® to Te-rich*’), and reac-
tion time (from one second®*** to more than one day*®). While
the tellurium precursors used in these reactions are mostly
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TOPTe, the cadmium precursors vary significantly, including
alkyl,”® phosphonate,®®>® carboxylate,***° and amine*'* com-
plexes of cadmium. The different reactivities of cadmium pre-
cursors result in various reaction conditions for CdTe MSC for-
mation. Despite the variations, alkylamine has been employed
in all CdTe MSCs syntheses and a large amount of phosphine
was often used as the coordinating solvent. This can be distin-
guished from the synthesis of CdTe QDs, where only cadmium
complex, tellurium precursor, and non-coordinating solvents
are involved in typical synthesis.****”

To better investigate the critical reaction conditions for
CdTe MSCs and minimize kinetic variations from different
precursor conversion chemistry,*®*° we first identified a model
reaction employing Cd(oleate),, TOPTe, and oleylamine as pre-
cursors. These reagents are commonly used in QDs synthesis,
which facilitates the comparison of critical conditions between
MSC and QD synthesis. The effects of reaction parameters on
the evolution of MSC were systematically investigated, includ-
ing (i) reaction solvent and environment such as octadecene
(ODE) and toluene, (ii) the amount of additional trioctylpho-
sphine (TOP), (iii) the amount of oleylamine (OAM), (iv) the
Cd : Te ratio, and (v) the temperature (Fig. 1). These parameters
serve as “reaction coordinates” to map out “reaction zones”
between the formation of CdTe MSCs and QDs.

Results and discussion

To set the standard conditions, we first modified the reaction
that employed Cd(oleate),, TOPTe, and oleylamine.>® The
amount of Te precursor was fixed at 1 mmol by using 1 ml of 1
M TOPTe stock solution (Fig. 2A). A slight excess of Cd(oleate),
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Fig. 1 Diagram showing different reaction conditions explored in this
work. Standard conditions are highlighted in bold. The conditions that
produce MSCs, a mixture of MSCs and QDs, and no MSCs are labeled in
blue, green, and orange, respectively.
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(A) Reaction scheme for CdTe MSCs synthesis in ODE. (B and D) UV-vis spectra of the reaction aliquots from 0.5 to 24 hours. Each aliquot is

diluted 100 times in toluene before measurement. (C and E) Corresponding emission spectra of diluted aliquots (excitation wavelength is 405 nm).
(F) Photos of aliquots under ambient light and UV light (wavelength = 366 nm).

precursor (1.2 mmol, from 2 ml of 0.6 M of Cd(oleate), stock
solution) was added together with TOP (10 ml, 21.2 mmol)
and OAM (17.6 ml, 37.4 mmol). ODE (19.4 ml) was added as
the non-coordinating solvent to balance the total reaction
volume to 50 ml, resulting in a reaction concentration of
20 mM based on Te. The reaction mixture was degassed at
room temperature under ~0.5 torr vacuum for 30 minutes.
Then N, was introduced and the temperature was set to
100 °C. About 2 ml aliquots were withdrawn from the reaction
mixture at 0.5, 1, 1.5, 2, 4, 8, 23, and 24 hours, respectively.
The aliquot was diluted 100 times by injecting 50 pl of the
reaction mixture into 5 ml of toluene for absorption and
photoluminescence characterization (Fig. 2B-E).

While the 0.5-hour aliquot showed no absorption (Fig. 2B,
black line), a prominent peak at 449 nm and a shoulder at
~405 nm were observed after 1 hour of reaction (purple line).
The peak positions remained constant at 449 nm and 405 nm,
but the absorbance of the two peaks continuously increased
and reached the maximum at ~2 hours (blue and cyan lines).

16 | Nanoscale, 2023, 15, 114-121

The consistent peak positions and absorption profiles indi-
cated a MSC was formed. The absorption spectra are similar to
previously reported ones,”>*’>%?* and the 449 nm and
405 nm peaks are assigned to the first (E;) and second (E,)
excitonic transitions of the MSC, respectively. For the 4-hour
aliquot, the absorbance at 449 nm decreased with a broader
peak emerging at 500 nm (green line). After 8 hours, the peaks
redshifted to 463 nm and 424 nm (yellow line), and further
stabilized at 469 nm and 427 nm at 24 hours, respectively
(orange and red lines, Fig. 2D). We tentatively assign the two
peaks as E; and E, of the second magic-sized species.
Interestingly, bright photoluminescence (PL) with color
ranging from cyan to green was observed for the aliquots from
2 hours to 24 hours under UV light (Fig. 2F). The corres-
ponding emission peak redshifted continuously from 500 to
532 nm with an overall increase in PL intensity and a decrease
in the full width at half maximum (Fig. 2C and E). We assign
the emission to the small amount of QDs formed during the
reaction rather than the MSCs. This is based on (i) no PL was

This journal is © The Royal Society of Chemistry 2023
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observed for the 1-hour aliquot, which showed a purer 449 nm
MSC peak with negligible tail absorbance (Fig. S1A¥); (ii) the
onset of emission was accompanied by the appearance of the
tail absorbance at ~500 nm, which were assigned to larger
QDs impurities (Fig. S1B-Hf); and (iii) the emissions red-
shifted continuously with reaction time, which was character-
istic of the emissions of QDs with increasing sizes. To further
probe the origin of the emissions, PL excitation spectra were
recorded for the aliquots (Fig. S21). Similar to the emission
peaks, the excitation peaks continuously redshifted from
474 nm to >520 nm with increasing reaction time (Fig. S2D%),
which further confirmed that the bright emissions originated
from QDs impurities instead of MSCs. Note that a small emis-
sion peak at 480 nm was observed in 23-24 hours aliquots
(Fig. S2C¥), which could possibly originate from the 469 nm
species. But its intensity is much lower compared to the main
emission peak.

We also performed the reaction in ODE without degassing
and similar results were observed (Fig. S3Af). Considering
MSC synthesis did not require high temperatures (>200 °C)
and was tolerant to moisture and air, we further modified the
reaction solvent from ODE to the less viscous toluene. The
reaction in toluene led to purer 449 nm MSCs without forming
second magic-sized species and QDs (Fig. S3Bf). Also, no
strong PL was observed, further confirming the non-emissive
nature of the 449 nm MSCs. Performing the reaction in octane
led to similar results as shown in ODE, with the formation of
second magic-sized species at 469 nm in 24 hours (Fig. S3C¥).
These results suggest that solvents with long hydrocarbon
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groups can facilitate the aggregation of small clusters into
larger magic-sized species and QDs. We hypothesize that the
long hydrocarbon chain of the solvent can possibly form
“bundles” with oleate, OAM, or TOP with similar hydrocarbon
groups, therefore, increasing the interaction of CdTe clusters
carried by these ligands and facilitating their aggregation into
larger species. In contrast, small toluene molecules lack such
interactions thus MSCs can be stabilized for a long period of
time without aggregation at 100 °C.

Since the reaction in toluene gave purer 449 nm MSCs, we
selected toluene as the standard solvent for the systematic inves-
tigation of reaction conditions. Compared to typical CdTe QDs
synthesis,***” a large amount of TOP is often required as a coor-
dinating solvent in MSCs synthesis. To investigate the effect of
TOP, its amount was systematically varied from 0 ml to 10 ml
(0 mmol to 21.7 mmol). The amount of OAM was kept at
50 mmol and the total volume at 50 ml (balanced with toluene).
Without additional TOP, MSCs were not observed, and the reac-
tion solution remained colorless over 24 hours (Fig. 3A and
Fig. S4AT). When increasing TOP amount to 5 mmol, 449 nm
MSC appeared after 4 hours of reaction (Fig. S4Bt). Adding
more TOP increased the rate and yield of MSC, as shown in the
faster increase of 449 nm absorbance (Fig. 3A) and a higher con-
centration of 449 nm MSC at 4 hours (Fig. 3B). A possible expla-
nation for the increased reaction rate is the presence of a larger
amount of secondary phosphine as an impurity when more
TOP is used. Secondary phosphine is known to increase the
reaction rate and yield of QDs and is considered the reactive
component in precursor conversion.**!
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Fig. 3 Effect of trioctylphosphine and oleylamine on the formation of CdTe MSCs. (A) The evolution of peak absorbance at 449 nm with time under
different TOP amounts. (B) Corresponding absorption spectra at 4 hours. (C) The evolution of 449 nm absorbance with time under different OAM

amounts. (D) Corresponding absorption spectra at 2 hours.
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The effect of oleylamine is more complicated. First of all, a
critical amount of OAM was required.*® With 0 mmol of OAM,
no CdTe MSCs were observed. Instead, a broad peak centered at
~430 nm with its intensity continuously increased over 24 hours
(Fig. S5Aft). Increasing OAM to 6 mmol led to a mixture of
449 nm MSC and the ~430 nm species (Fig. S5Bf). Only when
the amount of OAM exceeded 12.6 mmol, pure MSCs were
observed (Fig. S6t). Secondly, further increasing the amount of
OAM reduced the formation rate and yield of MSCs. This can be
shown in the decrease of absorbance at 449 nm when OAM con-
centration is increased from 25.1 mmol to 50 mmol (Fig. 3C)
and the comparison of spectra of different reaction aliquots at
2 hours (Fig. 3D). The decrease in growth rate with increasing
alkylamine is consistent with the earlier observations in the syn-
thesis of CdSe QDs"* as well as in the studies of their nucleation
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and growth rates.*® The kinetic results show that amine plays a
different role than TOP in MSC synthesis. On one hand, a large
excess of amines can coordinate with the cadmium precursor
and slow down its conversion to MSCs. On the other hand,
amine is required to trigger the nucleation of CdTe MSCs at rela-
tively low temperatures.*> We note that the ~430 nm species
observed without amine could be the prenucleation complexes
assembled from Cd(oleate), and TOPTe. As the reaction pro-
ceeded, the peak position remained constant at ~430 nm but its
intensity increased (Fig. S5At). The ~430 nm species is unlikely
to be the polydisperse CdTe clusters since the peak position
would shift with reaction time instead of remaining constant if
different-sized CdTe clusters were formed.

The ratio between Cd and Te precursors also affects MSC
formation. To investigate its effect, TOPTe was set to 1 mmol
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while Cd(oleate), was varied from 0.6 mmol to 4.8 mmol
(Fig. 4). When half amount of Cd(oleate), was used (Cd : Te of
0.6:1), only 449 nm MSC was formed (Fig. 4A), similar to the
case of 1.2:1 ratio (Fig. 4B). The two ratios showed a similar
reaction rate (Fig. S7t), indicating the reaction rate was not
limited by the Cd(oleate), conversion. Interestingly, no PL
emission was observed for the 0.6:1 reaction (Fig. 4A), while
faint green emission was present for the 1.2:1 reaction at 23
and 24 hours (Fig. 4B). It indicates the 0.6 :1 reaction resulted
in purer 449 nm MSCs without producing QDs impurity.
Further increasing the ratio to 2.4:1 led to the formation of
second magic-sized species and larger QDs, as shown in the
decrease of the 449 nm absorbance as well as the appearance
of a shoulder peak at ~467 nm and a broad peak beyond
500 nm (Fig. 4C). Bright green emission centered at ~530 nm
was also observed for 23- and 24-hour aliquots due to the pres-
ence of QDs. More prominent differences were shown in the
4.8:1 ratio, where the 449 nm peak disappeared completely
and the shoulder in the 2.4:1 sample became a distinct peak
at 470 nm. The broad peak also redshifted from 510 nm to
525 nm, which was accompanied by stronger and sharper
emission (Fig. 4D). Interestingly, the 4:8:1 reaction in
toluene resembles the 1.2:1 reaction in ODE (Fig. 2). Both
reactions lead to the formation of second magic size species in
24 hours. These experiments demonstrate that excess Cd
(oleate), precursors can trigger the aggregation and ripening
of 449 nm MSCs into larger species, which is probably due to
the increased viscosity with more Cd(oleate),.

The effect of temperature is intuitive. When the reaction
was performed at 50 °C, no CdTe clusters formed after one
day, and the reaction solution remained colorless and non-

0.004
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emissive (Fig. 5A). Note that the faint blue emission of the ali-
quots is a result of background scattering of the UV light.
Similarly, the peak at ~400 nm region in the emission spectra
is due to the scattering of excitation photons at 405 nm. When
the reaction temperature was increased to 150 °C using ODE
as the solvent, the 449 nm peak appeared in the first half hour
(Fig. 5B, black line), and its absorbance increased to the
maximum at 1.5 hours together with the onset of a broad peak
centered at ~530 nm. At 2 hours, the absorbance at 449 nm
decreased, which completely disappeared at 4 hours. The
broad peak continuously redshifted from ~530 nm to
~550 nm with increasing absorbance. Note that two small
sharp peaks at constant positions of ~480 nm and ~550 nm
coexisted with the broad QD peak, which implies the possible
formation of the larger MSC species. The emission peak also
redshifted from its initial appearance at 547 nm to its final
position at 607 nm and the emission color evolved from green,
yellow, orange, to red (Fig. 5B). Such continuous red shifts of
absorption and emission peaks are characteristics of the pre-
viously studied CdTe QDs.**

While CdTe MSCs formation depends on the interplay of
different reaction parameters, our results suggest that oleyla-
mine is a critical reagent to trigger MSC formation under
current conditions. Oleylamine could play multiple roles in
different stages of the reaction, including activating the Cd
(oleate), precursor, facilitating the precursor conversion into
CdTe monomers, triggering the nucleation at the lower temp-
erature, guiding the assembly of monomers into well-defined
clusters, and serving as surface ligands to stabilize the final
MSCs.*® Other parameters, such as solvent, amount of TOP,
Cd : Te ratio, and temperature affect the reaction rate, conver-
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Fig. 5 Effect of temperature on CdTe MSC formation. The reactions at (A) 50 °C and (B) 150 °C are monitored by absorption, emission, and photos

of aliquots under ambient light and UV light, respectively.
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sion yield, or aggregation pathways of MSCs, but they are less
critical since these parameters do not alter the underlying
chemistry for MSC formation. For example, increasing the
amount of TOP simply increases the reaction rate and the yield
of MSCs.

Previous mechanistic studies on CdE QDs synthesis (E = S,
Se, or Te) shows that the reaction between Cd(u) carboxylate
Cd(O,CR), and trialkylphosphine chalcogenide R’;P=E gener-
ates CdE QDs together with trialkylphosphine oxide R';P=0O
and carboxylate acid anhydride O(COR), as the byproducts.*®
This general reaction scheme should also be applicable to the
CdTe MSC synthesis since the same types of precursors are
employed in MSC reaction as in QD synthesis (eqn (1)).

Cd(0,CR), + TePR’; — CdTe + OPR’s + O(OCR),,
R= C17H33> R' = C8H17

(1)

However, a high temperature (usually >200 °C) is required
for the reaction between Cd(oleate), and TOPTe to proceed at a
reasonable rate. This could be attributed to the high activation
energy to form reaction intermediates (e.g., acyloxyphospho-
nium [RCOO-PR’;]"*%) during the precursor conversion. The
required high temperature for precursor conversion could
result in the rapid nucleation and growth of generated CdTe
monomers into large QDs instead of MSCs.

We hypothesize that a critical condition for MSC formation
is the slow precursor conversion and monomer release rate at
a relatively low reaction temperature. Such a condition could
allow enough time for CdTe monomers to reorganize into well-
defined cluster structures which can be stabilized at the reac-
tion temperature. Oleyamine could facilitate the precursor con-
version at a lower reaction temperature possibly through acti-
vating the Cd(oleate), precursors (e.g., by breaking the poly-
meric chain of [Cd(oleate),], into more reactive discrete Cd
(oleate),(NH,R), unit) or stabilizing the reaction intermediates
(e.g., formation of alkylamoniophosphonium [RHN-PR’5]")*?
thus lowering the activation energy of precursor conversion
into CdTe unit at a lower temperature. Future NMR studies on
the MSC formation process are needed to map out the reaction
mechanism at the molecular level.

Conclusion

Using common reaction precursors, we systematically investi-
gated different reaction parameters on the formation of CdTe
MSCs as well as their PL properties. Reaction in toluene
resulted in purer 449 nm MSCs, whereas ODE led to a mixture
of 449 nm and 469 nm species as well as larger QDs. The lower
viscosity of toluene compared to ODE can effectively prevent
further aggregation of MSCs into larger clusters and QDs.
Increasing the concentration of TOP simply increased the rate
and yield of MSC formation without changing reaction path-
ways. OAM was further verified as a crucial reagent for CdTe
MSCs formation, and a critical amount of OAM was required
to convert the precursor complex into CdTe MSCs. Increasing
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the OAM above the critical amount slowed down the formation
rate, possibly due to the stabilization of Cd complex by excess
OAM. Purer 449 nm MSCs were obtained when an insufficient
amount of Cd precursor was used, whereas a large amount of
Cd precursor led to the aggregation of 449 nm MSCs into
469 nm magic-sized species and larger QDs, which is similar
to the reaction performed in ODE. No clusters were formed at
50 °C due to the low precursor conversion rate. The formation
rate of 449 nm MSC improved significantly at 150 °C, followed
by their aggregation into large MSCs and QDs. While negli-
gible PL was found in pure 449 nm MSCs, colorful emissions
were observed when larger QDs were present in the reaction
mixtures. The results enhance our understanding and are
expected to facilitate further rational control of the synthesis
and photoluminescent properties of CdTe MSCs.
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