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CdsP, quantum dots (QDs) are promising candidates for short-
wave infrared (SWIR) applications. Producing QDs with SWIR emis-
sion and sharp spectral features is challenging. In this study, we
show that overgrowth of Cds;P, clusters extends the emission of
CdsP, QDs into the SWIR. The resulting QDs are promising for
imaging and telecom applications.

Introduction

Materials emitting in the near-IR range of the spectrum
(800-1700 nm) have various applications in telecommunica-
tions, biomedical imaging, and sensors." The three major
telecom bandwidths include 800-900 nm, 1200-1360 nm, and
1450-1750 nm.* Emitters in the short-wave infrared (SWIR,
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1400+ nm) window have garnered interest for telecom and bio-
imaging owing to the improved penetration in this region.’
Ideal emitters should have a high quantum yield at a given
wavelength as well as little variation in emission energy.®
Colloidal quantum dots (QDs) are viable candidates for near-
IR emitters owing to their tunable emission, facile
synthesis,”® and solution-processibility.'® Several QD compo-
sitions that yield near-IR emission such as InAs'' and lead
chalcogenides'? have been extensively studied. However, there
are disadvantages to these materials. Colloidal InAs QDs are
prone to anti-site defects due to the close electronegativities of
In and As, which impair their emission."* Meanwhile, lead
chalcogenides have long radiative lifetimes in the microsecond
range."® As a result, other QD compositions must be explored
to form more efficient near-IR emitters. Cadmium phosphide
QDs are narrow-gap semiconductor (bulk bandgap of 0.55 eV)
nanocrystals that can emit in the near-IR region'* with the
benefit of tunable emission, simple synthesis, and chemical
match between cadmium and phosphorus. However, some
major disadvantages of Cd;P, are surface traps and size
polydispersity.">™” Since the bandgap of QDs is size-depen-
dent,'® polydispersity broadens the emission spectrum.'®*
For near-IR applications, it is important to produce Cd;P, QDs
emitting longer wavelengths while maintaining sharp spectral
features. To extend the near-IR emission of Cd;P, QDs, we
used atomically defined clusters.

Atomically defined clusters (a.k.a. magic-sized clusters, or
MSCs) are a specific arrangement of atoms that exhibit
stability.?>** They are typically monodisperse and have a
precise number of atoms unlike QDs.>*** Clusters have been
hypothesized to play a role in QD nucleation and growth.>*2®
Documented clusters include crystalline cadmium selenide
(Cdsssezo(x)so(L)30,26'27 Cds6Sess5(X)a2(L)az, CdgaSess(X)se(L)se;
X = PhCO,, L = C4HoNH,), crystalline indium phosphide
(In37P50(RCO,)54),>*>° amorphous cadmium selenide (CdSe)s;
and (CdSe);4;*°*' and amorphous indium arsenide
(Iny6As15(0,CR)24(PR’;)3).>*?* Cadmium phosphide clusters
were first reported in 2009, but there is limited information

This journal is © The Royal Society of Chemistry 2025
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about them. In particular, their chemical formula is
unknown.*® In this study, we further characterize cadmium
phosphide clusters and study their applications to grow larger,
improved Cd;P, QDs. We demonstrate the conversion of the
clusters to Cd;P, QDs and expand it to overgrowth of the clus-
ters over Cd;P, QDs to produce larger Cd;P, QDs to push their
emission to the SWIR.

Results and discussion
Synthesis and characterization of cadmium phosphide MSCs

We synthesized cadmium phosphide clusters by reacting
cadmium oleate with tris(trimethylsilyl)phosphine (TMSP) in
1-octadecene (ODE) at moderate temperatures (150 °C) under
nitrogen. The absorption and photoluminescence (PL) spectra
of the resulting MSCs reproducibly showed pronounced peaks
at 447 and 455 nm, respectively (Fig. 1a), which is consistent
with the previous report on these clusters® and results in a
small Stokes shift of 48 meV, which is close to the longitudinal
optical (LO) phonon of Cd,P,."*

To further characterize the composition of the MSCs, we
measured the MALDI mass spectrometry of Cd;P, QDs and
MSCs using the reflectron and linear methods in positive frag-
mentation modes in the low- and high-mass regions (Fig. 1b-
d). In the high-mass region, the MS of Cds;P, QDs showed a
distinct band corresponding to the distribution of molecular
ions (Fig. 1b), similar to the reported MS of InP QDs.?® In con-
trast, MSCs did not show a molecular band or any resolvable

Cd-P clusters ~—— Absorbance 100k1 MALDI mass-spectra Cd,P, QDs
>
51.04 ——PL intensity clusters
210 80k |
e
£ £}
_ Stokes shift =48 meV | & g0k
o >
o s
£20.5 $ 40k
s £
§ 20k
< a b
00 0 T T T
300 400 500 600 700 0 100k 200k 300k
Wavelength (nm) miz (Da)
120k MS of clusters MS of clusters d
Cc
6k
100k
3 8ok 3
s 84
>
2 60k Z
f =4 [ =4
2 2
E 40k = H
C4uPo(CrHssCODS" H |
20k }
bt l

0 v v 0 T
2000 3000 4000 5000 6000 4000 4500 5000 5500 6000

miz (Da) m/z (Da)

Fig. 1 (a) Absorption and PL spectra of cadmium phosphide magic-
sized clusters (MSCs). (b) MALDI mass-spectra of CdszP, QDs and the
MSCs in the high-mass region (c) MALDI MS of the MSCs in the region
from 2000 to 6000 Da. The composition of the heaviest identifiable
fragment is indicated (d) MALDI MS of the MSCs in the region from 4000
to 6000 Da. The arrows point to the heaviest identifiable fragment
peaks.
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peaks beyond 6000 Da (Fig. 1b and c). In the low-mass region,
the spectra of the clusters and QDs were comparable and
showed numerous fragment peaks (Fig. S1t). The complex iso-
topic composition of Cd contributes to the broadening of frag-
ment peaks. The average molecular mass of Cd;P, is 399.2 Da
and that of Cd(C;,H33CO,) 393.9 Da, both of which could con-
tribute to the repeating units in the spectra. One of the heavi-
est resolvable fragment peaks has a mass of 5623.4 Da, which
we assign to the composition Cd3,P,0(C17H33C0,)s', which has
a predicted mass of 5623.9 Da. Based on the composition of
the heaviest fragments, cadmium phosphide MSCs have at
least 10 units of CdsP, (Table 1).

Evolution of cadmium phosphide clusters into Cd;P, QDs
through continuous injection

When we combined Cd(oleate),, TMS;P, and ODE at tempera-
tures below 100 °C, we obtained a yellow solution. As we con-
tinuously injected this solution into ODE at 180 °C, we took
the aliquots throughout the injection and measured their
absorption and PL spectra. The MSCs emerged in the solution
in the first 5 min, and their population peaked at 10 min after
the start of the injection, as indicated by the reproducible
absorption peaks (441-447 nm) and emission peaks
(451-455 nm) (Fig. 2a and b).

After that, the decrease in the cluster emission peak was
accompanied by the emergence of a new peak at 620 nm, its
growth, and redshift. The decrease in the MSC luminescence
and increase in the near-IR emission indicates that the clusters
are converting to Cd;P, QDs with prolonged exposure to heat
(Fig. 2). Cadmium phosphide MSCs can be used to grow Cd;P,
QDs through heat; however, there are limits to the growth that
can be achieved using this method. The largest QDs formed
when heating cadmium phosphide clusters emitted at 900 nm.

Overgrowth of cadmium phosphide clusters onto Cd;P, QDs

We used cadmium phosphide clusters to produce larger Cd;P,
QDs through overgrowth. It was shown previously that InAs
clusters could be used to form monodisperse large InAs QDs
through continuous injection into a solution of InAs QDs.*?
Through this method, we aimed to grow larger Cd;P, QDs by

Table 1 Assignment of chemical formulas to the six heaviest fragments
observed in the MALDI MS of cadmium phosphide clusters (shown in
Fig. 1d)

Theoretical
average mass (Da)

MALDI fragment

Fragment formula average mass (Da)

Cd,oP;(C17H33C0O,),"/ 5756.6/5751.3 5753.7
C(:127P15(Cl7H33COZ)S+
Cd3,P,0(Cy17H;33C0,)5" 5623.9 5623.4
Cd,3P15(C17H33C0,)o"/ 5490.2/5484.9 5487.9
CleP10(017I_133COZ)IO+
Cd,6P;5(C17H33C0O,),"/ 5357.5/5362.8 5359.1
(3(1281:’17(C17I_133COZ)E;+
Cd,oP;5(C17H33C0,)5" 5224.7 5224.8
Cd,,P15(C17H33C0,)s "/ 5096.4/5091.1 5093.9
(3(21201)10((:17H33COZ)9+
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Fig. 2 (a) Absorption and (b) PL spectra of aliquots of the solution of
Cd and P precursors in 1-octadecene at 180 °C showing the emergence
and decay of cadmium phosphide MSCs.

continuously injecting cadmium phosphide clusters into a
solution of Cd;P, QDs in the presence of free oleic acid to
prevent the formation of small secondary nucleates."* We per-
formed a series of growth experiments on Cd;P, QDs of
different sizes. As the injection progressed, we measured
optical spectra and the PL quantum yield (PLQY) of the ali-
quots (Fig. 3, S2,T and Table 2).

For the QDs emitting initially at 965 nm, we observed a red
shift in the PL throughout all aliquots, achieving a final emis-
sion at 1338 nm (Fig. 3a). The redshift indicates the over-
growth of the clusters on the QD surface likely through
Ostwald ripening (dissolution and deposition). The PLQY
declined monotonically for the consecutive aliquot and
reached 7.3% for the final product. A batch of QDs emitting
initially at 1010 nm showed a slight blue shift at the beginning
of the injection, likely due to slight etching of the QD surface
(Fig. 3b). Subsequently, in aliquots A2 and A3, we observed a
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Fig. 3 PL spectra of the aliquots of continuous injection of cadmium
phosphide clusters on CdszP, QDs initially emitting at: (a) 965 nm, (b)
1010 nm, (c) 1102 nm, (d) 1145 nm.
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Table 2 Emission wavelengths and PLQYs of the initial, the brightest,

and the final aliquots of the overgrowths of cadmium phosphide MSCs
onto CdsP, QDs

Initial 4 of the brightest Final
Initial 4 QY aliquot QY  Final A QY
965 nm 22% 965 nm 22% 1338nm 7.3%
1010 nm 13% 1113 nm 26% 1277 nm  15%
1102 nm 19% 956 nm 31% 1117 nm 6.7%
1145 nm 15% 1055 nm 19% 1224 nm 18%

bimodal distribution. The bluer peak likely resulted from sec-
ondary QDs produced from the MSCs while the longer-wave-
length peak resulted from the cluster monomers fusing with
the surface of the original QD. In subsequent aliquots, the
bimodal distribution was gone, and we observed a steady red-
shift until the QDs reached a final emission at 1277 nm.
Initially, the PL intensity increased, reaching a maximum in
the fifth aliquot (1113 nm). The aliquots remained brighter
than the original QDs until A9 (1245 nm). The PLQY of the
final product was 14.8%.

The overgrowths on the 1102 and 1145 nm emitting QDs
exhibited similar characteristics (Fig. 2c and d). Initially, we
observed a blue shift until A3. Subsequently, there was a red
shift in PL for the duration of the continuous injection. The
increase in brightness can also be seen in these trials. The
optimum brightness was achieved in A4 and A5 for the 1104
and 1145 nm emitting dots. However, the aliquots remained
brighter than the original QD until A5 for the 1102 nm emit-
ting QD trial. The 1102 and 1145 nm emitting dots were able
to achieve final PL emission at 1117 nm and 1224 nm respect-
ively. The PLQY of the final products of 1102 and 1145 nm
emitting QDs overgrowth were 6.7% and 17.6%, respectively.
Remarkably, the final product was brighter than the original
1145 nm emitting QDs.

To confirm the growth of the QDs, we took TEM images of
the initial QDs and final products of the overgrowth trials of
the 1025 nm, 1102 nm, and 1145 nm emitting QDs. All three
experiments exhibited growth from the initial to the final
product (Fig. 4, Tables 2, S4-5%). For the overgrowth on the
1102 nm emitting QDs, the average QD diameter increased

Fig. 4 TEM images of the products of overgrowth on the 1010 nm
emitting QDs: (a) initial QDs with average size of 3.4 nm (b) final QDs
with average size 5.0 nm.

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 (a) MALDI MS of CdsP, QDs emitting at 1010 nm in the low-mass
region before cluster overgrowth. (b) MALDI MS of CdsP, QDs in the
high-mass region before and after cluster overgrowth.

from 3.4 nm to 5.0 nm. For the overgrowth on the 1025 nm
emitting QDs, the average QD diameter increased from 2.7 nm
to 4.4 nm while the average QD diameter increased from
4.1 nm to 5.0 nm for the overgrowth on the 1145 nm emitting
QDs.

To further confirm the growth of the QD, we measured MS
before and after the cluster overgrowth on the 1010 nm emit-
ting QDs (Fig. 5 and S1f). In the-low mass region, the QDs
exhibited peaks up to 10000 Da (Fig. 5a). We have putatively
assigned the heavier fragment to Cds;P35(C17H33C05)e"
(Table S1t). In the high-mass region, we observed a distinct
band at 38000 Da that corresponds to the average molecular
weight of the QDs (Fig. 5a). After the overgrowth, the QDs
exhibited a bimodal distribution. The peak at 40 000 Da corres-
ponds to the remaining population of the original QDs while
the heavier peak at 140 000 Da indicates the growth of the QDs
after the cluster overgrowth. Based on the mass of the peaks,
the QDs emitting at 1010 nm estimated growth from 2.8 nm to
4.2 nm which agrees with the TEM studies.

Powder X-ray diffraction of a QD sample after the over-
growth confirmed that the tetragonal crystal structure was
maintained through the treatment (Fig. S61). Overall, this set
of experiments indicates that cadmium phosphide MSCs
enable the growth of brighter QDs emitting in the SWIR.
Similar results have been previously achieved with InAs clus-
ters®® and CulnSe,/CulnS, core-shell structures.®”

Experimental
Synthesis of cadmium phosphide MSCs

To synthesize the clusters, a solution was prepared in the glo-
vebox consisting of 0.30 mmol cadmium oleate, 1.8 ml of
1-octadecene (ODE), and 0.10 mmol tris(trimethylsilyl)phos-
phine (TMSP). The solution was injected into 6.0 ml of octade-
cene at 110 °C under N,. The clusters were precipitated out of
the solution with ethanol. The resulting precipitate was dis-
solved in toluene and stored in the glovebox.

Synthesis of Cd;P, QDs

1.5 mmol cadmium oxide and 5.5 mmol oleic acid were
degassed at 110 °C in 20 ml of ODE. A solution 0.145 ml TMSP

This journal is © The Royal Society of Chemistry 2025
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in 2.5 ml of 1-octadecene was injected under N, at various
temperatures and reaction times to form QDs of desired emis-
sion. To form 965 nm emitting QDs, the TMSP solution was
injected at 215 °C for 40 s. To form the 1010 nm emitting QDs,
the TMSP solution was injected at 215 °C for 55 seconds. To
form the 1102 nm emitting QDs, the TMSP solution was
injected at 210 °C and reacted for 90 seconds. To form the
1145 nm emitting QDs, the TMSP solution was injected at
200 °C for 45 s.

Continuous injection cadmium phosphide clusters onto
Cd;P, QDs

The cadmium phosphide cluster solution consisted of 6 ml of
0.50 M Cd(oleate),, 6 ml ODE, and 290 ul TMSP. The Cd;P,
QDs (about 20 mg) were dispersed in 1 ml of toluene and
added to 6 ml of ODE. The cluster solution was continuously
injected at 180 °C under nitrogen.

Mass spectrometry

The Matrix-Assisted Laser Desorption Ionization (MALDI)
Time of Flight (TOF) Mass spectrometry (MS) experiments
were performed on a Bruker rapifleX mass spectrometer
equipped with a Bruker scanning smartbeam™ 3D laser of
355 nm wavelength (>100 pJ per pulse). For mass cali-
bration in reflectron mode, peptides Angiotensin I, somato-
statin-28, and ubiquitin at 1 mg mL™" in water were mixed
with 2-nitrophloroglucinol (2-NPG, 50 mM, 50/50 ACN/
water, 0.1% trifluoroacetic acid) matrix at 1:1:1:3 volume
ratio and 1 pL was spotted on a stainless steel MALDI
target. For mass calibration in linear mode, bovine serum
albumin protein (6.7 mg mL™" in water) was mixed with
2-NPG matrix at 1:9 volume ratio. A solution of clusters
and QDs in toluene was mixed with 20 mg mL™" trans-2-[3-
(4-tert-butylphenyl)-2-methyl-2-propenylidene] malononitrile
(DCTB) in toluene in a 1:1 volume ratio with 1.0 pL
applied on the target and dried. The MS spectra were
acquired in reflectron positive ion mode for low mass
region (1-9 kDa) and linear positive ion mode for high
mass region (2-200 kDa) with Bruker flexControl 4.0 and
analysed with flexAnalysis 4.0.

Conclusions

With MALDI MS, we found that cadmium phosphide MSCs
showed a fragment which we assigned to Cd3,P50(C15H330,)s,
which corresponds to at least 10 units of Cd;P,. We demon-
strated that these MSCs converted into Cd;P, QDs upon
heating. We successfully used cadmium phosphide MSCs to
grow SWIR-emitting Cd;P, QDs and enhance the brightness
through overgrowth methods. We confirmed the overgrowth
with a combination of optical spectroscopy, TEM, and MS.
With the success of the overgrowth, we achieved emission in
the SWIR. This technique will be useful in developing
overgrowth protocols for challenging shell compositions
(e.g., InP).

Nanoscale, 2025, 17, 12654-12659 | 12657
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