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ABSTRACT: The anisotropy in semiconductor nanoplatelets (NPLs) is reflected in the anisotropy of their crystal structure 
and organic ligand shell, which can be used for creating new semiconductor heterostructures. This work demonstrates the 
synthesis of core/shell NPLs containing 0D CdxHg1-xSe domains embedded in CdSe NPLs via cation exchange. The strategy is 
based on the different accessibility of definite regions of the NPLs for incoming cations upon time-limited reaction conditions. 
The obtained heterostructures were successfully overcoated with a ZnyCd1–yS shell preserving their 2D morphology. The NPLs 
exhibit bright photoluminescence in the range from 700 nm to 1100 nm with quantum yields up to 55%, thus making them a 
prospective material for light-emitting applications in the near infrared spectral range.

INTRODUCTION
Semiconductor colloidal nanoplatelets (NPLs) are quasi-
two-dimensional (2D) nanocrystals with atomically-precise 
thickness and strong quantum confinement within one 
dimension.1–3 Among various colloidal NPLs, zinc blende 
(ZB) cadmium chalcogenides attracted a great deal of 
attention due to their unique photophysical properties such 
as narrow, directed and polarized emission,4–6 large 
absorption cross section,7,8 giant oscillator strength,9 and 
fast radiative lifetimes10. 
The thickness of the NPLs is defined by the number of 
alternating cadmium and chalcogen crystal lattice planes. 
Cadmium layers terminate both basal sides of the NPLs, and 
therefore, the thickness of the NPLs is represented as n 
monolayers (MLs) of CdX, containing n and n+1 layers of 
chalcogen (X) and Cd atoms, respectively. ZB CdSe NPLs 
with thicknesses of 2-8 ML have already been obtained in a 
direct colloidal synthesis, that allows for tuning of their 
optical properties in the visible spectral range.11–14 In turn, 
the synthesis of CdS,15 CdTe,16 HgSe, and HgTe17 NPLs 
enabled the widening of the spectral diapason of NPLs, but, 
as in the case of CdSe, they exhibited limited tunability in 
their optoelectronic properties due to the integer number 
of MLs within the NPL thickness. To achieve widely tunable 
excitonic properties, NPLs made of homogeneous CdSexS1-x 
alloys were successfully synthesized.18,19 In addition, doping 
of CdSe NPLs with Cu, Au, or Hg gives the possibility to 
change considerably their optical properties.20–22

The other efficient way to modify the optoelectronic 
properties of NPLs is to fabricate multi-component 
heterostructures through the combination of various 
semiconductor and metallic materials.23 By analogy with 
quantum dots (QDs), NPLs can be coated with 
semiconductor materials possessing a wider band gap 
encompassing that of the core semiconductor to obtain 
core/shell heterostructures with improved optical 
properties and enhanced stability.24–27 The growth of a shell 
with a type-I heterojunction on CdSe NPLs is always 
accompanied by a large redshift of the absorption and 
emission maxima due to the partial delocalization of 
electron and hole wave functions over the whole 
heterostructure.26 In core/crown heterostructures, 
semiconductor material grows in the lateral direction solely 
on NPLs edges without any optical shift, since there are no 
changes in the vertical confinement in the case of the type-I 
band alignment.28,29. Of particular interest are 
semiconductor nanoparticles with mixed dimensions such 
as dot/platelet heterostructures30 or CdSe NPLs with CdS 
shell and rod-like CdS branches.31 Williams and co-workers 
reported the synthesis of PbSe/CdSe dot-on-platelet 
heterostructures, where PbSe QDs grew on the NPLs’ edges 
forming a type-I heterojunction. This heterostructure 
demonstrates a large absorption cross-section arising from 
the NPL which in turn funnels the excitation to generate 
near infrared (NIR) emission from PbSe QDs.
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In this work, we report colloidal core/shell 
heterostructures based on CdSe NPLs with intensive NIR 
emission, large Stokes shifts, and large absorption cross-
sections. The obtained heterostructures are CdSe NPLs with 
embedded CdxHg1-xSe QDs, coated with ZnyCd1-yS shells. A 
localized cation exchange (CE) was used for incorporating 
CdxHg1-xSe QDs into CdSe NPLs. This strategy was successful 
owing to the strongly anisotropic shape of the CdSe NPLs 
leading to an anisotropy in organic ligand shell passivation 
and therefore to different accessibilities of various regions 
of the NPLs. The resulting NPLs exhibit widely tunable 
photoluminescence (PL) from 700 nm to 1100 nm with PL 
quantum yields (PLQYs) reaching 55%.

EXPERIMENTAL SECTION
Chemicals. Cadmium acetate (Cd(OAc)2, 99.995%), 
cadmium oxide (CdO, 99.99%), zinc acetate dihydrate 
(Zn(OAc)2·2H2O, 99%), 1-octadecene (ODE, 90%), myristic 
acid (98.5%), oleic acid (OlAc, 90%), oleylamine (OlAm, 
70%), zinc diethyldithiocarbamate (Zn(DDTC)2, 97%), 2-
ethylhexanoic acid (≥99%), tetramethylammonium 
hydroxide pentahydrate (TMAH, ≥97%), chloroform (CHCl3, 
≥99%), and n-hexane (≥95%) were purchased from Sigma-
Aldrich. Selenium powder (Se, mesh 160, 99.99%) and 
cadmium acetate dihydrate (Cd(OAc)2·2H2O, 99.99%) were 
purchased from Chempur. Tri-n-octylphosphine (TOP, 
97%) was purchased from ABCR. Ethanol (EtOH, 99.9%), 
isopropanol (HPLC grade) and acetonitrile (HPLC grade) 
were purchased from VWR Chemicals. Methanol (≥99.9) 
was purchased from Fisher Chemical. All reagents were 
used as received without further purification. 
Synthesis of cadmium myristate. Cadmium myristate was 
prepared by the following procedure. 4.56 g (20 mmol) of 
myristic acid and 3.62 g (20 mmol) of TMAH were dissolved 
in 200 mL of methanol. 2.66 g (10 mmol) of Cd(OAc)2·2H2O 
were dissolved in 64 mL of methanol. This solution was 
dropwise added to the mixture of TMAH and myristic acid 
and stirred vigorously for 1 h at room temperature. The 
reaction mixture was centrifuged and the precipitate was 
rinsed with methanol using centrifugation six times. The 
final product was dried under vacuum.
Synthesis of 4 ML CdSe NPLs was performed in two stages. 
First, a modified protocol from ref.32 was used to synthesize 
NPLs which, in the second stage, underwent controlled 
growth in the lateral direction. Briefly, 170 mg (0.3 mmol) 
of cadmium myristate, 12 mg (0.15 mmol) of Se and 15 mL 
of ODE were degassed at 85 °C for 60 min in a 50 mL three-
neck flask and then heated up to 240 °C with a rate of 20 
°C/min under Ar flow. When the temperature reached 210 
°C, the mixture of 20.7 mg (0.09 mmol) of Cd(OAc)2 and 56 
mg (0.21 mmol) of Cd(OAc)2·2H2O was added swiftly into 
the reaction solution. Upon reaching 240 °C, the solution 
was kept for 10 min at this temperature for NPLs growth. 
Then, the heating mantle was removed, and when the 
temperature of the solution was decreased to 180 °C, 2 mL 
of OlAc were added after which the reaction system was 
allowed to cool down to room temperature. As-synthesized 
NPLs were precipitated by adding 12.5 mL of EtOH and 
centrifugation for 3 min at 10000 rpm (10621 RCF). The 
supernatant was discarded, and the precipitate was 
dispersed in 8 mL of hexane and shaken for 30 min. The 
resulting solution was centrifuged for 3 min at 8000 rpm 

(6797 RCF). The precipitate was discarded and EtOH was 
added portion-wise until the solution became turbid. The 
mixture was centrifuged again for 3 min at 10000 rpm 
(10621 RCF), the supernatant was discarded, and the 
precipitate was redispersed in 10 mL of ODE for the next 
synthesis step. Thus obtained NPLs in ODE, 109.8 mg (0.5 
mmol) of Zn(OAc)2·2H2O, and 80 µL of OlAc were loaded 
into a three-neck flask, degassed for 30 minutes at room 
temperature, and heated up to 200 °C under Ar flow. At this 
temperature, 0.5 mL of the mixture of Cd- and Se-precursor 
solutions was added dropwise into the reaction mixture. 
After 10 min another 0.5 mL of the mixture was added in the 
same way. After 15 min the solution was cooled to room 
temperature and the NPLs were precipitated by adding 
EtOH and centrifugation for 3 min at 10000 rpm (10621 
RCF). The supernatant was discarded, and the precipitate 
was dispersed in 2 mL of CHCl3 for further use. Cadmium 
precursor for this synthesis was prepared by dissolving 160 
mg (1.25 mmol) of CdO in 1 mL (6.25 mmol) of 2-
ethylhexanoic acid and 2 mL of ODE under heating in an 
argon atmosphere. The selenium precursor was prepared 
by dissolving 79 mg (1 mmol) of Se in 670 µL (1.5 mmol) of 
TOP in a glovebox. The precursors were mixed at room 
temperature right before using.
Post-synthetic treatment of CdSe NPLs. To improve the 
colloidal stability of CdSe NPLs and avoid the formation of 
stacks, post-synthetic treatment was performed using the 
approach described in ref.33 Briefly, 10 µL of OlAc and 15 mg 
of Cd(OAc)2·2H2O were added to 2 mL of NPLs solution in 
CHCl3, the mixture was gently shaken overnight and then 
centrifuged for 3 min at 4000 rpm (1699 RCF) to separate 
undissolved Cd(OAc)2·2H2O. Then, acetonitrile was added 
dropwise to the supernatant until the solution became 
turbid. The mixture was centrifuged again for 3 min at 
10000 rpm (10621 RCF), the supernatant was discarded, 
and the precipitate was redispersed in 2 mL of CHCl3. The 
obtained stock solution was used for further experiments. 
The concentration of CdSe in this solution was measured 
using the intrinsic absorption coefficient reported in ref7, 
and determined to be 4.74·10-2 mol·L-1.
Partial cation Cd2+-to-Hg2+ exchange in 4ML CdSe NPLs. 
187 µL of the NPL stock solution was diluted with 4 mL of 
CHCl3 in a 50 mL centrifuge tube, and 1 mL of OlAm was 
added under stirring. Right after the addition of OlAm the 
necessary amount of the Hg-precursor solution (1-100 
mol.% relative to the amount of Cd in the NPLs) was added 
rapidly. After 5 minutes of stirring, acetonitrile was added 
in portions until the solution became turbid followed by 
centrifugation for 3 min at 12000 rpm (15294 RCF). The 
supernatant was discarded, the precipitate was dispersed in 
1 mL of pure CHCl3 and again centrifuged with acetonitrile. 
The precipitate was dispersed in 3 mL of ODE for the further 
shell growth. The mercury precursor was prepared by 
dissolving 31.9 mg (0.1 mmol) of Hg(OAc)2 in the mixture of 
1 mL of CHCl3 and 132 µL of OlAm at room temperature 
using ultrasonic treatment. The precursor was used right 
after the preparation.
CdyZn1-yS shell growth. The NPLs obtained after the CE 
procedure were dispersed in 3 mL of ODE and 1 mL of OlAm 
and then degassed for 20 minutes at room temperature in a 
25 mL three-neck flask. After filling the flask with Ar, the 
temperature was raised to 120 °C. The mixture of 5 mg 
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(0.01875 mmol) of Cd(OAc)2·2H2O and 22.6 mg (0.0625 
mmol) of Zn(DDTC)2 dissolved in 500 µL of ODE and 300 µL 
of OlAm (with ultrasonic treatment) and bubbled with Ar 
was injected slowly with a syringe pump at a rate of 1.6 
mL/h. The shell was grown for 40 min, and thereafter, the 
flask was cooled down to room temperature. The NPLs were 
then precipitated by adding isopropanol with subsequent 
centrifugation at 8000 rpm (6797 RCF) for 3 min. The 
precipitate was dissolved in 1 mL of CHCl3 and precipitated 
by acetonitrile followed by centrifugation at 8000 rpm 
(6797 RCF) for 3 min. It was repeated two times, and then, 
the core/shell CdxHg1-xSe/CdyZn1-yS NPLs were dispersed in 
1 mL of CHCl3.
Characterization. Optical measurements were performed 
using a UV−vis−NIR spectrophotometer Cary 5000 (Varian), 
a FluoroMax-4 spectrofluorometer (Horiba Jobin Yvon Inc), 
and an Edinburgh Instruments spectrofluorometer FLS920 
(equipped with a nitrogen-cooled photomultiplier tube for 
detection at wavelengths above 900 nm and a Si-
photodiode for measurements below 900 nm). The time-
resolved PL (TRPL) traces were collected using a pulsed 
laser diode for excitation (λ = 405 nm, pulse width = 50 ps) 
and a time-correlated single photon counting (TCSPC) card. 
Transmission electron microscopy (TEM) was performed on 
a JEOL JEM-1400 Plus microscope operated at 120 kV. High-
angle annular dark-field scanning TEM (HAADF-STEM) 
imaging and spectrum imaging analysis based on energy-
dispersive X-ray spectroscopy (EDXS) were performed at 
200 kV with a Talos F200X microscope equipped with an X-
FEG electron source and a Super-X EDX detector system 
(FEI). Prior to STEM analysis, the specimen mounted on a 
high-visibility low-background holder was placed for 2 s 
into a model 1020 Plasma Cleaner (Fischione) to remove 
possible contamination. Powder X-ray diffraction (XRD) 
patterns were acquired using a Bruker D2 Phaser. The NPLs 
dispersed in CHCl3 were concentrated by precipitation with 
acetonitrile, followed by redispersion in small amounts of 
hexane and drop-cast on a Si wafer. Element analysis via 
inductively coupled plasma optical emission spectroscopy 
(ICP-OES) was carried out on an iCAP 7000 Series (Thermo 
Scientific). The samples were prepared by decomposing the 
particles in aqua regia (HCl/HNO3 = 3/1 (v/v)) with 
subsequent dilution with Milli-Q water (total organic 
carbon = 5 ppb, resistivity of 18.2 MΩ∙cm) to yield 1 vol.% 
aqua regia. For the measurement, seven standard solutions 
were prepared, each containing the elements Cd, S, Se, Zn, 
Hg and Zn. Thus, for calibration, seven concentrations were 
chosen: 10 mg/L, 5 mg/L, 1 mg/L, 0.5 mg/L, 0.1 mg/L, 0.05 
mg/L, and 0.01 mg/L of each element. Each standard 
contained 1 vol.% aqua regia. A quadruple determination of 
the samples was made. For preparation of the standards the 
following solutions were used: Hg (10000 mg/L) in 4% 
HNO3 (CPI International, product no. S4400-10M331), a 

multi-standard with Cd, Se, and Zn (each 100 mg/L) in 5% 
HNO3 (CPI International, product no. 4400-005), and S 
(9998 mg/L) in H2O (Sigma-Aldrich, product no. 94430). 
For the Raman measurements, the samples were prepared 
by drop-casting a thin NPLs film on a copper foil. Raman 
spectra were collected by exciting samples with a 514 nm 
laser (Cobolt Fandango) and a 640nm (LASOS diode 
pumped solid state laser) coupled to a confocal Raman 
Microsope (S&I Monovista CRS+). The laser was aligned and 
then focused on the sample using an Olympus 20× objective 
at a laser power of ~1 mW. The sample stage was constantly 
moved during the measurement to avoid degradation. 
Spectra were calibrated with respect to the Raman 
spectrum of toluene.

RESULTS AND DISCUSSION
The procedure for the synthesis of stable NIR-emitting 2D 
semiconductor heterostructures developed in this work is 
schematically shown in Figure 1. Apart from the synthesis 
of 4 ML thick CdSe NPLs, the procedure includes two main 
steps: 1) partial Cd2+-to-Hg2+ CE and the formation of 
localized HgSe or CdxHg1-xSe domains in CdSe NPLs 
preserving their initial morphology and size; 2) coating the 
obtained CdxHg1-xSe NPLs with a wide band gap shell to 
ensure photo- and chemical stability and to improve their 
PLQY. For the synthesis of CdSe NPLs, an established 
method was used, including the reaction between cadmium 
carboxylates with a selenium precursor in a non-
coordinating solvent in the presence of Cd(OAc)2 as a 
modifier for directed growth.11,34 This approach results in 
the formation of 4 ML thick ZB CdSe NPLs isostructural to 
HgSe and with atomically flat (100) basal planes.35 For 
precise control of the CdSe NPL lateral sizes, the synthesis 
was performed in two stages. At the first stage, 4 ML CdSe 
NPLs were synthesized using a modified protocol published 
by Bertrand et al.32. In the second stage, the lateral sizes of 
the obtained NPLs were increased through the slow 
addition of a necessary amount of Cd- and Se-precursors in 
the presence of Cd(OAc)2. The used two-step synthesis of 
CdSe NPLs allowed us to precisely control the NPLs lateral 
sizes and to increase their final reaction yield. Figure 2a 
represents TEM images of the obtained CdSe NPLs with 
rectangular shape and average lateral sizes of 33 nm × 17 
nm. The control of lateral sizes of the synthesized CdSe NPLs 
was an important task for two reasons. On the one hand, it 
was necessary to obtain NPLs with lateral sizes 
considerably exceeding the Bohr radius of CdSe (5.6 nm for 
bulk CdSe)36 to ensure 1D quantum confinement in CdSe 
NPLs after incorporation of mercury ions and forming 
CdxHg1-xSe domains. On the other hand, extra-large lateral 
sizes of the NPLs may lead to the deterioration of their 
colloidal stability during the post-synthetic treatment and 
significantly complicate the shell growth.
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Figure 1. A scheme of the work, including a short-time Cd2+-to-Hg2+ CE with the formation of local regions of CdxHg1−xSe 
embedded in CdSe NPLs and overcoating the obtained heterostructures with a CdyZn1–yS shell.
.
Given the tendency of flat nanocrystals to form stacks, they 
were subjected to post-synthetic treatment with a mixture 
of cadmium acetate and OlAc,33 to prepare a solution of non-
aggregating NPLs.

Figure 2. TEM images of 4 ML CdSe NPLs before (a) and 
after 5 min treatment with 10 mol.% (c) and 100 mol.% (e) 
of Hg-precursor (relative to the total amount of Cd) and 
after overcoating these NPLs with a CdyZn1-yS shell (b, d, f). 
HAADF-STEM image of 4 ML CdSe NPLs after adding 100 
mol.% of Hg-precursor and overcoating with a CdyZn1-yS 
shell. STEM-EDXS maps of Se (h), S (i), Cd (j), Hg (k), and Zn 
(l) displaying the distribution of the elements over the 
core/shell NPLs. All scale bars are 50 nm.

The next step in our approach was a localized CE, leading to 
the formation of small CdxHgx-1Se QDs in the volume of 1D 
quantum-confined CdSe NPLs without the formation of fully 
exchanged HgSe NPLs17 or a sandwich structure made of a 
CdSe core with two HgSe external wells37. This process is 
possible due to the strongly anisotropic shape of the CdSe 
NPLs that not only causes the anisotropy in their optical 
properties5 but also leads to an anisotropic structure of the 
crystalline core38 and organic ligand shell39,40. Since NPLs 
have atomically flat basal plane surfaces and hence a low 
surface curvature, a large number of dispersive contacts 

between the long-length hydrocarbon chains of the ligands 
form a densely packed organic shell.41 This dense ligand 
shell leads to poor penetration of solvents and reagents to 
the basal planes and, as a result, significantly hinders CE in 
this direction. On the other hand, as was shown by Peng’s 
group,42 ZB CdSe NPLs have irregular edges and, as a result, 
a large surface curvature on these sides that does not allow 
the ligands to form high density packed layers. This sparse 
coverage makes the NPL edge more accessible for incoming 
reagents compared to the basal planes. Besides, the basal 
planes of CdSe NPLs are represented by Cd-rich (100) polar 
planes capped by strong X-type ligands which make this 
side less reactive than the non-polar edges of the NPLs 
forming relatively weak bonds with more labile Z- or L-type 
ligands.39,42 Based on these considerations, we assume that 
short-time treatments of CdSe NPLs with Hg-precursor at 
room temperature could result in localized CdxHg1-xSe 
domains formed mostly on the NPLs edges. At the same 
time, there is still a chance of a "pinpoint" CE that can occur 
on the basal planes in the case of defects in the ligand shell 
or local “bunches” of short-chain ligands (e.g., acetate) on 
the basal NPLs surface. Therefore, in the case of short-time 
treatment of the NPLs with the Hg-precursor, CE may occur 
first in the areas of maximal accessibility of the NPLs surface 
for incoming guest cations.
To test the above-mentioned assumptions, various amounts 
of Hg-precursor were added to solutions of 4 ML CdSe NPLs 
in chloroform at room temperature under stirring. Then, 
after 5 minutes, the reaction was stopped by adding 
acetonitrile that led to the precipitation of NPLs, which were 
separated and redispersed in the pure solvent. The injection 
of Hg-precursor (1-100 mol% relative to the amount of Cd) 
into the solution of CdSe NPLs led to an immediate change 
of the color from yellow through red to dark brown black 
(in the case of 10-100 mol% of Hg-precursor) during the 
first 2-3 minutes indicating fast CE reactions. Mercury 
acetate dissolved in OlAm was used as a Hg-precursor 
because OlAm is necessary to stabilize the NPLs. Despite the 
fact that the treatment of the initial CdSe NPLs with a 
mixture of OlAc and Cd(OAc)2 typically results in the 
improvement of their colloidal stability and their PLQY,33 
the use of Hg(OAc)2 dissolved in OlAc in the CE reaction led 
to almost immediate aggregation of the NPLs, even if only 1 
mol.% of Hg-precursor was added. OlAm appears to play a 
crucial role in the stabilization of the NPLs after Cd2+-to-
Hg2+ partial exchange, being a softer base in comparison 
with carboxylate anions and having a higher affinity to 
mercury because it is a softer acid than cadmium according 
to the HSAB theory.43 This was also confirmed by previously 
published works, where regardless of the type of initial 
CdSe nanocrystals (QDs, nanorods, or NPLs), OlAm was 
used as a stabilizer after a similar CE process.17,44,45 
Figure 3 shows the optical absorption (a) and PL (b) spectra 
of CdSe NPLs before and after 5-min treatment with various 
amounts of the Hg-precursor. All samples exhibit two well-
resolved excitonic features of the CdSe NPLs irrespective of 
the amount of added Hg-precursor. There is also no shift of 
the first absorption peak of the CdSe NPLs. Simultaneously, 
a broad long-wavelength shoulder appears after adding Hg-
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precursor, which becomes more pronounced with 
increasing mercury concentration. This spectral behavior 
can be associated with a localized substitution of cadmium 
and formation of CdxHg1-xSe domains with a narrower band 
gap. At the same time, a significant portion of the NPL 
undergoes no change in composition, as confirmed by the 
absence of any spectral shift of the CdSe NPL excitonic 
transitions. After adding Hg-precursor to the solution of the 
NPLs, a strongly pronounced quenching of the PL was 
observed. In this case, the addition of small amounts of 
mercury (1-10 mol.%) led to the quenching of the excitonic 
luminescence without any optical shift of the PL maximum 
and to the appearance of a broad emission in the long-
wavelength range, which can be attributed to emission 
through deep trap states. Besides, a broad emission in the 
long-wavelength range in the case of adding a small amount 
of mercury can be related to domains with mercury 
impurities inside the crystal lattice of CdSe via interstitial 
incorporation instead of CdxHg1-xSe, as it was shown in ref.22 
With an increase of the amount of added Hg-precursor (20-
100 mol.%) the excitonic luminescence of CdSe NPLs 
completely disappeared and a new PL band with a 
maximum at 670-700 nm (depending on the amount of 
added Hg) and a width of ca. 80 nm appeared. These PL 
bands can be related to the long-wavelength shoulders in 
the absorption spectra, which can be attributed to the 
formation of local CdxHg1-xSe domains in the CdSe NPLs.
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Figure 3. (a) Optical absorption and (b) PL spectra of 4 ML 
CdSe NPLs in chloroform before and after 5 min CE reaction at 
room temperature with various amounts of added Hg-
precursor (mol.% of Hg relative to the total amount of Cd in the 
NPLs). PL excitation (PLE) spectra were acquired at the PL 
maximum of the samples. The spectra are offset vertically for 
clarity.

The PLE spectra are in accordance with the corresponding 
absorption spectra, thus confirming the formation of 
semiconductor heterostructures with efficient 
charge/energy transfer. Hence, the long-wavelength 
shoulder and the narrow transition in the absorption 
spectra as well as the observed fluorescence originated 
from the same semiconductor heterostructure. As shown in 
Figure 2 a, c, and e, the NPLs treated with various amounts 
of the Hg-precursor (10 and 100 mol.%) retained the size 
and the shape of the initial CdSe NPLs. We note that the 
resulting CdxHg1-xSe NPLs had a low-intensity PL and were 
stable after purification and redispersion in the pure 
solvent (without an excess of OlAm) only for 6-10 hours, 
after that the formation of aggregates was observed.
To improve the optical properties and the stability of the 
obtained NPLs, they were coated with a shell of a 
semiconductor material with similar lattice parameters and 
a wider band gap forming a type-I alignment with that of the 
core. This shell growth allowed to solve a number of issues. 
First, it led to the passivation of dangling bonds on the NPL 
surface, which are centers of nonradiative electron−hole 
pair recombination that resulted in increasing PL intensity. 
Second, it led to the localization of electron and hole in the 
core preventing their migration to the surface of the NPL. 
Therefore, the presence of a high quality shell allows for 
modifying the NPL surface without drastic impact on their 
optical properties. This gives a possibility to adjust their 
colloidal stability in different media by optimizing the 
ligand shell. From a number of approaches for effective shell 
formation on CdSe NPLs developed in recent years,24,26,27,46 
we selected the methods involving decomposition of a 
single-source precursor such as Zn(DDTC)2

25,47. Zn(DDTC)2 
can be decomposed in the presence of alkylamines forming 
ZnS at a relatively low reaction temperature.48 Thus, this 
precursor was suitable for coating CdSe NPLs with localized 
CdxHg1-xSe domains, since the presence of alkylamines in 
the reaction mixture provided better colloidal stability. At 
the same time, a relatively low shell growth temperature 
prevents diffusion of mercury atoms within the CdSe NPLs, 
which allowed preserving the localized CdxHg1-xSe domains 
in the CdSe NPLs without the formation of a homogenous 
alloy. Since the lattice mismatch between ZB CdSe and ZnS 
is about 11%, the shell was grown in the presence of 
cadmium carboxylates to form a CdyZn1-yS alloy to alleviate 
the lattice strain at the core/shell interface. Even though the 
lattice mismatch between ZB CdSe and ZB CdS is only ca. 
4%, CdS was not considered as a shell material due to the 
possible formation of a so-called quasi type-II CdSe/CdS 
interface inducing electron delocalization between the shell 
and the core, while the hole is localized only in the core.49

As revealed by TEM imaging (Figure 2), pure CdSe NPLs and 
NPLs after CE maintain their shape after overcoating with a 
CdyZn1-yS shell. The lateral sizes of the core/shell NPLs 
increased by approx. 2 nm on average in comparison with 
the corresponding core NPLs. HAADF-STEM imaging of the 
core/shell NPLs obtained from CdSe NPLs treated by 100 
mol.% Hg-precursor show finely dispersed white areas 
localized on the NPLs edges (Figure 2g). Since mercury has 
a higher electron density, these spots may likely be 
associated with the localized CdxHg1-xSe domains in the 
CdxHg1-xSe/CdyZn1-yS NPLs. At the same time, these bright 
spots can be related to a non-uniform thickness of the NPLs 
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after shell coating. To determine the element distribution 
over individual NPLs, we employed STEM-EDXS analysis 
which can trace cadmium, selenium, mercury, zinc, and 
sulfur atoms (Figure 2 h–l). This imaging provides a direct 
proof of the presence of mercury in the core/shell NPLs 
(Figure 2k), although it cannot unambiguously confirm our 
assumption that (the low amount of) mercury is localized 
mainly at the edges of the NPLs. This analysis also reveals 
the formation of the ZnS-rich shell (Figure 2i, l).
To precisely analyze the composition of the obtained 
heterostructures, element analysis was performed using 
ICP-OES. The corresponding results are summarized in 
Figure 4 as the molar ratio between the elements compared 
to the molar ratio used in the CE reactions. 
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Figure 4. ICP-OES-based analysis of the composition of 
CdSe NPLs after the CE with Hg-precursor, and after further 
overcoating with a CdyZn1-yS shell.

The analysis of the ICP-OES data allows us to make several 
important conclusions. As can be seen in Figure 4, 
increasing the amount of Hg-precursor led to a decreasing 
metal to Se ratio in the NPLs after CE. As already discussed 
above, the presence of OlAm on the surface of the NPLs after 
Cd2+-to-Hg2+ CE is necessary to achieve their colloidal 
stability. On the other hand, initial 4 ML CdSe NPLs were 
non-stoichiometric nanoparticles (4 layers of Se and 5 
layers of Cd) with metal-rich basal sides capped by 
carboxylate anions (X-type ligand) to balance the cationic 
charge. As known, carboxylate anions can be replaced with 
neutral amine molecules only as metal carboxylate (Z-type 
ligand)50 that leads to a decreasing of metal content in the 
nanoparticles. The same effect was observed by Tenney et 
al.51 during the Cd2+-to-Hg2+ CE in CdTe NPLs in the presence 
of OlAm. The loss of Cd atoms during the ligand exchange 
process can explain that the Hg:Cd ratio determined by 
element analysis is slightly larger than the feed ratio used in 
the CE reaction in the case of adding 1-10 mol.% of the Hg-
precursor (see blue bars in Figure 4). The next important 
observation based on the element analysis data is that a 5 
min CE conducted by adding a small amount of the Hg-
precursor (1-10 mol.%) led to proportionally increasing 
content of mercury in the obtained samples. At the same 

time, upon adding larger amounts of the Hg-precursor (up 
to 100 mol.%), not more than 24% of Cd atoms were 
replaced. Finally, as discussed above, there was no shift of 
the first electronic transition of CdSe NPLs in their 
absorption, and only a long-wavelength shoulder appeared 
even after adding 100 mol.% of the Hg-precursor (Figure 
3a). This indicates a localized CE with the formation of 
CdxHg1-xSe domains while non-exchanged regions of CdSe 
NPLs retain sizes larger than the Bohr radius of this 
material. It is possible that the exchange takes place only in 
those NPL regions most accessible for the incoming cations. 
It was shown that mercury can diffuse only through a few 
layers of CdSe NPLs, after which the CE almost stops despite 
the presence of an excess of Hg-precursor in the solution.37 
Hence, if the assumption that CE first proceeds through the 
most accessible NPL edges is right, the CE stops as soon as 
several layers of Cd are replaced with Hg independent of the 
amount of added Hg-precursor. For further CE, the 
displacement of densely packed carboxylate ligands from 
the basal sides is necessary, but this process requires a long 
time. For example, it was shown that the complete Cd2+-to-
Hg2+ exchange in 3 ML CdSe NPLs requires 3 hours.17 As can 
be concluded from Figure 4, upon addition of 1-10 mol.% of 
the Hg-precursor, the CE process is limited by the quantity 
of the guest cations, while by adding a larger amount of the 
precursor (20-100 mol%), the process is limited by the 
overall size of the regions accessible for the guest cations, 
taking into account that the CE reaction lasts only 5 minutes.
Since the loss of cadmium ions due to the ligand exchange 
was observed and cadmium was added to the shell, the 
Hg:Se ratio was used to estimate the content of Hg in the 
NPLs after CE and after the shell growth. As can be 
appreciated in Figure 4, the Hg:Se ratio is practically the 
same in the NPLs before and after the shell growth, 
indicating no changes in the NPL composition. It should also 
be noted that, unlike in bare NPLs, the ratio between metals 
and chalcogens in the core/shell NPLs is almost equal to 
one, thus indicating the formation of stoichiometric 
particles after the shell growth likely stabilized by non-
polar OlAm molecules.
Figure 5 shows the optical absorption, PL, and PLE spectra 
of the core/shell NPLs with various Hg contents, including 
the pure CdSe/CdyZn1-yS NPLs. The overcoating with CdyZn1-

yS resulted in a strong red shifts of both the heavy hole and 
the light hole excitonic transitions of the NPLs in the optical 
absorption spectra caused by a weakening of the quantum 
confinement within their thickness. The excitonic 
transitions in the absorption spectra of the core/shell NPLs 
without Hg and with various contents of Hg have almost the 
same spectral position, allowing us to make two important 
conclusions. First, this evidences that even after the shell 
growth at 120 oC on CdxHg1-xSe NPLs obtained after 
treatment with various amounts of the Hg-precursor, pure 
CdSe regions are preserved. Second, the same optical shift 
of the electron transition in all samples reveals that all NPLs 
were covered with a shell of the same thickness and 
composition. The long-wavelength shoulder can be 
observed in the optical absorption spectra of samples with 
Hg:Se = 0.095 and higher. This shoulder becomes more 
pronounced with an increasing Hg:Se ratio and can be 
assigned to the absorption of CdxHg1-xSe domains in the 
core/shell NPLs. As expected, in the PL spectra, we 
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observed a red-shift after the shell deposition 
corresponding to the shift in the absorption spectra. 
CdSe/CdyZn1-yS core/shell NPLs exhibit quite narrow PL 
centered at 605 nm with a full width at half maximum 
(FWHM) of 23 nm (Figure 5a). Core/shell NPLs with Hg:Se= 
0.024 show a much broader PL band with a maximum at 
712 nm and a low intensity at 598 nm (Figure 5c). This 
spectral feature can be assigned to the PL from pure CdSe 
regions in the NPLs, while the main peak can be related to 
small CdxHg1-xSe domains. It appears that at this Hg content, 
the formed CdxHg1-xSe domains are too small to provide 
complete energy/charge transfer from wider bandgap 
areas of CdSe to narrower bandgap regions of CdxHg1-xSe 
that results in two emission features. The heterostructures 
obtained can be considered as Hg-doped CdSe NPLs covered 
with CdyZn1-yS shells. With further increasing Hg content the 
excitonic PL of the pure CdSe phase disappeared and an 
intense bimodal PL band in the NIR region (700-1100 nm) 
appeared. The PL shifted further to longer wavelengths 
with increasing Hg content (Figure 5c-g). The broad PL 
spectra in the NIR region for samples with Hg:Se ratio = 
0.095 and higher can be split using Gauss fitting into two 
bands with a FWHM of 0.14-0.19 eV (Figure S1 in the 
Supporting Information). The bimodal character of the 
observed PL can be related to bimodal distributions in size 
or composition of the CdxHg1-xSe domains formed on the 
long and the short edges of the rectangular NPLs.
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Figure 5. Optical absorption, PL, and PLE spectra, as well as the 
corresponding PLQY values of pure CdSe/CdyZn1-yS (a) and 
cation-exchanged CdxHg1-xSe/CdyZn1-yS core/shell NPLs with 
various contents of Hg (b-g). The detection wavelengths for the 
PLE spectra and the time-resolved PL decay measurements are 
indicated by blue and green arrows, respectively.

As can be seen in Figure 5, all samples demonstrated PLQY 
reaching 55% for the NPLs with Hg:Se ratio = 0.188. We 
note that these are relatively high PLQY values for 
semiconductor nanocrystals emitting in the NIR region. In 
comparison, one of the highest PLQY in this range was 
published by the Bawendi group for InAs/CdSe/CdS 
core/shell/shell QDs emitting in the range of 970-1500 nm 
with PLQYs of 16-82%.52 The PLE spectra closely follow the 
corresponding absorption spectra, indicating the formation 
of a heterostructure with efficient charge/energy transfer 
from CdSe regions and the shell to CdxHg1-xSe domains with 
a narrower bandgap. The same spectral features reveal that 
the same species are responsible for absorption and 
emission in all studied samples, and thus the same 
mechanism of radiative recombination stays behind them. 
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The PL shift to lower energy owing to either the increase of 
the size of CdxHg1-xSe islands or/and of their Hg content. 
In order to get further insight into the photophysics of the 
NPLs, we performed time-resolved PL measurements. 
According to the results summarized in Table 1 and Figure 
S2, PL lifetime increases upon incorporation of Hg, as 
compared to the pure CdSe/CdyZn1-yS NPLs, reflected in the 
intensity average values. The first PL component detected 
at the wavelength <τ>1 undergoes first an increase to 67.5 
ns in the sample with Hg:Se ratio = 0.169 and then decreases 
to 40 ns in the sample with Hg:Se ratio = 0.204. The longest 
intensity average PL lifetime of 68.3 nm at the wavelength 
<τ>2 was found in the sample with Hg:Se ratio = 0.095. 
Overall, average PL lifetime values do not demonstrate a 
clear trend. The observed deviation is not surprising taking 
into account a very broad PL signal. This consistency in the 
values also implies the same mechanism of radiative 
recombination in all Hg-containing NPL samples.

Table 1. Average PL lifetime values of the core/shell 
NPLs at wavelengths indicated in Figure 5. 

PL position 
(nm)

Intensity 
average PL 

lifetime

Figure 
5

<τ>1 <τ>2 <τ>1 
(ns)

<τ>2 
(ns)

(a) 600 – 32.6 –

(b) 596 716 40.7 29.8

(c) 690 792 26.1 68.3

(d) 722 866 36.1 24.8

(e) 846 954 67.5 53.1

(f) 846 1038 43.7 59.2

(g) 846 960 40.0 48.0

An XRD analysis of the core/shell NPLs with various Hg 
content (Figure S3) confirms that the samples obtained 
have a ZB crystal structure. The CdxHg1-xSe/CdyZn1-yS NPL 
samples with various Hg contents exhibit almost the same 
diffraction pattern as pure CdSe/CdyZn1-yS NPLs, since CdSe 
and HgSe have the same lattice parameters. These results 
confirm that the initial ZB CdSe crystal structure does not 
change upon incorporation of mercury.

 without Hg
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Figure 6. Raman spectra of CdSe/CdyZn1-yS and cation-
exchanged CdxHg1-xSe/CdyZn1-yS (with Hg:Se ratio = 0.204) 
core/shell NPLs measured at 514 (a) and 640 nm (b) excitation.

Raman spectroscopy was employed to obtain additional 
information on the structure and the composition of the 
core/shell NPLs. Figure 6 shows resonance Raman spectra 
of the pure CdSe/CdyZn1-yS NPLs and cation-exchanged 
CdxHg1-xSe/CdyZn1-yS NPLs with Hg:Se = 0.204, recorded 
with laser excitation at 514 and 640 nm. Upon excitation at 
514 nm both CdSe and CdxHg1-xSe should be in the resonant 
regime, while the 640 nm light should excite only the 
CdxHg1-xSe domains (see the absorption spectra in Figure 5a 
and g). Indeed, with excitation at 514 nm the Raman spectra 
of the samples are almost identical. In both cases, one can 
see well-pronounced bands centered at 208 cm-1. This line 
can be related to the longitudinal optical (LO) phonon mode 
of the pure CdSe,53 and its position is very close to that of 
bulk CdSe (210 cm-1)54. The broad weak signal at 410-417 
cm-1 can be assigned to the second-order 2LO CdSe mode. 
The broad band at 250-300 cm-1 is related to the CdyZn1-yS 
shell.55 At the same time, we observed no signals related to 
the CdxHg1-xSe phase (expected in the region of 135-190 cm-

1). Based on these data, we may conclude that the pure CdSe 
crystal phase exists even in the core/shell samples with the 
highest Hg content. This pure CdSe phase has a significantly 
larger sizes in the lateral directions than the CdxHg1-xSe 
islands, which appear to have extremely small dimensions 
reflected in the absence of a Raman signal. Upon 640 nm 
excitation, the Raman spectra of the cation-exchanged 
core/shell NPL had the same features as under 514 nm 
excitation. Thus, Raman spectroscopy allows us to prove the 
presence of a pure CdSe crystal phase in the obtained 
heterostructures, but it cannot be used to determine the 
composition of the small CdxHg1-xSe domains.

CONCLUSIONS
We demonstrate the synthesis of novel NIR-emitting 
semiconductor heterostructures which constitute of 
CdxHg1-xSe domains localized in CdSe/ZnyCd1-yS NPLs using 
partial CE. The formation of the heterostructures is 
confirmed by structural analysis and element mapping. The 
obtained NPLs exhibit intense PL in the NIR region with 
PLQY of up to 55%, making them comparable to the best 
NIR-emitting semiconductor nanocrystals. The core/shell 
architecture of the NPLs enhances their stability and makes 
them promising materials for application in light-emission 
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technologies in the NIR spectral region. Large Stokes shifts 
renders them as perfect candidates for applications in 
luminescent solar concentrators.

ASSOCIATED CONTENT 
Supporting Information. Fitting results of the PL spectra of 
the core/shell CdxHg1-xSe/CdyZn1-yS NPLs; results of time-
resolved PL spectroscopy; XRD patterns of CdxHg1-xSe/CdyZn1-

yS NPLs. This material is available free of charge via the Internet 
at http://pubs.acs.org.
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