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Interest in nanomaterials is associated with a quantum-size effect 
that gives new properties different from those of bulk materials.1 
Colloidal quantum dots are zero-dimensional objects, their pro
perties have been intensively studied after a convenient method 
of synthesis was offered.2 After exhaustive investigation into the 
synthesis for I–VII, II–VI, III–V and IV systems,1,3 new ways of 
tuning properties of nanocrystals (surface-modification,4 modi
fication of shape5 and doping6) are searched. Publication topics 
in this field vary by both the nature of  impurities incorporated 
into quantum dots (valence, size) and methods of such incorpora
tion (cation exchange method,7 oleate method8 and three-part core-
shell synthesis9). Doping may strongly influence the electrical, 
magnetic and optical properties of nanocrystals. 

Indium is a heterovalent impurity for cadmium selenide. Intro
duction of In leads to n-type conductivity, as it was observed for 
Ga-doped CdSe nanowires.10 Experimental data on the indium 
location are differing. It was assumed that the greater part of In 
is located on the surface of nanocrystals. That was confirmed by 
ligand exchange to pyridine.11 However, the chemical etching 
data showed that In uniformly distributed over the entire volume 
of quantum dots. Such a distribution is explained by the low 
ability of indium to diffuse through nanocrystals.9 It was found 
that the absorption, photoluminescence and structure of In-doped 
CdSe are similar to those of undoped CdSe nanoparticles.11 Com
parison of theory and experimental data suggests that approximate 
location of the indium dopant level is at 280 meV below the 
conduction band edge, electron may fall down on that unoccupied 
level and the probability of that event depends on temperature.12 

Incorporation of Ag leads to p-type conductivity (compared 
to In). There are two methods to incorporate Ag into CdSe 
quantum dots. The first is cation exchange, which provides high 
degrees of exchange, often resulting in formation of multiphase 
nanocrystals or silver chalcogenide nanocrystals due to extreme 
thermodynamic efficiency of this process and high diffusivity of 
silver ions.7 Ag impurities are capable of migration inside the 
cadmium chalcogenide lattice and are likely to form domains 
at high enough concentrations. The replacement of CdSe with 
Ag2Se results in < 1% change in unit cell volume.14 Doping CdSe 
nanocrystals with silver through cation exchange does not 
notably affect crystallinity, UV-VIS absorption spectra or size 
distribution.15

Photoluminescence (PL) studies of Ag-doped CdSe quantum 
dots indicate the emergence of dopant-related size-dependant 
feature in the long-wavelength part of PL spectra, which was 
supposed to be caused by recombination of photoexcited electrons 
with Ag-bound holes. Thus, silver serves like a p-type dopant at 
higher concentration. At a low doping level, silver just provides 

a positively charged centre, being an n-type dopant. The addition 
of 1–2 of silver impurity per nanocrystal strongly improves the 
quantum yield of luminescence.14

The second method to incorporate Ag into CdSe quantum 
dots is oleic synthesis (the in situ doping of CdSe nanocrystals 
with silver during the colloidal synthesis).15 X-ray diffraction 
shows that the only crystalline phase in samples is CdSe. The 
UV-VIS absorption spectra of the samples are similar to those of 
undoped CdSe quantum dots.

Here, we propose a modified oleate method (the in situ 
colloidal synthesis) to prepare indium and silver doped CdSe 
nanocrystals† using a published technique.15 

Oleate method allowed us to obtain Cd(In,Ag)Se nanocrystals 
with a maximum Ag-doping level of 0.49% (1.0 Ag atoms per 
nanocrystal) and In-doping level of 32% (66 In atoms per nano
crystal) (Table 1). Excessive silver precipitated during synthesis 
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morphology have been revealed.

†	 Indium oleate In(Ole)3 was used as an indium precursor and the 
complex Ag4Cl4(PPh3)4 as a precursor of silver. The source of cadmium 
was cadmium oleate prepared beforehand from cadmium acetate and 
oleic acid dissolved in diphenyl ether. The selenium precursor was a 1 m 
solution of trioctylphosphine selenide (TOPSe) in trioctylphosphine (TOP) 
prepared by dissolving selenium powder in TOP. The typical synthetic 
process was as follows: cadmium precursor solution containing 0.5 mmol 
of Cd was put in a reactor flask with corresponding amounts of precursors: 
Ag4Cl4(PPh3)4 (synthesized as described16) and In(Ole)3 (synthesized 
using indium acetate and oleic acid) in 2 ml of diphenyl ether (Table 1). 
Complex of silver gives a turbid solution with diphenyl ether; thus, two 
drops of TOP were added to obtain a clear solution. Next, the mixture 
was heated to 200 or 220 °C (Table 1) in Ar and 0.45 ml of a 1 m TOPSe 
solution in TOP were injected with stirring. After particle growth for 
5 min, the reaction system was cooled to room temperature. Typically, 
5–20 s after injection, the solution changed from pale yellow to yellow 
and then to red. The post-synthetic treatment of samples included iterative 
additions of acetone as a coagulant, resulting in the precipitation of 
quantum dots, and dissolving them in hexane. This was done to remove 
organic impurities and by-products. The samples were stored in glass 
vials, dissolved in hexane.
	 The elemental analysis was performed with a Bruker M1 Mistral 
m-XRF spectrometer. The Ag-to-Cd and In-to-Cd ratios were determined 
from the relative intensity of Ka peaks using a calibration curve. The 
UV-VIS absorption was studied with a Varian Cary 50 spectrophotometer 
from 300 to 1000 nm. The fluorescence measurements were done with a 
405 nm laser and detected by an Ocean Optics 4000 USB spectrometer 
calibrated by 2600 K W-lamp (450 –1100 nm). The energy quantum 
yields were determined in diluted sols relative to a Rhodamine 6G solu
tion of the same absorbance at 405 nm. Transmission electron microscopy 
(TEM) was performed on a LEO912 AB OMEGA microscope with an 
accelerating voltage of 200 kV. Size distributions were obtained through 
manual calculations of quantum dots images.
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as Ag2Se; therefore, the Ag to Cd ratio in Cd(In,Ag)Se quantum 
dots is low. 

The PL of In-doped quantum dots was similar to that of 
undoped nanocrystals (Figure 1),11 but the simultaneous addition 
of Ag and In precursors caused a long wavelength feature to 
appear near the band-edge peak, which will be later referred to 
as the A-band. The form of spectra for samples 1–4 also changed 
over time (Figure 2), with A-band intensity rising versus the band-

edge peak. Quantum yield has increased during this alteration, 
and it probably means that impurities were redistributed inside 
the nanoparticles. The PL spectra acquired for the samples with 
simultaneous doping have a shape similar to that of samples 
synthesized without In precursor; however, simultaneous doping 
slows down the aging of the nanocrystals (in comparison to 
Ag‑doped).

The surface of nanocrystals is active due to the presence of 
dangling bonds. Cadmium can fulfill its valent potential by con
necting with oleic acid, whereas selenium bonds on the surface 
are not saturated. That circumstance caused exciton traps to 
appear on the surface, leading to reduction of the quantum yield. 
We assumed that immediately after the synthesis impurities are 
uniformly distributed in nanocrystals. Silver brings a considerable 
amount of defects to the structure that causes the increase in 
A-band intensity in PL spectra. Exclusion of silver from the 
volume to the surface of the nanocrystals is accompanied by an 
increase in the amount of volume defects, but the termination of 
surface selenium bounds ultimately leads to an overall increase 
in quantum yield. High-level doping results in emergence of 
a  strongly defect structure in low quantum yield. That feature 
was described previously:14 at low doping levels, quantum yield 
exceeded that of undoped nanocrystals and at high doping levels 
quantum yield was lower than that of undoped quantum dots.

Synthetic conditions and select parameters of synthesized nanocrystals.Table  1 

Tsynth/°C
Cd:In:Ag  
ratio

In to Cd in 
nanocrystals (%)

In atoms per 
nanocrystal 

Ag to Cd in 
nanocrystals (%)

Ag atoms per 
nanocrystal 

Diameter/nm

Sample 1 200 10:4:0.5 2.8±0.4 8.6 0.27±0.05 0.82 3.2
Sample 2 200 10:4:2 2.2±0.4 6.8 0.17±0.05 0.52 3.2
Sample 3 200 10:4:4  32±2 66 0.49±0.05 1.0 2.8
Sample 4 (tetrapods) 200 10:4:10 4.6±0.4 15 (in tp leg) 0.21±0.05 0.7 (in tp leg) Length 5.5, width 2.3
Sample 5 220 10:4:0 8.7±0.5 35 — — 3.5
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PL and UV-VIS absorption spectra of sample 5.Figure  1 
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Sample 3
Sample 3 after 1 year
Sample 3 after 2 years
Gaussian function of
sample 3 after 2 years

Sample 4
Sample 4 after 1 year
Sample 4 after 2 years
Gaussian function of
sample 4 after 2 years

Sample 1
Sample 1 after 1 year
Sample 1 after 2 years
Gaussian function of
sample 1 after 2 years

Sample 2
Sample 2 after 2 years
Gaussian function of
sample 2 after 2 years

(a) (b)

(c) (d)

Time

PL  spectra of samples (Figure  2  a) 1, (b) 2, (c) 3 and (d) 4.
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Incorporation of silver simultaneously with indium should 
enhance the stability of nanocrystals because the sum of ionic 
radii of indium and silver is close to the doubled ionic radius of 
cadmium. It was not observed for the incorporation of silver 
impurities only.15 The replacement of two cadmium ions in a 
nanocrystal lattice by indium and silver also should compensate 
differences in Cd, In, and Ag charges and decrease the number of 
vacancies in quantum dots.

r(Cd2+) + r(Cd2+) = 0.95 Å + 0.95 Å = 1.90 Å (for coordination VI) 

r(In3+) + r(Ag+) = 0.8 Å + 1.15 Å = 1.95Å (for coordination VI)17,18

Indeed, simultaneous In/Ag doping slows down the aging of 
nanocrystals (rate of alteration of PL spectra) (Figure 2). Average 
lifetime of quantum dot samples is dramatically increased (com
pared to Ag-doped CdSe quantum dots15). The driving force 
behind the process of aging of the nanoparticles is likely to be 
the expulsion of silver atoms. This phenomenon of the so-called 
self-purification is well known and results from thermodynamic 
preference to expel dopants from the structure of the NPs to 
minimize the overall free energy.19,20

Unit-cell parameters for sample 3 were found from XRD 
analysis and were similar to those of undoped nanocrystals of 
CdSe (Figure S1, Online Supplementary Materials). However, it 
does not exclude the possibility of formation of CdSe–In2Se3 
solid solution because the volume attributable to 1 atom in the 
structures of CdSe and In2Se3 is almost the same, 28.05 and 
28.43 Å3, respectively (PC-PDF ICDD C8-459 and C40-1407 
cards). Thus, the replacement of Cd ions by In causes one 
vacancy to appear (as in In2Se3), and cell parameters remain 
almost unchanged. Since metal vacancies give levels in CdSe 
bang gap, the introduction of a lot of metal vacancies should lead 
to a decrease in quantum yield and, probably, to the appearance of 
a new non-excitonic low-energy PL. We did not observe any 
decrease in quantum yield or emergence of a new low-energy 
luminescence (see IR-VIS PL spectrum of sample 3 in Figure S2, 
Online Supplementary Materials). It indirectly confirms that 
amount of indium into nanocrystals did not exceed the amount of 
dissolved silver and that indium is mostly located on the surface 
of nanocrystals.

It is interesting that nanocrystals change their shape from 
sphere to oblong structures when the number of Ag precursors 
in  synthesis is increased (Figure 3). Sample 1 [Figure 3(a)] 
contains only spherical particles with an average diameter of 
3  nm (FWHM 2 nm). In sample 2, ellipsoidal particles are 
found and the amount of these particles is increased in sample 3 
[Figure 3(b),(c)]; nevertheless, the average diameter of the nano
crystals is 3 nm (FWHM 1 and 2 nm). Sample 4 almost com
pletely consists of oblong and branched structures [Figure 3(d)], 
the average diameter and length of legs are 2.3 nm (FWHM 
1  nm) and 5.5 nm (FWHM 3 nm), respectively. We associate 
the growth of anisotropic particles in case of sample 4 with the 
presence of chloride ions in silver precursor. Tetrapod particles 
were successively obtained21 from nuclei of zincblende structure 
through the addition of organic precursors of halide ions.

Thus, the optical properties, structure and shape of quantum 
dots doped only with indium are similar to those of undoped 
nanocrystals. Simultaneous In/Ag-doping slows down the aging 
of nanocrystals (as compared with Ag-doped ones). The increase 
in amount of Ag-precursor in synthesis leads to the formation of 
oblong structures.

This work was supported by the Russian Foundation for Basic 
Research (project no. 12-03-00933 a).
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Supplementary data associated with this article can be found 

in the online version at doi:10.1016/j.mencom.2015.09.019.
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