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The theory of the synthesis of colloidal quantum dots of the core-shell type with the mismatch of lattice 

parameters of the contacting materials which are subjected to additional external hydrostatic pressure has been 

developed. The proposed model takes into account the influence of hydrostatic pressure on the homogeneous 
nucleation of the shell material and its heteroepitaxial growth on the core surface. Within the framework of the 

developed model, the regularities of change in the homogeneous nucleation of colloidal ZnS nanoparticles, that is 

the material of the shell, and the heteroepitaxial growth of the ZnS shell on the CdSe core under the action of 

external pressure have been established. It was found that such hydrostatic pressure complicates the homogeneous 
formation of nanoparticles of the shell material (increases the critical radius, at exceeding which the growth of 

nanoparticles and the potential barrier for their nucleation are possible) and, on the contrary, practically does not 

change the conditions of heteroepitaxial growth of the shell on the core. 
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Introduction  

The semiconductor quantum dots (QDs) have a high 

photoluminescence quantum yield and are a promising 

material for use in photonics, medicine, and other fields. 

The colloidal QDs have a number of advantages compared 

to QDs obtained by molecular beam epitaxy methods. One 

of these advantages is the ease of manufacture and the low 

cost of the technological process [1, 2]. Such QDs have a 

regulated band gap which depends on size, that allows to 

precisely control the wavelength of radiation. Among 

other QDs, the A2B6 semiconductor QDs should be 

highlighted, which have good fluorescent properties: high 

quantum yield, photostability and regulated radiation 

spectra [3]. 

But QDs have a high density of traps that act as 

centers of non-radiative carrier recombination. Thus, they 

reduce the intensity of photoluminescence due to the 

transfer of electric charge from QD to the molecule of drug 

preparation [4]. One of the methods to solve this problem 

is to create the QD with the protective shell. Also, the 

protective shell significantly reduces the toxicity of 

cadmium-containing quantum dots [4, 5]. 

One of the most common core-shell structures are the 

CdSe/ZnS nanocrystals, which are type-I heterostructures. 

Such a heterostructure makes it possible to effectively 

localize both electron and hole in the core. However, the 

mismatch of crystal lattice parameters (~11 %) with an 

increase in thickness of the shell leads to an increase in 

mechanical strains and, as result, to the appearance of 

defects at the interface. Therefore, as a rule, the optimal 

number of monolayers of the shell in CdSe/ZnS QDs, for 

which the highest quantum efficiency is observed, does 

not exceed two. The maximum quantum efficiency of the 

CdSe QDs can be achieved by creating a multilayer 

structure with buffer layers of CdS and ZnS, which reduce 

mechanical strains in the structure. The shell is epitaxially 

grown in solution, and the required amount of precursors 

is determined by the volume of material for each 

monolayer. 
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Despite significant successes in the synthesis of 

colloidal quantum dots of the core-shell type [6, 7], their 

quality has not yet reached the quality of nanocrystals with 

a simple core. Foremost, it concerns the uniformly of the 

structure, controllability of size and concentration. In [8], 

two main critical problems for preserving the size 

distribution of nanocrystals during shell growth are 

singled out, which have not been fully resolved to date. 

This is the elimination of homogeneous nucleation of shell 

materials with subsequent coalescence of homogeneous 

nanoparticles and ensuring layer-by-layer growth of shells 

on all cores in solution with the formation of layers of the 

shell of the same thickness around each core. To fulfill 

these conditions, the reactivity of the precursors must be 

weak enough to prevent independent nucleation, but 

strong enough to promote epitaxial growth around existing 

core nanocrystals. 

The conditions for the formation of nanoparticles 

(NPs) are significantly affected by deformation effects due 

to the non-zero volume of intrinsic defects and impurities 

[9], the mismatch of lattice parameters of the contacting 

materials [10], as well as the ultrasonic wave [11]. 

In this paper, we have considered the process of 

heteroepitaxial growth of the ZnS shell on the surface of 

the CdSe core and the homogeneous nucleation of ZnS 

nanoparticles in the colloidal solution which are subject to 

external comprehensive compression. It is assumed that 

such hydrostatic pressure should complicate the 

independent formation of nanoparticles of the shell 

material and, conversely, practically not change the 

conditions of heteroepitaxial growth of the shell on the 

core. 

I. The model 

Consider the initial stage of the growth of the 

heteroepitaxial ZnS layer on the surface of the CdSe core 

and the separate independent nucleation of ZnS 

nanoparticles in the colloidal solution. The latter is a 

negative factor during the synthesis of QD of the core-

shell type, which leads to a decrease in the concentration 

of the monomer from which the shell is formed. As a 

result, the concentration of colloidal QDs with a shell 

decreases, as well as the shells of different thicknesses are 

formed on different cores. Let’s analyze how the 

hydrostatic pressure in the colloidal solution can affect 

these processes. To do this, we separately consider the 

homogeneous nucleation of ZnS nanoparticles and the 

heteroepitaxial growth of the ZnS shell under the action of 

hydrostatic pressure within the classical theory. 

 

1.1. The homogeneous nucleation of colloidal ZnS 

nanoparticles under the action of hydrostatic pressure 

According to the classical theory of nanoparticle 

nucleation [12, 13], the nucleation occurs spontaneously. 

In a supersaturated solution, molecules of a dissolved 

substance crystallize, forming nuclei of nanoparticles. The 

rate of formation of nanoparticles is proportional to the 

relative supersaturation of the solution s. When 

nanoparticles with radius r are nucleated, a new interface 

between the solid and liquid phases appears. This leads to 

an increase in the free energy of the researched system by 

an amount 

 
24S sG r  = , (1) 

where s is the surface energy of the material of the ZnS 

shell. 

The additional hydrostatic pressure P also leads to an 

increase in the free energy by an amount 

 34

3
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At the same time, due to a decrease in the chemical 

potential (molecules pass from a liquid to a solid), a 

decrease in free energy is observed: 
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where V is the molecular volume of the solid phase [13].  

Thus, the change in free energy during the 

homogeneous growth of ZnS nanocrystals is determined 

by the relation: 
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Analysis of the dependence of G(r) shows that such 

a function has a maximum at 
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A process that leads to a decrease in free energy is 

energetically beneficial (Fig. 1). That is, only nanocrystals 

with a radius greater than rpc (greater than rc in the absence 

of additional hydrostatic pressure) can grow. 

Fig. 1 shows the dependence of the change in the free 

energy of a ZnS nanoparticle on its radius in the colloidal 

solution exposed to external hydrostatic pressure at 

different temperature values. The calculations were 

carried out at s = 4 for the parameters of ZnS, which are 

listed in Table 1 [14, 15]. 

An increase in the hydrostatic pressure in the colloidal 

solution leads to a significant increase in the critical radius 

of nanoparticles, at exceeding which their homogeneous 

growth is possible. Thus, at a temperature of 400 K, an 

increase in hydrostatic pressure to 0.9 kbar leads to an 

increase in the critical radius of colloidal ZnS nanoparticle 

from 5 nm to 15 nm (Fig. 1a). Also, the presence of 

external pressure leads to an increase in Gmax from 

100 eV (in the absence of pressure) to 1800 eV (at pressure 

of 0.9 kbar). And this will lead to a significant decrease in 

the nucleation rate 
max

0

G

k TB
dN

A e
dt


−

=  and, accordingly, in the 

concentration of ZnS nanoparticles in the colloidal 

solution. Thus, both results of the influence of hydrostatic 

pressure on the nucleation of colloidal nanoparticles 

(increasing the critical size for the nucleation of ZnS 

nanoparticles and increasing their nucleation energy) will 
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lead to a decrease in the probability of homogeneous 

growth of ZnS nanoparticles. And ZnS is the planned 

material of the shell. 

 

Table 1. 

Parameters of CdSe and ZnS semiconductors 

 a(i), 

nm 

c11,  

Mbar 

c12,  

Mbar 

)(i
bulk , 

J/m2 

V,  

nm3 

CdSe 0.6077 0.667 0.463 1.65 0.055 

ZnS 0.54093 1.067 0.666 1.39 0.039 

 

An increase in temperature slightly worsens this effect 

(Fig. 1b). Thus, at a temperature of 450 K, an increase in 

pressure to 0.9 kbar leads to an increase in the potential 

barrier of homogeneous nucleation of ZnS NPs to 850 eV. 

Similarly, the critical radius rpc increases from 4.2 nm to 

10.8 nm (Fig. 1b). 

 

1.2. The heteroepitaxial growth of the ZnS layer on 

the surface of the CdSe core under the action of 

comprehensive compression 

Consider the process of heterogeneous nucleation of 

the ZnS shell on the surface of the CdSe core under the 

action of hydrostatic pressure. The layer-by-layer 

heteroepitaxial growth is possible when 

0−+ BABA  , 

where A  is the surface energy of the deposited material; 

AB  is the energy of the A–B interface; B  is the surface 

energy of the substrate [16, 17]. 

In our case, in addition to mechanical strain caused by 

external pressure, mechanical strain also occurs in the 

CdSe/ZnS heterostructure due to the mismatch of lattice 

parameters of the contacting layers [10, 18]. Thus, the 

change in free energy during heteroepitaxial growth can 

be represented as follows: 

 2 ( ) 3

0

ln4
4

3

i Bk T s
G R d r

V
   



 = +  − , (6) 

where 
)CdSe()ZnS( γγγ AB −+= ; R0 is the core radius;   

is the volume of the spherical CdSe/ZnS nanocrystal; 

(i) is the mechanical strain of the materials of the 

heterosystem (i = 1 corresponds to the CdSe material, 

i = 2 corresponds to the ZnS material); in this case, r is the 

thickness of the growing shell. 

In the CdSe/ZnS QDs, the lattice parameters 

mismatch of contacting materials, the Laplace pressure 

caused by the surface curvature, and the external 

hydrostatic pressure are the source of elastic strains. 

The lattice parameter of the CdSe core (a(0) = 6.077 Å) 

is greater than that of the ZnS shell (a(1) = 5.40 Å), so the 

CdSe core undergoes compressive deformation, and the 

ZnS shell undergoes stretching deformation. 

The mechanical strain 
( )i
rr  in the QD core and shell 

is determined by the formula: 

( )

( )( )
( ) ( ) ( ) ( )( )1

1 1 2

i i i ii

rr i rr i

i i

E
      

 
 = − + +
 + −

, (7) 

where i, Еi are the Poisson’s ratio and the Young’s 

modulus, which are expressed in terms of elastic constants 
( )i

c11  and 
( )ic12  corresponding materials. 

In order to determine the components of the 

deformation tensor, it is necessary to find an explicit form 

of the displacements of the atoms 
( )i
ru  in the core (i = 1) 

and the shell (i = 2). To do this, we will solve the 

equilibrium equation 

 0divu = , (8) 

with the following boundary conditions [14]: 
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 [18] is the surface energy of the core or 

shell; 
3

04V f R =  ; f is the parameter of lattice 

mismatch in CdSe and ZnS nanomaterials. 

In Fig. 2 shows the dependence of the change of free 

energy of the CdSe/ZnS colloidal heterosystem on the 

thickness of the growing shell at different values of 

temperature, core radius, and hydrostatic pressure. 

As can be seen from Fig. 2, the hydrostatic pressure 

practically does not change the conditions of 

heteroepitaxial growth of the ZnS shell on the CdSe core 

      

Fig. 1. The dependence of the change in the free energy of a ZnS nanoparticle at temperatures of 400 K (a), 450 K 

(b) and at different values of external hydrostatic pressure. 
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with a radius of 2 - 4 nm (Fig. 2a, b, c, d). In these cases, 

the hydrostatic pressure slightly increases the free energy, 

but this increase does not exceed 20 % under the given 

conditions at a temperature of 400 K and 15 % at a 

temperature of 450 K. 

For larger cores (Fig. 2e), the heteroepitaxial growth 

of the shell in the presence of additional hydrostatic 

pressure at a temperature of 400 K can be interrupted at 

r = 1.2 nm. This is due to the fact that its further growth 

would lead to an increase in free energy, which is 

energetically disadvantageous. This phenomenon is 

caused by an increase in the mechanical strain in the shell 

when the radius of the core increases [14]. 

This effect can be leveled by increasing the 

temperature (Fig. 2f). Thus, at a temperature of 450 K and 

R0 = 6 nm, the heteroepitaxial growth of the shell is 

energetically advantageous at any pressure values up to 

0.9 kbar. However, in this case, an increase in pressure 

leads to an increase in free energy by 30 %. 

II. Discussion of results and Conclusions 

The theory of the synthesis of core-shell colloidal 

QDs with the mismatch of lattice parameters of the 

contacting materials, that are subjected to additional 

external hydrostatic pressure, has been created. The 

proposed model takes into account the influence of 

hydrostatic pressure on the homogeneous nucleation of the 

shell material and its heteroepitaxial growth on the core. 

This theory takes into account the increase in elastic 

energy during heteroepitaxial growth of the shell, which 

     

    

     

Fig. 2. The dependence of the change of free energy of the CdSe/ZnS colloidal heterosystem on the thickness of the 

growing shell at different values of hydrostatic pressure, temperature, and core radius:  T = 400 K (a, c, e),   

T = 450 K (b, d, f), R0 = 2 nm (a, b),  R0 = 4 nm (c, d),   R0 = 6 nm (e, f). 
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occurs both due to the mismatch of lattices of the 

contacting materials and the Laplace pressure, as well as 

the external hydrostatic pressure. 

Within the framework of the developed model, the 

regularities of change in the homogeneous nucleation of 

colloidal ZnS NPs, which is the material of the shell, and 

the heteroepitaxial growth of the ZnS shell on the CdSe 

core under the action of external pressure have been 

established. The obtained results allow us to propose a 

method of eliminating the homogeneous nucleation of 

shell materials regardless of the core, which is a negative 

phenomenon in the formation of the core-shell 

heterostructure. This method is based on the following 

considerations. The creation of additional hydrostatic 

pressure in the colloidal solution practically makes 

homogeneous nucleation and growth of NPs of the shell 

material impossible due to an increase in the energy 

barrier and an increase in the critical radius, at exceeding 

which this growth is possible. This result is qualitatively 

consistent with the results of work [20], where it was 

shown that at low pressures (up to 10 kbar), the 

hydrostatic pressure prevents the coalescence of CdSe 

nanoparticles. On the contrary, the hydrostatic pressure 

practically does not change the conditions of 

heteroepitaxial growth of the shell under certain 

parameters. It was established that this effect is better 

manifested at small cores (up to 4 nm), on which the 

growth of the shell takes place, and at higher temperature. 

Only colloidal nanoparticles with a radius greater than 

a certain critical value can grow homogeneously. It was 

established that an increase in the hydrostatic pressure in 

the colloidal solution to 0.9 kbar leads to an increase in the 

critical radius of the colloidal ZnS nanoparticle from 5 nm 

to 15 nm and to an increase in the potential barrier of 

homogeneous nucleation from 100 eV to 1800 eV at 

temperature of 400 K. At the same time, under analogous 

conditions, the hydrostatic pressure leads to a slight 

increase in free energy (no more than 20 %) during the 

heterogeneous growth of the ZnS shell on the CdSe core. 

Thus, the creation of external pressure up to 1 kbar can 

solve the problem of undesirable homogeneous nucleation 

of shell materials and ensure the formation of shell layers 

of the same thickness around each core. 
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