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Abstract
Large surface to volume ratio in zero dimension core/shell quantum dots makes lattice mismatch induced interfacial 
strain vital in determining structural and optical properties of nanostructures. In this study, changes in lattice mismatch 
induced strain from different compressive shell (CdS–ZnS) with different thicknesses (thin and thick) are evaluated and 
its effect on capped core diameter is theoretically calculated. Capped core squeeze amount is compared with its initial 
(bare) diameter obtained from transmission electron microscopy. The capped core diameter is first calculated theo-
retically using effective mass approximation. Then, same diameter is obtained from modified version of effective mass 
approximation method that considers interfacial strain amount. Comparison of the results with bare core size obtained 
from transmission electron microscopy revealed effect of shell thickness imposed on capped core diameter. Results show, 
larger lattice mismatch between core and shell induces higher strain amount on the core thereby larger squeezes the 
core. At the meantime, it is shown that, thicker compressive shell enforces lower stress on core as it widens its distance 
from core due to lattice relaxation. Hence, core is squeezes less under thicker shell.
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1 Introduction

Semiconductors have attracted huge interest in different 
aspects like source of light and lasers [1–4] with engineering 
their band structure. The nanoscale semiconductor hetero-
structures amd for instance core/shell quantum dots (QDs) 
with diameters smaller than the bulk exciton Bohr radius 
are new class of materials intermediates between molecular 
and bulk solid forms. CdSe based core–shell type quantum 
dots (QDs) exhibit novel properties making them attrac-
tive from both experimental and theoretical point of view 
[5–12]. It has been shown that coating core semiconduc-
tor with larger band gap of its kind, improve properties of 
nanocrystals (NCs) [13, 14]. However, it is believed that lat-
tice mismatch between the core and shell affects structural 
and optical properties such as band gap energy and size 
in core and shell [15–18]. It has been shown that, when a 

compressive (tensile) stress  is applied on QD, their size 
and band gap energy decreases (increase) [19].

In this study, modified version of effective mass approxi-
mation equation, suggested in our previous works [15–18], 
will be applied in calculating capped core size of type I 
core/shell semiconductors. Subsequently, compres-
sive shell thickness effect on capped core size in CdSe/
Cd(Zn)S QDs are evaluated. In aforementioned method, 
which we  choose to cite as modified effective mass 
approximation (MEMA), capped core diameter is calcu-
lated after considering the effect of interfacial lattice mis-
matched strain amount in the structure, induced by shell. 
In our previous reports, accuracy of this method is exam-
ined in different type I and II structures with different band 
alignments. As an example for type II semiconductors, 
ZnSe core is capped with thin shell of CdS and  Cd1−xZnxS 
[15, 16] and capped core diameter was calculated with 
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MEMA method. In another study, CdSe core is capped with 
 Cd1−xZnxS (0 ≤ x ≤ 1) forming type I core/shell structure and 
MEMA was used to obtain squeezed core diameter after 
compressive shell deposition [17, 18].

Here, with  the MEMA method, the effect of lattice 
mismatch strain imposed by shell thickness on core size 
changes is evaluated. Influence of thin and thick com-
pressive shell of Cd(Zn)S on CdSe core size is investigated. 
Comparing the calculated capped core size with the initial 
bare core from transmission electron microscopy (TEM) 
reveals core size squeeze after shell coating process. To 
quantitatively show this phenomenon, capped CdSe diam-
eter is calculated using two theoretic methods; the well-
known and used conventional effective mass approxima-
tion method (EMA) suggested by Brus [20] and its modified 
version MEMA.

2  Synthesis of CdSe/Cd(Zn)S core/shell 
nanocrystals

2.1  Chemicals used

Cadmium oxide (CdO, 99.5%), Selenium powder (Se, 
99.99%), Sulfur powder (S, purum, 99.5%) and Tributyl-
phosphine (TBP) were purchased from Aldrich. Paraffin 
liquid (chemical pure), Stearic acid (analytical grade) and 
Zinc acetate dihydrate (Zn(OAc)2.2H2O, analytical grade) 
were obtained from Sinopharm chemical. Methanol (ana-
lytical reagent), n-Hexane (analytical reagent) and Acetone 
(analytical grade) were also brought from Merck Chemi-
cals. Chemical elements were used without any refinement 
in our synthesis.

2.2  Synthesis of CdSe core QDs

The synthesis of CdSe QDs was carried out according to 
Chang-Qing Zhu et  al. method [21]. Briefly, Cadmium 
stearate was prepared by heating the mixture of CdO and 
stearic acid as Cd precursor. Then Se powder was added to 
Cd precursor mixture and heated for growth of CdSe QDs.

2.3  Synthesis of CdSe/Cd(Zn)S core/shell QDs

Process of capping CdSe with ZnS was carried out through 
Zhu et al. method [21]. Shortly, the as produced core solu-
tion (reaction for 50 min), Zn(OAc)2.  2H2O (0.01866 g) and 
S powder (0.00272 g) were mixed together in the reaction 
vessel. Under flow of  N2 and heat ZnS shell starts cap-
ping CdSe in vessel. To monitor the reaction, aliquots were 
taken at different time intervals. CdSe NCs was capped 
with CdS shell using Yordanov et al. [22] method. Briefly, 
TBP-S was injected to the solution of CdSe QDs dispersed 

in cadmium stearate and paraffin under moderate stir 
and heat. Methanol and acetone, in sequences, added to 
mixture and centrifuged. Thick shell layer was deposited 
on the core/shell structure under the same method and 
conditions. Quantum dots were separated by decanta-
tion of the solution waste and applied in characterization 
analysis.

3  Characterization of CdSe/Cd(Zn)S core/
shell QDs

3.1  Absorption and fluorescence measurements

The absorption spectra of the synthesized CdSe core and 
CdSe/Cd(Zn)S core/shell NCs diluted in n-Hexane is meas-
ured using the Schimadzu UV-3600 UV–Vis spectrometer. 
The fluorescence spectra (PL) of the QDs is also measured 
with the Varian Cary eclipse fluorescence spectrometer 
that excites with UV-light of λ = 350 nm. All characteriza-
tion techniques took place at room temperature, unless 
stated otherwise. Figures 1 and 2 show the normalized 
absorption spectra for thin and thick capped layer of CdS 
and ZnS shell on CdSe, respectively. After deposition, 
CdS shell results in about 7 nm and 18 nm of red shift at 
its absorption peak wavelength. Red shift of 26 nm and 
32 nm is observed in CdSe/ZnS after deposition of thin 
and thick layer of ZnS shell. Tunneling of electrons to shell 
and extension of electron wave function into the Cd(Zn)
S shell is the reason for red shift of band gap energy in 
absorption spectra. This phenomenon can be explained 
with low energy barrier between core and shell [23, 24] 
and defects in the core/shell interface structure. Raise in 
red shift amount after second layer of shell deposition is 
due to thicker deposited shell. 

Normalized PL spectra of CdSe/Cd(Zn)S core/shell 
QDs related to capping of thin and thick shell layer are 
given in Fig. 3. Distinct exciton peaks and red shift in both 
absorption and PL spectra of the synthesized CdSe/Cd(Zn)
S NCs, exhibit type I heterostructure, in which exciton pairs 
are confined in the core. As it is mentioned earlier, when 
stress is applied on QD, its band gap energy changes 
[19]. Same phenomena repeats  when core is coated 
with shell of different lattice parameter. Core is exposed 
to this stress, hence its band gap energy is modulated. 
Decrease in exciton energy of the coated CdSe with thicker 
shell is because of change in diameter of core which 
endures stress under compressive Cd(Zn)S shell. Thicker 
the shell, lower the stress on the core. In discussion sec-
tion, exciton energy from absorption spectra will be sub-
stituted in EMA and MEMA in order to calculate capped 
core diameter. Obtained capped core diameter should be 
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accurate by virtue of the fact that it considers both inter-
facial strain and shell thickness effect in MEMA method.

3.2  Transmission electron microscopy (TEM) 
characterization.

TEM measurement was carried out using JEM-ARM200F 
electron microscope at an acceleration voltage of 200 kV, 
cold FEG emitter and 0.27 eV energy spread. A drop of 
diluted core QDs in n-Hexane was dropped on a copper 
grid of 400 meshes placed over an amorphous carbon sub-
strate for taking image. Figure 4 shows TEM image with 

size of initial bare CdSe (3.9 nm). Shell layers of Cd(Zn)S is 
capped on CdSe QDs at this size.

In many reports, deposited shell layer thickness is 
obtained via subtracting core/shell crystal size from 
bare core size using TEM images of both cases [25, 26]. 
Since, TEM images does not show squeezed or stretched 
core after being capped, it would be questionable and 
severely limited to predict shell thickness, as the capped 
core size has already changed during shell deposition 
[27]. We showed it earlier that with considering interfa-
cial strain amount, capped core diameter and shell layer 
thickness can be obtained with high accuracy [15–18].
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Fig. 1  Normalized absorption spectra, comparison of a thin and b thick deposited CdS shell on CdSe
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Fig. 2  Normalized absorption spectra, comparison of a thin and b thick deposited ZdS shell on CdSe
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3.3  X‑ray diffraction (XRD) measurements

X’Pert3 MRD (XL) X-ray diffractometer device is used to 
measure XRD pattern of the quantum dots, operating at 
45 kV/40 mA using Copper Kα line (λ = 1.5406 Å).

As it is showed in Fig. 5, the XRD pattern exhibits broad 
peaks at 2� values of 25° related to <111>, 42° to <220> 
and 49° to <311> crystalline planes for low temperature 
synthesized zinc-blende CdSe (Joint Committee on Powder 
Diffraction Standards file No. 77–2100) and any reflection 
pattern from wurtzite lattice structure (< 1 0 2> at 2θ≈35° 
and <1 0 3> at 2θ≈46°) were noticed in NCs XRD pattern. 
Growth of ZnS and CdS shells on CdSe led in a slight shift in 
the XRD pattern towards larger degrees that are indicated 
with red arrows in Fig. 5. When a uniform compressive strain 
is applied to a grain at right angles to the reflecting planes, 

their spacing becomes narrower and the corresponding dif-
fraction line shifts toward larger angles [28].

4  Discussion

In this section, the capped core diameter of CdSe/Cd(Zn)S 
QDs is calculated after deposition of thin and thick shells. 
Enc
g
(d) as an excitation energy of type I quantum dots is cal-

culated, using [29]

where �max is the wavelength of the first maxima in absorp-
tion spectra and c denotes the speed of light. Using the 
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Fig. 3  Normalized PL spectra of CdSe/CdS (a) and CdSe/ZnS (b) quantum dots after first and second cycle of shell deposition

Fig. 4  TEM image and size (~ 3.9 nm) of bare CdSe core NCs
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Enc
g
(d) , core size of the CdSe/Cd(Zn)S QDs is obtained from 

the well-known effective mass approximation (EMA) which 
is proposed and used for the first time by Brus [20]. At the 
mean time and as it was discussed elsewhere [15–18], 
interfacial strain amount is considered in EMA equation 
using the following thermodynamic relation as

Which is used in core/shell structures. Here, m∗
e
 , m∗

h
 and �∞ 

are the effective mass of free electrons, holes and optical 
dielectric constant of bulk semiconductor, respectively. 
m∗

cv
= (m∗

e
m∗

h
∕(m∗

e
+m∗

h
) is the reduced effective mass 

of electron–hole pair ( m∗
n
= 0.13m

◦
 , m∗

p
= 0.43m

◦
 and 

�∞ = 6.2�
◦
 for CdSe in bulk [30]). agi = −B(�Egi∕�P) is the 

bandgap deformation potential at i = Γ, L, X  symmetry 
points of core in bulk. On the other hand, Eb

g
(T ) is the bulk 

CdSe QD’s temperature dependent part for the unstrained 
direct bandgap energy. At the meantime and for Eq. (2), 
second, third and fourth terms are the strain contribution 
to the bulk CdSe. Hydrostatic interface strain in the core 
region can be written as

using continuum elastic theory (CET) [31]. In this equa-
tion,�rr , ��� and ��� are the strain components in spherical 
coordinates. Bc

◦
 and �s are the elastic bulk modulus of core 

and shear modulus of shell semiconductors, in order. �m is 
defined as the average lattice difference at the core/shell 
interface and is obtained as follow [32]:

Here ac and as denote the lattice constants for core 
and shell in their bulk form, respectively. Form Eq. 3, 
3.3% and 7.9% of compressive strain is obtained for 
CdSe/CdS and CdSe/ZnS, respectively. It is noteworthy 
to mention that the deposited shell thickness shows 
its effect on exciton energy in core/shell QDs as core 
endures stress where its band gap energy is modulated 
with the applied stress. Hence, aforementioned stress is 
considered in exciton energy from absorption spectra.

Table  1, shows the calculated CdSe core diameter 
after capping with compressive shells (CdS or ZnS) using 
Eq. 2. As it is expected, squeeze of core is noticeable from 
the results. Considering bare core size of 3.9 nm (TEM), 
deposited thin shell of ZnS and CdS, causes 6.8% and 
1.8% squeeze on core, respectively. CdSe is squeezed 

(2)

Enc
g
(d) =Eb

g
(T ) + 3agcΓ� +

9
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,

(3)�rr = ��� = ��� = � = 3Bc
◦
�m∕(3B

c
◦
+ 4�s),

(4)�m = Δa∕a = 2(as − ac)∕(as + ac)

more after capping with ZnS than CdS shell, due to 
larger lattice mismatch in former than the later. Grow-
ing thick shell of ZnS and CdS on CdSe core, shows less 
squeezed core in compare with thin shell.

However, the  conventional EMA method points 
out stretch of the core after deposition of compressive 
shell in calculating capped core size (Table 2). Thereby 
one should be cautious in using EMA method for calcu-
lating capped core size without taking interfacial strain 
effect in consideration.

5  Conclusions

In this work, a comparative theoretical and experi-
mental study to determine lattice mismatch induced 
strain amount on capped core diameter was presented. 
It was  shown that, the core is squeezed after being 
capped with compressive shell. Induced stress amount 
is decreased with thicker shell deposition. Shell thick-
ness changes shows its effect on the band gap energy 
and the exciton energy amount which is applied in the 
calculations. Capped core diameter, was calculated with 
considering interfacial strain effect obtained from CET in 
EMA method and the results were compared with bare 
core size obtained from TEM. It was shown that core in 
CdSe/ZnS structure squeezes more due to the greater 

Table 1  Calculated core diameter of CdSe/Cd(Zn)S using Eq. 2

Growth time 
(min)

Core diameter (nm)

CdSe/CdS CdSe/ZnS

Thin L Thick L Thin L Thick L

10 3.66 3.74 3.49 3.54
20 3.70 3.74 3.52 3.54
30 3.72 3.75 3.53 3.55
40 3.73 3.75 3.54 3.56
50 3.73 3.75 3.54 3.56

Table 2  Calculated core diameter of CdSe/Cd(Zn)S using conven-
tional EMA method [20]

Growth time 
(min)

Core diameter (nm)

CdSe/CdS CdSe/ZnS

Thin L Thick L Thin L Thick L

10 4.09 4.20 4.35 4.46
20 4.15 4.21 4.40 4.46
30 4.17 4.22 4.43 4.47
40 4.19 4.22 4.44 4.49
50 4.19 4.22 4.46 4.50
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lattice mismatch than CdSe/CdS. Introducing Zn(Cd)S shell 
on CdSe core causes 6.8% (1.8%) squeeze in core size. With 
our previously introduced theoretical method (MEMA), it 
is demonstrated that core undertakes less squeeze in case 
of thicker shell in both CdS and ZnS shells, due to lattice 
mismatch relaxation as it widens its gap between core 
shell interfaces.
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