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Cd1−xZnxS nanocrystals are prepared by a co-precipitation method with different atomic fractions of Zn. The

texture, structural transformation and optical properties with increasing x value in Cd1−xZnxS are studied with scanning

electron microscopy, electron diffraction patterning, and absorption spectra respectively. Quantum confinement in a

strained CdS/Cd1−xZnxS related nanodot with various Zn content values is investigated theoretically. Binding energies

on exciton bound CdS/CdxZn1−xS quantum dot are computed, with consideration of the internal electric field induced

by the spontaneous and piezoelectric polarizations, and thereby the interband emission energy is calculated as a function

of the dot radius. The optical band gap from the UV absorption spectrum is compared with the interband emission

energy computed theoretically. Our results show that the average diameter of composite nanoparticles ranges from

3 nm to 6 nm. The X-ray diffraction pattern shows that all the peaks shift towards the higher diffracting angles with an

increase in Zn content. The lattice constant gradually decreases as the Zn content increases. The strong absorption edge

shifts towards the lower wavelength region and hence the band gap of the films increases as the Zn content increases.

The values of the absorption edge are found to shift towards the shorter wave length region and hence the direct band

gap energy varies from 2.5 eV for the CdS film and 3.5 eV for the ZnS film. Our numerical results are in good agreement

with the experimental results.
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1. Introduction

II–VI semiconducting materials have emerged

with high potential in applications for fabricating op-

tical devices which include short wavelength emitting

laser diodes and light emitting diodes operating in

the blue region due to their wide direct band gap

properties. It is a subject of great interest in re-

gard to chalcogenide-based semiconducting materials

which are used in making devices like photodetectors

and photovoltaic devices. For example, Cadmium zinc

sulfide (CdZnS) ternary compounds are widely used

as wide band gap window materials in heterojunc-

tion solar cells and photoconductive devices. In so-

lar cell systems, CdS films have been demonstrated

to effectively replace CdS with the higher band gap

ternary material such as a CdZnS compound which

leads to a decrease in window absorption loss. Even-

tually, an increase in the short-circuit current in the

solar cell occurs.[1] Thus CdZnS ternary compounds

are potentially useful as window materials for the

fabrication of pn junctions without the lattice mis-

match in the devices based on quaternary materials

like CuInxGa1−xSe2
[2] or CuIn(SzSe1−z)2.

[3]

The exciton energy levels and the optical tran-

sitions of CdTe quantum dots have been evaluated

using the exact diagonalization by Manaselyan and

Chakraborty.[4] There are numerous reports on the op-

tical properties of various metals and rare earth ions

doped ZnS, CdS, ZnSe, and CdSe nanostructures, but

studies on their doped alloy nanostructures are still

limited.[5−8] Doping different activator ions (acting

as recombination centres) in these stabilized nanos-

tructures not only gives the chance to obtain the re-

quired emission colour, but also to reduce the self-

quenching by intrinsic defects in the nanocrystals.[9]

In this case it is possible to adjust the lattice match-

ing as well as the electron affinity of the layers with

one of the p-type semiconducting substrates by appro-

priately choosing the solid solution composition. The

band gap of ZnCdS can be tuned, depending on the

alteration of the content of its constituent.[10] ZnCdS
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is widely used as a wide-band-gap window material

in heterojunction solar cells,[11] low-voltage cathode

luminescence,[8] high-density optical recording, and

blue and ultraviolet laser diodes.[12]

II–VI compound semiconducting nanocrystals

have attracted much attention, owing to their unique

optical properties that can be tuned not only by

changing the particle size but also by changing the

composition of the alloy.[13−15] Among them, the wide

band gap nanocrystalline materials have opened a

new avenue to tremendous potential applications in

diverse areas like solar cells, photo-catalysis, sen-

sors, photonic, and other optoelectronic devices.[16−19]

Considerable efforts have been devoted to high tem-

perature synthesis of Cd1−xZnxS (0 ≤ x ≤ 1)

nanocrystalline thin films by chemical vapour depo-

sition (CVD), molecular beam epitaxy (MBE), metal

organic vapour phase epitaxy (MOVPE), and the

RF-sputtering method,[20−22] but much less atten-

tion is paid to the low temperature chemical syn-

thesis of high-quality water soluble alloy nanocrys-

tals. Nanocrystals synthesized by chemical route give

a chance to control their sizes and distribution. One

must change the concentration of the reagents and

their mixing rates at different temperatures in order to

improve the crystallinity.[23] These small-size nanos-

tructures have a large surface-to-volume ratio and

they play a dominant role in optical properties of the

nanostructures. Various kinds of capping agents and

inorganic shells are used to passivate the undesired

sites resulting in the enhancement of luminescence in-

tensity to produce good quality nanomaterials.[24]

In the present study, the electrical and opti-

cal properties of the influence of Zn substitution in

CdZnS material are investigated. We synthesize the

Cd1−xZnxS (x = 0 ∼ 1) alloy nanocrystals by the

chemical route method and determine their optical

band gaps from the absorption spectra. Simultane-

ously, the effect of optical properties on the theoretical

computation is investigated by considering the syn-

thesized nanopowders as quantum dots. We use the

variational technique within a single band effective

mass approximation to calculate the binding energy

and the optical band gap. In Section 2, we present

the method (experimental and theoretical techniques)

following our model while the results and discussion

are presented in Section 3. Conclusions are summa-

rized in Section 4.

2. Model and calculations

2.1. Experiment

The following procedure was carried out to pre-

pare the CdZnS nanocrystals. For the dopant source,

zinc chloride was used for the dopant Zn source and

cadmium chloride served as dopant for the cadmium

source. A solution of 0.02-M cadmium chloride and

0.15-M thiourea were mixed and precipitated with

sodium hydroxide (0.4 M) under vigorous stirring at

60 ◦C for 1 h. The resulting solution was stirred for

1 h and then the ZnCl2 solution with an appropriate

ratio was added into it. The precipitated pale yel-

low colloidal solution was obtained at the end. The

formed nanopowders were separated from the reaction

medium by centrifugation. They were washed with

de-ionised water and ethanol to remove the impurities

and then dried at 80 ◦C. To investigate the structural

and optical properties, the samples were character-

ized by X-ray diffraction on a Philips X’pert–MPD

X-ray diffractometer with Cu Ka. The UV–Vis ab-

sorption spectra were measured on a Hitachi model

U-3300 spectrophotometer.

2.2.Theory

Within the framework of single band effective

mass approximation, the Hamiltonian of the exciton

considering a strained CdS/CdxZn1−xS quantum dot

with radius R, can be written as[
− ~2

2m∗
e,h

1

re,h

∂2

∂r2e,h
r2e,h + Ve,h (re,h) +

P 2
Z

2M

+
p2z
2µ

− e2

ε |re − rh|
− E

]
ψe,h(re,h) = 0, (1)

where m∗
e,h are the effective masses of electron and

hole, ε is the dielectric constant for the material in-

side the quantum dot, |r̄e − r̄h| denotes the relative

distance between the electron and the hole, and Ve,h
is the confined potential of conduction band and va-

lence band. The band gap of the material is given

by

Eg(CdxZn1−xS)

= 2.566 + 0.041x+ 1.086x2 (eV). (2)

The above expression of band gap has been obtained

by varying the Cd concentration in ZnS powders

(Fig. 1) through taking various concentrations of Cd

and thereby calculating the optical energy band gap.

Similar expressions have been obtained in Refs. [25]

and [26]. The quadratic term in Eq. (2) is correlated
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with the bowing of the optical band gap.[27] This ap-

proximation directs us to distribute the band gap dis-

continuities between CdxZn1−xS dot and ZnS barrier

as V (z) = 0.7∆Eg.
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Fig. 1. X-ray diffraction patterns for ZnxCd1−xS pow-

ders with different Zn content values.

The strain-induced potential for the conduction

band can be expressed as[28]

VCstrian = ac(εxx + εyy + εzz), (3)

where ac is the deformation potential constant of the

conduction band, εxx = εyy = (a0 − a)/a with a0 be-

ing the equilibrium lattice constant for the strained

layer and a the unstrained lattice constant and εzz =

−2(C12/C11)εxx, the values of the parameters are

given in Table 1. Semiconductor alloys have been

proposed to obey Vegard’s law, revealing the linear

relationship between the lattice constants and compo-

sition as given by[29]

a0Cd1−xZnxS(x) = xa0ZnS + (1− x)a0CdS. (4)

Table 1. Material parameters used in the calculations

(linearly interpolated from the data of ZnS and CdS)

used in the calculations.

Parameter CdS Cd0.6Zn0.4S Cd0.4Zn0.6S ZnS

m∗
e 0.21 0.267 0.343 0.40

γ1 3.158 3.027 2.852 2.721

γ2 0.746 0.774 0.812 0.841

ε31 –0.159 –0.159 –0.16 –0.16

ε33 0.347 0.306 0.251 0.21

C13/GPa 39.4 49.96 64.04 74.6

C33/GPa 93.8 90.17 85.33 81.7

ε 8.9 8.78 8.62 8.5

ac/eV –0.24 1.395 2.935 4.09 eV

av/eV 0.56 1.08 1.785 2.31 eV

a/nm 0.582 0.57 0.553 0.541

The strain-induced potential for the valence band

can then be written as[30]

VVstrain = av(εxx+εyy+εzz)−
b

2
(εxx+εyy−2εzz), (5)

where av and b are the deformation potential con-

stants of the valence band.

The strength of the built-in electric field F caused

by the spontaneous and piezoelectric polarizations

in the CdS/ZnxCd1−xS strained quantum dot is ex-

pressed as[31]

F =


∣∣∣∣∣−PCdS

SP + PCdS
PE − P

ZnxCd1−xS
SP

ε0εCdS
e

∣∣∣∣∣ , r < R,

0, r ≥ R.

(6)

Here, εCdS
e is the electronic dielectric constant of CdS

and PCdS
PE , PCdS

SP , and P
ZnsCd1−xS
SP are the piezoelectric

polarizations and spontaneous polarizations of CdS

and the spontaneous polarization of ZnxCd1−xS, re-

spectively. The above values can be generally calcu-

lated by the polarity of the crystal and the strains of

the quantum nanostructure. Since the wurtzite crys-

tal lattices of CdS and ZnS lack inversion symmetry,

the heterostructure will have spontaneous polarization

(P SP) and the piezo electric polarization (PPZ) due to

the strain caused by the lattice mismatch between CdS

and ZnS material.

The piezoelectric polarization along the c axis is

given by

PPZ = e31(εxx + εyy) + e33εzz (7)

with

εxx = εyy =
a(CdS)− a(ZnCdS)

a(CdS)

and εzz = −2(C13/C33)εxx, the values of parameters

are given in Table 1. The piezoelectric polarization is

given by

PPZ = 2εxx

(
e31 − ε33

C13

C33

)
. (8)

Thus the total polarization is given by

P = PPZ + P SP. (9)

Electron (hole) effective mass m∗
j is given by

m∗
j =

m∗
I , r < R,

m∗
II, r ≥ R,

(10)

where m∗
I and m∗

II denote the reduced effective masses

inside and outside the quantum dot. The material pa-

rameters are given in Tables 1 and 2.
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Table 2. Electron band parameters.∗

x m∗
e (m0) m∗

hh (m0) Ve/meV Vh/meV Eg/eV

0 0.21 5.00 1796 769 3.53

0.2 0.216 4.352 1832 785 3.24

0.4 0.232 3.704 1929 826 2.99

0.6 0.248 3.056 2087 894 2.78

0.8 0.264 2.408 2305 897 2.62

1.0 0.28 1.76 2584 1108 2.50

∗Parameters cited from Refs. [42]–[44].

The reduced mass corresponding to the heavy

hole band in the plane perpendicular to the z axis

is expressed as

1

µ
=

1

m∗
j

+
1

m0
(γ1 + γ2), (11)

where m0 is the free electron mass.

We choose a trial wave function as follows:

Ψ(re, rh) = |ψ(re)⟩ |ψ(rh)⟩ ψ(z)⟩ . (12)

The ground state wave function of the electron (hole)

confined in the strained CdS/CdxZn1−xS quantum

dot can be written as

ψ(rj) =
1

rj
φ(rj)Y

m
l (θ, ϕ), (13)

where Ym
l (θ, ϕ) are the complex spherical harmonics

and φ(r) is the radial wave function and the corre-

sponding confinement energy equation of the electron

(hole) can be obtained by using the m-order Bessel

function Jm and the modified Bessel function Km as

ψ(r, θ, φ) =


N1 e

±ilϕJl(rnlr), r < R,

N1
Jl(rnlR)

Kl(bnlR)
e±ilϕKl(bnlr), r ≥ R,

(14)

where N1 is the normalization constant,

rnl =

√
2m∗

jEnlk

~2
, (15)

and

bnl =

√
2m∗

j (V − Enlk)

~2
, (16)

with rnl being the n-th root satisfying the equation

rnl
dJl(rnlr)

d(rnlr)

∣∣∣∣
r=R

= bnl
Jl(rnlr)

Kl(bnlr)

dKl(bnlr)

d(bnlr)

∣∣∣∣
r=R

, (17)

and Enlk the lowest binding energy calculated by solv-

ing the transcendental equation

√
EJ1(

√
ER)K0(

√
(V − E)R)

= (
√
(V − E)K1(

√
(V − E)R)J0(

√
ER). (18)

This fixes the values of rnl and bnl for the lowest val-

ues of Enlk after matching the wave functions and

their derivatives at the boundaries of the quantum dot

along with the normalization.

The trial wave function |ψ(z)⟩ describing the in-

ternal motion between the electron and the hole in

the system, taken to be the lowest state of the exciton

energy, is given by

|ψ(z)⟩ = exp(−α2ρ
2 − β2z

2), (19)

where α2 and β2 are the variational parameters. The

anisotropic two-parameters, relative to the trial wave-

function, describe the internal motion between the

electron and the hole in the complex system. We cal-

culate the ground state energy Eexc, by finding out

the expectation value of the energy of the Hamilto-

nian, Eq. (1), as

⟨Eexc⟩ = min
α,β

⟨ψre |Hexc|ψrh⟩
⟨ψre |ψrh ⟩

. (20)

The donor exciton binding energy Eb and the in-

terband emission energy Eph associated with the ex-

citon are calculated using the following equation:

Eb = Ee + Eh − Eexc, (21)

Eph = Ee + Eh + Eg − Eexc, (22)

where Ee and Eh are the confinement energies of the

electron and hole respectively, and Eg is the band gap

energy of CdZnS material.

3. Results and discussion

Cd1−xZnxS (x = 0 ∼ 1) nanocrystals are synthe-

sized by the chemical route method for different Zn

concentrations, and the absorption spectra are taken

to calculate the band gap of the material. Numerical

calculations are carried out to compute the donor exci-

ton binding energy in the CdS doped with Cd1−xZnxS

quantum dot with the heavy hole mass as the heavy

excitons are more common in experimental results.

The exciton binding energy values and thereby the

interband emission energies are computed, each as a

function of dot radius for different Zn content values
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of the host material. The obtained optical band gaps

from the absorption spectra are compared with the in-

terband emission energies obtained by theoretical cal-

culations using the variational technique.

3.1. Structural studies

The structures of Cd1−xZnxS nanoparticles, for

various Zn content values, are shown in X-ray diffrac-

tion patterns in Fig. 1. The figure depicts the

Cd1−xZnxS nanocrystallites for different values of x =

0.0, 0.2, 0.4, 0.6, and 0.8. The diffraction spectra are

obtained by scanning 2θ in a range of 20◦–60◦ and CdS

film shows a single diffraction peak at 2θ = 26.59◦.

This peak could be associated with the (002) reflection

of the hexagonal modification or the (111) reflection of

the cubic modification. It shows the dominant orien-

tation. With a further increase in Zn concentration,

the structure exhibits a mixture of both cubic and

hexagonal phases as investigated earlier in Refs. [32]–

[34] with additional two dominant orientations (101)

and (100). It is also noticed that the diffraction peak

shifts toward the higher angles when the Zn concen-

tration increases. XRD pattern displays that the well-

defined peaks shifting in position and the intensity

with change in composition match with JCPDS Card:

40-0834 and 40-0835. The peaks become sharper as

the Zn content increases, shifting towards ZnS side.

Moreover we observe a gradual decrease in lattice pa-

rameters as the Zn content increases. This trend is

consistent with Vegard’s law, indicating a homogenous

alloy structure.[35]

3.2.Morphological studies

Figure 2 shows the field-emission scanning elec-

tron microscopy (EF-SEM) images of the surface of

ZnS films doped with Zn content values of 0.2, 0.4

0.6, and 0.8 at% on the glass plate separately. They

are used to determine the grain sizes of Cd1−xZnxS

nanopowders, as seen from the SEM images, the par-

ticles are well dispersed and their shapes and sizes

are clear. SEM is used to determine the grain sizes of

Cd1−xZnxS powders with a uniform deposition of CdS

film which shows texture shape with holes.[36] Texture

shapes with holes are depicted in the uniform depo-

sition of films, however, it is observed that the grain

sizes in the films increase as the Zn content shifts to-

ward the higher band gap.

(a) (b)

(c) (d)

Fig. 2. E-F SEM images of ZnS doped with Cd content values of 0.2, 0.4 0.6, and 0.8 at%, showing SEM micrographs of

Cd0.8Zn0.2S (a), Cd0.6Zn0.4S (b), Cd0.4Zn0.6S (c), and Cd0.2Zn0.8S (d).
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3.3.Optical studies

Variations of band gap with Cd and Zn concen-

tration increasing are shown in Fig. 3 and the in-

sert shows the variation of barrier height as a func-

tion of Cd content. The variation of the composi-

tion x of the QD material modifies the energy gap.

We observe that the band gap decreases as the Cd

content increases and it can be estimated by the ex-

pression Eg(Cd1−xZnxS) = 2.566 + 0.041x + 1.086x2

(eV). Moreover, it is noticed that the barrier height

of the finite quantum dot increases as the Cd content

increases as shown in the insert of the figure. The

effect of z-confinement is calculated through a finite

quantum dot model with a confinement potential de-

termined by the band offsets and strain effects. The

conduction band offset and the valence band offset are

obtained to be 1873 meV and 802 meV respectively for

x = 0.3. These values are obtained by the linear in-

terpolation from the data available for CdS and ZnS

materials.

 

0.0 0.2 0.4 0.6 0.8 1.0
2.4

2.6

2.8

3.0

3.2

3.4

3.6

3.8

0.0 0.2 0.4 0.6 0.8 1.0

1.8

2.0

2.2

2.4

2.6

B
a
rr

ie
r 

h
ei
g
h
t/

1
0

3
 m

eV

Cd content

2.
56
6+

0.
04
x
+
1.
08
6x

2

Concentration

E
g
/
eV

increasing Cd content

increasing Zn content

2.4

2.6

2.8

3.0

3.2

3.4

3.6

3.8

Fig. 3. Variations of band gap with Cd and Zn concen-

tration increasing, with the insert showing the variation

of barrier height as a function of Cd content.

Figure 4 shows the plots of (αhν)2 versus hν of

ZnCdS nanopowders with various concentrations of

Cd and Zn; and the insert shows the band gap varying

with Cd content for the synthesized CdZnS nanocrys-

tals. The absorption spectra of the films are mea-

sured to investigate their band gaps for two different

Cd concentrations in CdZnS samples. The direct al-

lowed optical band gap Eg is estimated from the plots

of (αλv)2 versus (λv). As shown in the figure, the

absorption spectrum of the CdS film shows a sharp

edge in a wavelength range of 350 nm–450 nm. The

absorption spectra of the CdZnS films are found to

depend on the Cd concentration in solution of the vis-

ible region. It is observed that the absorption spectra

shift towards longer wavelengths as the concentration

of Cd increases. The absorption band edges are lo-

calized at 383 nm, 415 nm, 447 nm, and 475 nm for

ZnS doped with Cd for 0.2, 0.4, 0.6, and 0.8 at% con-

centration and the corresponding particles with diam-

eters of 3.2 nm, 4.5 nm, 4.8 nm, and 5.3 nm, respec-

tively. The absorption edges for these nanocrystals

show blue-shifts of 20 nm–120 nm by comparing with

the absorption edge of the bulk CdS (around 500 nm).

The observed band gaps for various Cd content values

in ZnS are shown in Table 2 along with the mass pa-

rameters for electron and heavy hole with the barrier

height. The energy gap values agree with the experi-

mental results in Ref. [38]. Hence it is obvious that as

Zn content increases particle size decreases, resulting

in a higher band gap due to the increasing contribu-

tion of quantum size effect.
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Fig. 4. Plots for α2 versus hν of ZnCdS nanocrystals with

various concentrations of Cd, with the insert showing the

variation of the band gap with the concentration of Cd.

Variations of exciton binding energy each as a

function of dot radius of different concentrations are

shown in Fig. 5 and the insert shows the variations

of binding energy with Cd content for three differ-

ent dot radii. In all cases, the exciton binding energy

increases as the dot radius decreases, reaching a maxi-

mum value and then decreasing when the dot radius is

still decreasing. The Coulomb interaction between the

electron and hole increases, which ultimately causes

the decrease in binding energy when the dot radius

decreases. As the dot radius approaches to zero the

confinement becomes negligibly small, and in the finite

barrier problem the tunnelling becomes huge. From

the insert, we find that the binding energy increases

with the Cd content increasing. Further, we find that
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the exciton binding energy is higher when the dot ra-

dius becomes smaller due to the geometrical confine-

ment.

Fig. 5. Variations of exciton binding energy each as a

function of dot radius of three different concentrations

with the insert showing the variations of binding energy

with Cd content for three different dot radii.

In Fig. 6, we present the variations of the op-

tical band gap each as a function of dot radius of

CdS/ Cd1−xZnxS quantum dot with different con-

tent values of Cd. Shadows in the figure refer to

the optical band gap values of 30 Å (1 Å = 0.1 nm)

and 40 Å quantum dot radius of Cd1−xZnxS. It is

noted that the interband emission energy decreases

monotonically as the dot radius increases. This is

due to the confinement of the electron–hole with re-

spect to the z-plane when the dot radius increases.

Also it is observed that as the concentration of Cd

increases the optical band gap decreases due to

the reduction of the barrier height. Moreover it is

clearly shown that the effect of donor bound exciton

Fig. 6. Variations of the optical band gap each as a func-

tion of the dot radius of the Cd1−xZnxS/CdS quantum

dot with different content values of Cd. The squares refer

to the experimental data of synthesized material of ZnCdS

nanocrystals.

has an influence on the interband emission energy.

This representation clearly brings out the quantum

size effect. Moreover we observe that the band gap

does not vary beyond 60 Å. This result fits closely

with the previous investigation.[37]
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We display the exciton oscillator strength and the

radiative life time of confined exciton each as a func-

tion of dot radius for Cd0.3Zn0.7S in Fig. 7. In absorp-

tion spectra, the intensity of an exciton binding energy

and the envelope wave function are characterized by

the oscillator strength[38]

f =
Ep

Eexc

∣∣∣∣∫
V

ψexc(r)dr

∣∣∣∣2 , (23)

where the Kane energy of GaN is Ep = 10 meV. It

is observed that the oscillator strength increases with

an increase in the dot radius. The radiative life time

can be calculated as[39]

τ =
2πε0m0c

3h2√
εe2E2

excf
, (24)

where f is the oscillator strength, Eexc is the exci-

ton binding energy and all the other parameters are

universal physical constants. It is found that the ra-

diative life time of exciton decreases as the dot ra-

dius increases. The values of radiative life time are

almost constant beyond a dot radius of 100 Å. The re-

sults fit well with the recent investigations reported by

Mohanta et al.,[40] who have calculated the radiative

life time of Cd0.25Zn0.75S nanocrystals to be 1.64 ns.

Moreover, Wang et al.,[41] have also reported on the

same values.
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4. Conclusions

In this paper, we calculated the exciton binding

energies and the interband emission energies in the

strained CdS/CdxZn1−xS quantum dot for different

values of x. We considered the effects of geomet-

rical confinement on the optical properties of grown

quantum dots of different sizes with the inclusion of

a built-in electrostatic field. The theoretical compu-

tation is carried out using the variational technique

within the single band effective mass approximation.

The composite nanoparticles are obtained using the

chemical route method with ZnCdS particle diameters

ranging from 3 nm to 6 nm. Numerical calculations

on the geometrical effects of the optical properties of

Cd1−xZnxS quantum dots are discussed theoretically.

The values of the absorption edge are found to shift

towards the shorter wave length region and hence the

direct band gap energy varies from 2.5 eV for CdS to

3.5 eV for ZnS powders. Moreover, it is clearly shown

that the grain size increases with an increase in Cd

concentration in the film. The absorption spectra of

the synthesized Cd1−xZnxS reveals that their optical

band gaps are in good agreement with the values found

by calculating the interband emission energy theoreti-

cally. We believe that our investigations can stimulate

further research in device applications of CdS based

materials in future.
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