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Cd1 – xMnxS (x  0.0, 0.2, 0.4, 0.6, 0.8, and 1.0) films were prepared using a low-cost chemical bath deposition (CBD) technique onto the glass substrate. Films were obtained at an optimized bath temperature of
80 C and pH of 11. In the current study, we investigated the structural, optical, and magnetic properties
of the as-deposited thin films. The X-ray diffraction (XRD) result confirmed that the nanocrystalline structure has a high aspect ratio compared to CdMnS films. XRD suggests hexagonal wurtzite and cubic structures with growth orientation along the (002) direction. The lattice parameter ‘a’ decreased from 4.126 to
4.003 Å. The same trend in the lattice parameter ‘c’ with x was observed (5.263 to 5.200 Å). The optical
properties of as-deposited Cd1 – xMnxS nanocrystalline films were studied at room temperature using a
UV-visible spectrophotometer. The optical band gap is found to be enhanced with Mn 2+ composition. Group
II-VI-based diluted magnetic semiconductors (DMS) show distinct magnetic phases at low and room temperatures. The magnetic behavior and susceptibility studies were carried out using a superconducting
quantum interference device (SQUID) on a vibrating sample magnetometer (VSM) in the range of dc magnetic field of 0-40 kOe at room temperature.
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INTRODUCTION

The doping of transition metals into II-VI, III-V,
and IV-VI semiconductors leads to a new class of semiconductors known as diluted magnetic semiconductors
(DMSs) [1]. DMSs are alloys with magnetic ions diluted
in a nonmagnetic semiconductor. Because of tunable
bandgap and lattice parameters, the Mn-based DMSs
can be grown over a wider composition range than Fe
and Co-based DMSs. The tunability of lattice parameters and bandgap parameters with different concentrations of Mn is the unique property of DMSs and is excellent in the fabrication of quantum well devices and
superlattices [2, 3]. Recently, CdS-based DMSs have
attracted more attention due to their immense application such as magneto-optical devices.
CdS (bandgap of 2.42 eV at 300 K) is a direct
bandgap II-VI semiconductor family. Doping of manganese into CdS can tailor the optical and luminescence
properties. Recently, II-VI semiconductor materials
have shown room-temperature ferromagnetism. The
room-temperature ferromagnetism in CdS offers great
development in the fabrication of magneto-optical and
spintronics devices. DMS is considered an ideal semiconductor for spintronics, which is a rapidly growing
field in physics, intensively studying the spindependent phenomena applied to modern electronic
devices. Manganese (Mn) doped CdMnS is one of the
important DMS materials considered to be optoelectronic, nonlinear optical, fast optical switching, and
memory devices [4].
DMSs are semiconducting alloys formed by randomly replacing a fraction of cations with magnetic ions
(Mn2+ in CdS to form Cd1 – xMnxS). The presence of
*

manganese in a semiconductor alloy leads to an exchange interaction between s-p band electrons and
manganese d electrons [5-9].
2.

EXPERIMENTAL DETAILS

Cd1 – xMnxS nanocrystalline thin films with different
compositions of Mn, for x  0.0, 0.2, 0.4, 0.6, 0.8, and 1.0
were prepared onto the chemically cleaned glass slides
by using the chemical bath deposition (CBD) technique.
A freshly synthesized solution of cadmium chloride
(1 M), manganese chloride (1 M), and thiourea (1 M) in
their stoichiometric proportion was taken in a glass
beaker of 100 ml in capacity. Ammonia was added to
the reaction container as the complexing agent. The
glass substrate was cleaned and placed vertically tilted
in the reaction container. For each of the compositional
parameters ‘x’, the film stoichiometry was maintained
by adjusting the ion concentration volume of the used
reactants. To achieve a good quality of the films, the
complexing agent, deposition time, temperature and
pH of the solution were optimized. Best quality films
were obtained after a great deal of trial and error. The
prepared Cd1 – xMnxS films exhibit yellowish to a yellow-brownish color with variation in the compositional
parameter ‘x’.
3.
3.1

RESULTS AND DISCUSSION
UV-Visible Spectroscopy Analysis

The optical absorption spectra were recorded by a
spectrophotometer in the wavelength range of 300900 nm. The optical absorption spectra of Cd1 – xMnxS
thin films were utilized to determine the optical band
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gap (Eg) using the Tauc plot method given by the following formula:
(αhϑ)  A(hϑ – Eg)n,
where a is the absorption coefficient, A is a constant,
hϑ is the photon energy, and n  1/2 for direct bandgap
material.
It is observed that the optical band gap values have
been enhanced with the compositional parameter x.
Fig. 1 shows a plot of the optical band gap as a function
of the composition ‘x’. With an increase in the compositional parameter x, the strain was developed by Mn2+
ion in the lattice structure and therefore it becomes
highly distorted that causes the optical band gap to
increase. This enhancement in the band gap value is
consistent with the previous literature [10]. A systematic increase in the value of Eg with Mn2+ concentration
can be envisaged. The increase in a bandgap is related
to quantum confinement effects.

Fig. 1 – Optical bandgap as a function of composition

3.2

XRD Analysis

The XRD spectra of Cd1 – xMnxS films are shown in
Fig. 2. The diffractograms clearly show that the obtained films are polycrystalline with both hexagonal
and cubic wurtzite structures with preferential growth
along the (002) direction.

Peaks at diffraction angles of 25.02, 26.72, 28.51,
44.11, 48.20, and 52.45 correspond to the (100), (002),
(101), (110), (103) and (200) planes, respectively, of the
hexagonal wurtzite Cd1 – xMnxS thin films compared
with the standard JCPDS card (numbers 772306 for
CdS and 894953 for MnS). Increased Mn composition
in Cd1 – xMnxS leads to positional shifts of diffraction
peaks to higher scattering angles which may result
from a reduction of the lattice parameters by substitution of Cd2+ ions with the smaller radius Mn2+ ions [11].
It has been found that the crystal structure of CBD
prepared Cd1 – xMnxS thin films was wurtzite hexagonal
structures for x varied from 0.0 to 0.8 and was not observed for x  1.0. The lattice parameters ‘a’ and ‘c’ of
the hexagonal structure are calculated using the following equation [12]:
1/d2  (4/3) [(h2 + k2 + hk)/a2] + (l2/c2),
where d is the lattice spacing, h, k, l are Miller indices.
Table 1 shows the lattice parameters, c/a ratio,
u-parameter, and Cd-S bond lengths. The lattice parameter ‘a’ decreased from 4.1263 to 4.0030 with an
increase in Mn concentration (x) in the coating solution
from 0.0 to 1.0. Similar changes in the parameter ‘c’
have been observed (5.2639 to 5.2001). A decrease in
the lattice parameters is attributed to the smaller
atomic size of Mn (rmn  0.80 Å) than that of Cd
(rcd  0.92 Å) [13-15]. The linear behavior of both lattice
parameters ‘a’ and ‘c’ with Mn2+ composition has been
observed which follows Vegard’s law [16-18]. Thus, the
XRD pattern shows that contraction of the lattice parameters confirming the incorporation of Mn2+ (x ≥ 0.8)
resulted in the formation of separate phases of both
CdS and MnS. The average grain size is enhanced from
22 to 179 nm as the composition x increases from 0.0 to
1.0. A similar type of behavior was reported in Cd1 –
xMnxS thin films deposited by the CBD technique [19].
The c/a ratio of incorporation of Mn into CdS is observed to be constant and is in good agreement with
the standard value (1.27). A significant increase in the
c/a ratio is observed with increased Mn doping. The ‘u’
parameter is calculated using the following relation:
u  (a2 + 3c2) + 0.25.
A slight change in the calculated ‘u’ parameter indicates the incorporation of Mn atom in CdS crystal. CdS bond lengths are calculated using the following formula:
L  [(a2/3) + (1/2 – u)2z2]1/2.
Diminutive decrement is observed in the Cd-S bond
length with doping concentration enhancement. The
measured bond length of Cd-S in deposited CdMnS
materials is 2.3941 Å and is observed well with previous literature [20].
3.3

Fig. 2 – XRD spectra of the obtained samples

FESEM Analysis

The surface morphology of Cd1 – xMnxS thin films
deposited at x = 0.2 was investigated by using FESEM
analysis. Fig. 3 shows the FESEM micrograph of
CdMnS films having flower-like uniform surface morphologies. Pure CdS has a nano-sheet-like structure
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Table 1 – Lattice parameters, c/a ratio, u-parameter, and Cd-S bond length of the prepared samples

Composition
0.0
0.2
0.4
0.6
0.8
1.0

Lattice parameters (Å)
a
c
4.1263
5.2639
4.1170
5.2540
4.1185
5.2529
4.1165
5.2500
4.1137
5.2709
4.003
5.2001

c/a ratio

u parameter

Bond length (Å)

1.2756
1.2761
1.2754
1.2753
1.2811
1.2990

0.4548
0.4546
0.4549
0.4549
0.4530
0.4475

2.3941
2.3888
2.3895
2.3884
2.3878
–

Fig. 3 – FESEM micrograph of Cd1 – xMnxS thin films deposited at x  0.2

and turns into a nano flower-like structure by the addition of Mn2+ ions into the CdS structure.The nanocrystalline behavior of thin films is also supported by grain
size estimated from XRD data.
3.4

Magnetic Properties



VSM Studies

Magnetization measurements were conducted using
a 7T superconducting quantum interference device
(SQUID) on a vibrating sample magnetometer (VSM).
Fig. 4 shows a variation of magnetization as a function
of magnetic field for Cd1 – xMnxS thin films at various
compositions. The magnetic properties of as-deposited
Cd1 – xMnxS thin films have been studied as a function
of Mn2+ ion concentration from these VSM images.
It is clear from these VSM images, that the hysteresis loop is symmetric concerning zero magnetic fields.
From these hysteresis loops, various magnetic properties of the samples were calculated. The calculated values of various magnetic properties are tabulated in Table 2. The saturation magnetization (Ms) increases with
the Mn2+ ion concentration of the films. An increase in
Ms was probably caused by an increase in the number of
electrons which induced more efficient ferromagnetic
coupling between doped Mn2+ ions. The free carrier concentration is induced in Mn2+ ion-doped CdS films by
substitutions of Mn2+ ion into the CdS lattices that will
lead to room temperature ferromagnetism in the samples [21-23]. Also, the magnetic coercivity (Hc) increases
with increasing the Mn2+ ion concentration. The increase in Hc with Mn2+ ion concentration may be due to
the ferromagnetic behavior of Cd1 – xMnxS thin films.

Fig. 4 – Variation of magnetization as a function of magnetic
field for Cd1 – xMnxS thin films versus composition


Magnetic Susceptibility Studies

The magnetization data from SQUID-VSM measurement showed the ferromagnetic-like behavior at
room temperature for all Cd1 – xMnxS thin films. The
magnetic susceptibility studies were conducted at room
temperature with a magnetic field of 40 kOe. Fig. 5
shows the variation of magnetic susceptibility with
Mn2+ ion concentration. It is clear from the figure that,
susceptibility varies nonlinearly with increasing the
value of Mn2+ ion concentration. The slope of the susceptibility χm versus the composition x curve at lower
concentration (x < 0.4) is more compared with the slope
at higher concentrations (x > 0.4). In DMSs, the sp-d
interactions are responsible for magnetism.
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Table 2 – Various magnetic parameters calculated from VSM images

Mn2+
composition ‘x’
0.0
0.2
0.4
0.6
0.8
1.0

Magnetic saturation
Ms (emu)
46.5010 – 5
84.6510 – 5
85.0010 – 5
62.2510 – 5
75.6010 – 5
110.1210 – 5

Magnetic coercivity
Hc (Oe)
512
101
486.6
27856
8009
3441

The nature of magnetism in Cd1 – xMnxS thin films
may be understood as follows. In CdMnS thin films,
each Mn2+ ion has a total spin of s  5/2 originating
from half-filled 3d states, and Mn2+ spins are coupled
by a short-range anti-ferromagnetic interaction [24].
The results are consistent with those of Cd1 – xMnxS
powder studied by magnetic susceptibility balance
mark-1 (MSB-1). The nonlinear variation of m with
composition x for Cd1 – xMnxS thin films may be explained as follows. At lower concentrations of the Mn2+
content, sp electrons with a spin opposite to the spin of
atoms in the CdS lattice interact with the d electrons of
the Mn2+ ion, which causes a decrease in susceptibility.
At higher concentrations of Mn2+, the d-d exchange
interaction between Mn atoms dominates over the sp-d
exchange interaction resulting in an abrupt increase in
susceptibility.

Fig. 5 – Comparison of susceptibility values obtained by MSB1 and SQUID VSM

The m values estimated from SQUID-VSM measurement data are in good agreement with values obtained from magnetic susceptibility balance (MSB)
mark-1. The magnetic susceptibility is determined by
MSB-1 using the relation given below:

m  g x MW,
where MW is the molecular weight of the substance.
The mass susceptibility (g) is calculated using the
formula

g  (C  l  (R – R0)) / (109  m),

Magnetic retentivity
MR (emu)
4.13010 – 7
5.36910 – 7
4.8010 – 7
6.6410 – 7
2.26010 – 7
1.210 – 7

where l is the sample length, m is the sample mass, R
is the reading of tube plus sample, R0 is the empty tube
reading and C is the calibration constant for the used
balance. The magnetic behavior of Mn2+ doped CdS
thin films confirm that the Mn2+ content in the CdS
structure has induced ferromagnetic properties. Moreover, the magnetization increased due to the induced
ferromagnetic coupling between doped Mn2+ ions. Since
CdS is doped with Mn2+, the thin film shows ferromagnetic nature, and these films can have applications in
spintronics.
4.

CONCLUSIONS

In conclusion, we have prepared superior quality
Cd1 – xMnxS thin films through a simple chemical bath
deposition route with CdCl2, H2O, MnCl2, 2H2O,
(NH4)2S as precursors. The optimum conditions of bath
temperature of 80 C and pH ~ 11 yielded good adherence and surface coverage with Cd1 – xMnxS thin films.
XRD studies revealed that Cd1 – xMnxS films have a
hexagonal wurtzite structure with growth orientation
along the (002) direction. Grain sizes were seen to be in
the range of 22 to 179 nm. The variation in the lattice
parameters showed Vegard’s behavior and confirmed
the incorporation of Mn2+ ions into CdS crystal. The
optical study revealed an increase in the band gap (Eg)
of the films. The saturation magnetization and magnetic coercivity increased with an increase in Mn2+ composition, and room temperature ferromagnetism was obtained. Thin films exhibited room temperature ferromagnetic properties by variation of magnetization as a
function of the applied magnetic field. The magnetic
susceptibility of Cd1 – xMnxS thin films varied nonlinearly with an increase in the Mn2+ composition. The
magnetic susceptibility obtained from SQUID-VSM
data is in good agreement with the estimates obtained
from MSB mark 1. The spin-exchange interaction between semiconductor charge carriers and Mn2+ ions
(sp-d exchange interaction) modify Cd1 – xMnxS thin
film properties making them useful for spintronics,
non-volatile memories, magneto-optical devices, etc.
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Структурні, оптичні та магнітні властивості нанокристалічних тонких плівок
Cd1 – xMnxS при кімнатній температурі
Ashok E. Mali, Anil S. Gaikwad, Sanjay V. Borse, Rajendra R. Ahire
2
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Плівки Cd1 – xMnxS (x = 0,0; 0,2; 0,4; 0,6; 0,8 та 1,0) були виготовлені за допомогою недорогої техніки
хімічного осадження з ванни (CBD) на скляну підкладку. Плівки були отримані при оптимізованій
температурі ванни 80 C і pH 11. У поточному дослідженні ми вивчали структурні, оптичні та магнітні властивості осаджених тонких плівок. Рентгенівська дифракція (XRD) підтвердила, що нанокристалічна структура має більшу величину с/а порівняно з плівками CdMnS. XRD свідчить про гексагональні та кубічні структури вюрциту з орієнтацією росту вздовж напряму (002). Параметр решітки а
зменшився з 4,126 до 4,003 Å. Спостерігалася та сама тенденція і для параметру решітки с з величиною x від 5,263 до 5,200 Å. Оптичні властивості осаджених нанокристалічних плівок Cd1 – xMnxS досліджували при кімнатній температурі за допомогою УФ-видимого спектрофотометра. Виявлено, що оптична заборонена зона збільшується з додаванням Mn2+. Розбавлені магнітні напівпровідники (DMS)
II-VI груп демонструють чіткі магнітні фази при низьких і кімнатних температурах. Дослідження магнітної поведінки та сприйнятливості проводили за допомогою надпровідного квантового інтерференційного пристрою (SQUID) на магнітометрі з вібруючим зразком (VSM) в діапазоні постійного магнітного поля 0-40 кЕ при кімнатній температурі.
Ключові слова: Плівки CdMnS, Магнітні іони Mn2+, DMS, Параметри ґратки, Магнітні вимірювання.
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