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II-VI semiconductor based ternary CdMnS compound material has received more attention due to its
wide area of applications in semiconductor technology. Cdi-.Mn,S (x =0, 0.2, 0.4, 0.6, 0.8 and 1.0) thin
films were successfully prepared by chemical bath deposition technique on non-conducting glass sub-
strates. Thin films were deposited at a bath temperature of 80 °C and pH = 11 by using the chemical bath
reaction of cadmium chloride (CdClz) and manganese chloride (MnCly) with thiourea (NH4)2S in an aque-
ous solution. Further, the prepared samples were characterized by UV-visible spectroscopy, photolumines-
cence, XRD, SEM and EDAX to study the optical, structural, surface, and chemical properties. Effect of
Mn2+ ions on the film thickness of Cd:-.Mn.S films was investigated using weight difference technique.
The film thickness of Cdi-:Mn.S films decreases as Mn2?* ions increase in the bath solution. The polycrys-
talline nature with hexagonal and cubic structures of the as-deposited films was confirmed by XRD. The
band gap value of the deposited films was observed to increase with increasing Mn2* ion concentration, this
might be ascribed to the fact that Cd atom was substituted by Mn atom in the CdS structure. EDAX analy-
sis confirmed the deposition of Cd, Mn and S elements in the films. Photoluminescence spectra of Cd-
Mn,S with different values of the composition parameter x exhibited two emission peaks with different in-
tensities. The measurement of the electrical resistivity of Cdi-.Mn.S films was performed at room temper-
ature using two probe methods. The variation in electrical resistivity values with compositional parame-
ters was discussed based on deposition parameters. The investigated polycrystalline Cdi-xMn,S thin films
show promising technological applications in semiconductor industry.
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1. INTRODUCTION

The n-type CdS [1] (band gap ~ 2.42 eV) and p-type
MnS [2] (band gap ~ 3.88 eV) are important materials
of group II-VI semiconductors and they have potential
application prospect in electronics and optoelectronic
devices, sensors, lasers and thin film based devices in
semiconductor industries [3]. The CdS structure has
high electrical resistivity values and the energy gap of
CdS is narrow [4]. Hence, the use of CdS alone is not
enough for future hopes. To do this, unlike earlier re-
ports, we have incorporated here Mn?* ions into the
CdS structure to produce CdMnS thin films in a wide
range of composition (x=0.0 to 1.0). Doping of CdS
with Mn2* ions has been made to achieve improved
structural, electrical and optical properties. Most of the
research done so far has focused extensively on struc-
tural, optical and electrical properties of Cdi-.Mn.S
thin films. However, the study of the influence of Mn2*
ions on various properties of Cdi-MnsS thin films is
rare in the literature.

A variety of techniques like spray pyrolysis, ther-
mal evaporation, molecular beam epitaxy, sputtering,
chemical vapor deposition, pulsed laser deposition,
chemical bath deposition (CBD) etc. have been used in
the synthesis of CdMnS thin films [5, 6]. Among these,
CBD is one of the important techniques. CBD can pro-
vide simplicity, cost effectiveness, ease of handling and
requires low cost equipment. It can be performed using
a range of precursors and synthesis conditions like
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PACS numbers: 68.55.ag, 68.55.jd, 81.16.Be,
68.37.Hk, 78.66.Hf

temperature, time, concentration of reactants etc. The
technique is simple, inexpensive and has a high yield,
reproducible on large-area thin films [7, 8].

This paper attempts to use a CBD technique for the
deposition of Cdi-Mn.S thin films for different values
of the composition x and systematic study of the influ-
ence of Mn2* ions on various characterization proper-
ties of Cdi-xMnyS thin films.

2. EXPERIMENTAL DETAILS

Cdi-xMn,S thin films were deposited using CBD
technique. Cadmium chloride (CdClz), manganese chlo-
ride (MnClz) and thiourea (CH4N2S) were used as Cd?*,
Mn?* and S2- ion sources, respectively. The stock solu-
tions of CdClz (1 M), MnClz (1 M) and thiourea (1 M) all
of AR grade were prepared using distilled water. The
experimental solutions of CdClz and MnClz were dis-
solved in high purity DI water in 50 ml glass beaker.
Subsequently, thiourea was added dropwise to the so-
lution with continuous stirring until a volume of 50 ml
reached. Ammonia solution was added until the pH
reached 11 and stirred for few minutes. The microscop-
ic non-conducting glass substrate was cleaned with
distilled water and liquid soap, soaked in dilute HCI for
one day, washed with acetone and finally with distilled
water. Then the substrate was kept vertically inclined
into the chemical bath. The chemical bath maintained
at 80 °C for one hour. Finally, deposited samples were
taken out of the solution cleaned with DI water and
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dried in air at room temperature. To study the influ-
ence of Mn2* on various properties of Cdi-xMn.S thin
films, the CBD parameters, such as complexing agent,
deposition time, temperature and pH of the solution
were firstly optimized in the present procedure to
achieve good quality films. Fig. 1 shows the schematic
sketches of the sample preparation process.

Mn
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Cd Source

Source
s NH; (
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Stirring Constant Temperature (Cd,_Mn,S Films

Bath

Fig. 1 — Process flow for deposition of Cdi-.Mn.S films

The deposited CdMnS thin film exhibits yellowish
to yellow brownish color with variation in Mn2* ion
concentration.

The chemical reaction for the deposition of CdMnS
by CBD is as shown below

NH, + H,0 & NH, + OH"

SC(NH,), + 30H™ <> 2NH, +CO; +HS"
HS + OH « H,0+S*>

Cd** + 4NH, « [Cd(NH,),]*

Mn** + 4NH, <> [Mn(NH,),]*
[CA(NH,),]*" + [Mn(NH,),]*" +S* <
CdMnS + by product

3. RESULTS AND DISCUSSION

The as-deposited films were characterized by differ-
ent techniques. The film thickness was measured using
gravimetric weight difference method. The XRD of the
films was recorded using Bruker AXS D8 advance spec-
trophotometer. The surface morphology of the CdMnS
films was analyzed by FESEM (SEM Hitachi S-47009).
The compositional purity of the films was confirmed by
EDAX analysis. The UV-visible spectrum was recorded
by the spectrophotometer in the wavelength range 300-
900 nm. The room temperature PL spectrum was rec-
orded by Perkin Elmer LS55 using laser source at a
wavelength of 390 nm. The dc electrical transport
properties have been studied at room temperature by
two-probe dc electrical conductivity equipment.

3.1 Thickness Measurement

The as-deposited film thickness of Cdi-MnxS sam-
ples was measured by gravimetric weight difference
method using a high-precision electric balance. This
method gives an appropriate value of the thickness of
the deposited films. The thickness of the film can be
determined using the equation [9]

(wz - wl)

t= x107* um
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where w1 and ws are the weights of the substrate be-
fore and after film deposition in grams, A is the area of
the deposited film in cm?2 and p is the theoretical densi-
ty of the deposited material.
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Fig. 2 — Variation in film thickness as a function of Mn con-
centration

Fig. 2 shows the variation in film thickness versus
Mn2* ion concentration in the CdS structure. It is seen
that the thickness of the film decreases with the addi-
tion of Mn2* ions to the CBD solution. It can be ascribed
to the fact that Mn2* ion has smaller atomic/ionic radi-
us (117/80 Pm) than that of Cd2+ (154/97 Pm). As Mn2*
ion concentration in the bath solution increases, the
film (Mn2*) content also increases. Further, substitu-
tion of Cd2* by Mn2* atoms is easily possible in the
chemical bath.

3.2 Characterization Using XRD

The crystal structure of the as-deposited films has
been investigated by XRD patterns which are shown in
Fig. 3. The diffractogram illustrated in the figure clear-
ly shows that the as-deposited films are polycrystalline
in nature. The analysis of these diffractograms was
done and the corresponding data (interplanar distance
d, hkl planes, grain size etc.) were determined. There
are six prominent reflections at d values equal to
3.577 A, 3.351 A, 3.164 A, 2.066 A, 1.890 A and 1.760 A
that correspond to the (100), (002), (101) (110), (103)
and (200) reflections, respectively. XRD pattern of the
films indicates that they are polycrystalline with both
the hexagonal wurtzite type structure (JCPDS card
No. 772306 for CdS and card No. 894953 for MnS) and
cubic structure with preferential growth along the
(002) direction. The addition of Mn2* to the CdS matrix
showed the formation of a solid solution up to x =0.8.
The further incorporation of Mn?* resulted in phase
separation of both CdS and MnS.

The average grain size enhanced with the addition of
Mn?2* ions into the bath solution. A plot showing grain size
versus concentration is represented in Fig. 4. When Mn2*
ions are added to the host lattice of CdS, Mn atoms substi-
tutionally occupy Cd atom sites instead of forming a sepa-
rate MnS phase. The effect of Mn?* ions on grain size of
the obtained films is shown in Fig. 4.

This caused improved crystallinity, especially for
x=0.2. Above the composition x = 0.4, phase separation
started resulting in deterioration of crystallinity for
films with x=0.6 and x = 0.8. Films with x = 1.0 repre-
sent amorphous nature with dominant MnS phase [10].
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Fig. 3 — X-ray diffraction spectra of CdMnS films. The inset
shows intense peaks
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Fig. 4 — Effect of Mn concentration in the film composition on
grain size

Table 1 — Observed and standard 26 and d values for respec-
tive hkl planes

Sr. 26, degrees d, A Planes

No. | Observed | Standard | Observed | Standard | (hk])
1 24.90 25.18 3.5775 3.5380 (100)
2 26.61 26.91 3.3514 3.3147 (002)
3 28.21 28.61 3.1648 3.1215 (101)
4 43.84 44.36 2.0660 2.0430 (110)
5 48.15 48.60 1.8906 1.8716 (103)
6 51.96 51.69 1.7606 1.7692 (200)

The XRD data are given in Table 1. The average
grain size in the deposited films is estimated using
Scherrer relation:

kA

D= @)

where k is the Scherrer constant, 1 is the wavelength of
X-rays, f1is the full width at half maximum (FWHM) in
radians and @is the Bragg angle.

3.3 SEM Analysis

The surface morphology of Cdi-.Mn.S thin films
was investigated by FESEM. Fig. 5 shows variations in
the surface morphology of Cdi-.Mn.S (x= 0.0, 0.2, 0.4,

0.6, 0.8, 1.0) films with respect to increase in Mn?2* ion
concentration in the coating solution. All the films were
scanned at 20 K magnification.

Fig. 5 —- FESEM images of the films: a) CdS, b) Cdo.sMno.S,
¢) Cdo.sMno.sS, d) Cdo.sMno6S, €) Cdo2MnosS, f) MnS

The micrographs show the uniform deposition of
Cdi -xMn,S films without any pinholes. Pure CdS has a
flower-like structure and is shown in Fig. 5a. As we
incorporate Mn2* ions into CdS coating solution, Mn
atoms interact with CdS molecules. This interaction
slightly changes the film surface morphology, which is
confirmed by Fig. 5b. Further increase in Mn?* ion con-
centration in the coating solution resulted in the for-
mation of nanocrystalline CdMnS compounds that is
shown in Fig. 5c-e. When concentration of Mn2+ ions
reaches the highest level, Cd atoms are replaced by Mn
atoms and this gives us the pure form of MnS films.
The nanocrystalline morphology of pure MnS films is
shown in Fig. 5f.

3.4 EDAX Analysis

To confirm the elemental composition of Cd, Mn
and S in CdMnS thin films, EDAX is carried out.
Table 2 shows EDAX data of the deposited Cdi - xMn.S
(x=0.4) thin films. It also confirms the presence of
Cd2+, Mn2* and S2- in the obtained film matrix.

Table 2 — EDAX data for Cdi --Mn.S (x = 0.4) films

Element Atomic Series Atomic percent (%)
number
S 16 K-series 42.22
Mn 25 K-series 17.26
Cd 48 L-series 40.52
Total 100

3.5 UV-visible Spectrophotometer

The optical absorbance data of CdMnS thin films
were recorded using UV-visible spectrophotometer. The
absorbance spectra were used to estimate the energy
band gap (Eg) by Tauc plot method. It is found that the
optical band gap has been enhanced with composition.
This is shown in Fig. 6. With an increase in Mn?* ions,
the strain was induced by Mn?* ions, and therefore the
lattice structure became highly distorted tending to-
wards amorphisity of the material that caused the
band gap to be enhanced. This enhancement in the
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band gap is in good agreement with previous results.
The band gap values vary from 2.05 to 2.82 eV which is
consistent with the values reported for thin films ob-
tained by CBD [5, 11].
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Fig. 6 — Effect of Mn concentration on band gap

The dependence of the optical band gap on the Mn2+
ion concentration can be attributed to Mn atoms in the
CdS structure [12, 13]. The difference in the band gap
values is clearly indicated by the color of the thin film,
the yellow color turned to dark yellowish or orange col-
or as Mn?* ions increase.

3.6 Photoluminescence Analysis

Photoluminescence (PL) is an efficient, non-contact
and non-destructive method to probe the electronic
structure of different materials, which can also be used
to determine the band gap, impurity levels, defects etc.
Fig. 7 represents the room temperature PL spectra of
Cdi-:Mn,S thin films, showing two broad emission
peaks at 525 and 589 nm. The emission peak at 525 nm
corresponds to the green band; it is due to the donor-
acceptor transition and is attributed to the radiative
recombination of a hole in the valence band and of an
electron in the conduction band. In addition, the un-
shifted peak positions indicate that the crystallite sizes
are almost the same for all samples. Our XRD studies
shed light on these observations. Another well-known
emission peak at 589 nm (2.1 eV, red band) corre-
sponds to the #T1-6A: transitions of Mn2* d-states in
CdS nanocrystals.
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Fig. 7 — Photoluminescence spectra of CdMnS films

The vacancies created by Cd atom (surface defects)
can either act as traps or as non-radiative recombina-
tion centers. Thus, PL analysis indicated that Mn2*
ions are distributed on the surface of the CdS lattice
and fill the vacancies of Cd atoms.
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3.7 Electrical Properties

The electrical resistivity of all CdMnS thin film
structures was measured by two-probe method at room
temperature. The electrical resistivity (p) of the sample
has been determined using the relation

_RA
t

3)

where R is the resistance, t is the thickness, and A is
the cross section area of the film. It is found that room
temperature electrical resistivity has been enhanced
with composition up to x =0.2. For further increase in
Mn?* ions, room temperature electrical resistivity de-
creases.
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Fig. 8 — Effect of Mn concentration on resistivity of CdMnS
films

This is shown in Fig. 8. The resistivity modulation
by incorporation of Mn2* ions into CdS lattice can be
explained based on the following facts: Cd?" and Mn?*
are co-deposited simultaneously and substitution of
Cd2* ions by Mn?* is the predominant mechanism un-
der this situation. The EDAX analysis of Cdi-Mn.S
films also supported these observations. Also, as we
add Mn2* ions into CdS lattice, initially they do not
react with CdS and do not form CdMnS alloy. Since the
volume of Cd atom is greater than that of Mn atom,
hence Mn?2* ions settle down at the interstitial sites of
the CdS lattice. This, in turn, increases the number of
scattering centers in the material, hence the resistivity.
With further addition of Mn2* to CdS lattice, some Mn
atoms settle down at the interstitial sites of the CdS
lattice, while other atoms form CdS as well as CdMnS.
As a result, CdMnS dominates in the film, and hence
the numbers of scattering centers reduces resulting in
a decrease in resistivity. Thus, by the addition of Mn2*+
ions into CdS films, resistivity values decrease. This
property is more beneficial in designing solar cells.

4. CONCLUSIONS

The optimum condition with a bath temperature of
80 °C and pH ~ 1 yielded good quality thin films of
Cdi-xMn,S using CBD technique. The effect of Mn2*
ion concentration on the optical, structural, morpholog-
ical and electrical properties has been investigated by
various analysis techniques. The structural characteri-
zation reveals the polycrystalline nature in mixed
phases (hexagonal and cubic), and grain sizes are of the
order of few nm. It is found that grain sizes are almost
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the same for all Cd:1-xMnyS thin films with variation in
Mn2* ion concentration. The optical study reveals the
increase in the band gap value with Mn2* incorpora-
tion. The electrical resistivity was found to be enhanced
with x up to 0.2 and then decreased with further in-
crease in Mn?* ion concentration. The photolumines-
cence result confirms that Mn2* ions induce lumines-
cence, exhibiting two broad peaks at 525 and 589 nm.
Surface morphology also confirms almost uniform grain
size of the crystals. EDAX analysis of the films shows
that as Mn?" ion concentration changes, the films be-
come almost stoichiometric. Overall, the obtained
Cd1-xMn,S thin films demonstrate the potential for use
as a promising material for technological applications.
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