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Effect of doping concentration on the structural,
morphological, optical and electrical properties
of Mn-doped CdO thin films
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Thin films of manganese-doped cadmium oxide (CdO:Mn) with different Mn-doping levels (0, 1, 2, 3 and 4 at.%) were
deposited on glass substrates by employing an inexpensive, simplified spray technique using a perfume atomizer at 375 °C. The
influence of Mn incorporation on the structural, morphological, optical and electrical properties of CdO films has been studied.
All the films exhibit cubic crystal structure with a (1 1 1) preferential orientation. Mn-doping causes a slight shift of the (1 1 1)
diffraction peak towards higher angle. The crystallite size of the films is found to decrease from 34.63 nm to 17.68 nm with
an increase in Mn doping concentration. The CdO:Mn film coated with 1 at.% Mn exhibit a high transparency of nearly 90 %
which decreases for higher doping concentration. The optical band gap decreases with an increase in Mn doping concentration.
All the films have electrical resistivity of the order of 10~% Q-cm.
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1. Introduction

Cadmium oxide (CdO) based transparent con-
ducting film is widely used in photovoltaic and op-
toelectronic applications because of its low elec-
trical resistivity and high optical transparency [1].
Pure CdO is an n-type degenerate semiconductor
with high electrical conductivity (10? to 10* S/cm)
which may be due to defects of oxygen vacancies
and cadmium interstitials [2]. The high electrical
conductivity and optical transmittance in the visi-
ble region of solar spectrum make CdO thin film
suitable for various applications, such as solar cells,
phototransistors, photodiodes, etc. [3]. However,
the low band gap energy (E;) of CdO restricts its
potential applications, especially in the visible re-
gion of solar spectrum. To get rid of this drawback,
the band gap of CdO must be widened without al-
tering its electrical conductivity. There have been
earlier reports on the improvement of optical band
gap of CdO by doping with metallic ions, like Zn,
Sn, Al, Ti, etc. Usharani et al. [4] have reported
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an improvement in the optical band gap of CdO
by zinc incorporation. Ferekides et al. [5] reported
that In doping can enhance the optical band gap of
CdO thin films. It was observed that when CdO is
doped with rare earth oxides, its optical band gap
can be widened. Gupta et al. [6] have reported that
doping of CdO with gadolinium: a rare earth ele-
ment, can enhance its band gap. Recently, it was
observed that doping of CdO with magnetic ions,
like Fe [7], Li [8], combines some magnetic proper-
ties with its optoelectronic properties for different
applications. In general, it was observed that dop-
ing of CdO with metallic ions having ionic radius
smaller than that of Cd>", can improve its electri-
cal conduction and increase its optical band gap en-
ergy. Manganese (Mn) is an oxalate material from
3d series, isomorphous in nature, having low de-
composition temperature, which when doped in ox-
ide semiconductors can modify their physical prop-
erties. Mn-doped CdO films were synthesized by
de Biasi and Grillo at 1100 °C [9]. They mea-
sured the electron magnetic resonance (EMR) line
widths of Mn?* in CdO up to 1.0 mol % concen-
tration. Ahmad et al. [10] synthesized Cd;_xMnxO
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nanoparticles by solvothermal method using Mn
as an oxalate precursor. They showed that the op-
tical band gap of CdO increased with Mn dop-
ing. This clearly shows that Mn doping can also
enhance the band gap of CdO. Motivated by this
fact in the present work, Mn-doped CdO thin films
with Mn concentrations (0, 1, 2, 3 and 4 at.%)
were deposited on glass substrates at 375 °C by
spray pyrolysis technique using a perfume atom-
izer and the effects on the structural, morpholo-
gical, optical and electrical properties of the CdO
films due to Mn doping were investigated. The use
of a perfume atomizer has some specific advan-
tages over the conventional spray technique which
uses a spray gun assembly: low cost, no need for
carrier gas, fine atomization, improved wettability
between the sprayed microparticles, and almost nil
loss of the precursor to the surroundings. Recently,
we have reported that this simplified spray tech-
nique can be a desired alternative for the conven-
tional spray technique by successfully fabricating
Mg-doped CdS thin films [11].

2. Experimental

CdO and Mn-doped CdO thin films were
prepared from an aqueous solution containing
0.1 M cadmium acetate, Cd(CHCOO), dissolved
in 50 mL of deionized water. Manganese acetate,
Mn(CH3COO), was added to the starting solution
for Mn doping in a concentration of 0, 1, 2, 3 and
4 at.%. The precursor salts used were of analyt-
ical reagent grade with a purity of 99.8 % (sup-
plied by Sigma-Aldrich). The resulting solution
was stirred thoroughly using a magnetic stirrer for
30 min and then sprayed manually using a perfume
atomizer on glass substrates kept at 375 °C. Be-
fore deposition, the glass substrates were degreased
with an organic solvent, rinsed with deionized wa-
ter and dried in air. A profilometer (Surftest SJ-301)
was used to measure the thicknesses of the films.
Diffractometer X’Pert PRO model, using CuKo
radiation (A = 1.5406 A) with 20 ranging from
20° to 80° was used to determine the structure,
crystallinity and phase of the CdO and CdO:Mn
thin films. The surface morphology of the films
was characterized by scanning electron microscope

Hitachi model S-3000H. Optical transmission stud-
ies were carried out using PerkinElmer UV-Vis-
NIR double beam spectrophotometer (LAMBDA-
35). Measurements of electrical resistivity were
carried out with a four-point probe setup.

3. Results and discussion
3.1.

Fig. 1 shows the variation of atomic percentages
of Cd, O and Mn in CdO:Mn films deposited with
different Mn doping concentrations (0, 1, 2, 3 and
4 at.%) in the starting solution.

Chemical composition studies
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Fig. 1. Variation of the concentration of Cd, O and Mn
in the CdO:Mn films.

It is observed that the amount of Mn increases
linearly with an increase in doping concentration. It
is also observed that Cd content increases, whereas
O content decreases with Mn doping concentration.
If Mn?* ions successfully replaced Cd>* ions, a
decrement in Cd content should be observed with
increased content of Mn. The converse result ob-
tained here confirms that Mn?* ions have not effec-
tively replaced Cd>* ions in the CdO host lattice.
The inset Table shows that the O/(Cd+Mn) ratio
decreases with an increase in Mn doping concentra-
tion suggesting the deterioration of the crystallinity
of the CdO films with doping which is confirmed
by the structural analysis (Section 3.2).

3.2. Structural studies

The X-ray diffraction patterns of Mn-doped
CdO thin films deposited with different Mn
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Fig. 2. XRD patterns of Mn-doped CdO thin films.

concentrations 0, 1, 2, 3 and 4 at.% in the starting
solution are shown in Fig. 2.

From the patterns, it is clear that the films are
polycrystalline in nature with diffraction patterns
at 20 = 32.9°, 38.2°, 55.2°, 65.83° and 69.17° in-
dexedas (111),(200),(220),(311)and (222)
planes of cubic CdO (JCPDS Card No. 73-2245).
The comparison of observed and standard ‘d’ val-
ues of the CdO:Mn films are given in Table 1.

The matching of the calculated dyy values and
the standard ones confirms that all the deposited
films (undoped and Mn-doped CdO) crystallize
well in the cubic structure with a preferred orien-
tation of the crystallites along the [1 1 1] direc-
tion. The behaviour of preferential growth along
the (1 1 1) plane was also observed by Shanmu-
gavel et al. [12] for CdO thin films prepared by
spray technique using a perfume atomizer. The pre-
ferred growth of the (1 1 1) plane for all the films
remained predominant irrespective of Mn doping
level. No peaks corresponding to MnO or Cd(OH),
were detected in the XRD patterns, suggesting that
incorporation of Mn?* ions in the host CdO lattice
did not affect its crystal structure.

The variation of preferential orientation factor
f(hk 1) for the (1 1 1), (2 0 0) and (2 2 0) planes
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Fig. 3. Variation of f(h k 1) of CdO:Mn thin films.

as a function of Mn doping concentration is shown
in Fig. 3.

It is observed that f(1 1 1) decreases as Mn
concentration increases suggesting a gradual degra-
dation in the crystalline quality of the CdO films
with Mn doping. The deterioration of crystalline
quality of CdO films with Mn doping may be at-
tributed to the deformation in the CdO lattice in-
duced by the size difference between Cd and Mn
ions and also due to the segregation of Mn?* ions
in the grain boundaries of the host CdO lattice.
This is in accordance with Ziabari et al. [13] for
Al-doped CdO thin films prepared by sol-gel dip
coating technique. The preferential orientation fac-
tor (2 0 0) shows an opposite behavior, which con-
firms that the preferential orientation starts chang-
ing from (1 1 1) to (2 0 0) plane. This is a con-
sequence of reorientational effect in the crystalline
structure of CdO with doping level. Similar results
have been reported by Manjula et al. [14]. The re-
sults obtained here infer that the structural proper-
ties of the CdO thin films are strongly influenced
by the Mn doping concentration in the starting
solution.

Fig. 4 shows a shift of the (1 1 1) peak towards
higher angle with the increase in manganese con-
centration which results from the fact that Cd>*
ions are substituted by Mn>" ions in the host lat-
tice, causing the lattice shrinkage (decreased lat-
tice parameter values, Table 2) as the ionic radius
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Table 1. Comparison of observed and standard d-spacing values of Mn-doped CdO thin films.

d — observed (A)

(hk1 d - standard* (A) Mn concentration (at.%)

0 1 2 3 4
a1n 2.7129 2.7172 2.7091 2.7087 2.7053 2.7023
200) 2.3495 2.3520 2.3461 2.3450 2.3394 2.3370
220) 1.6613 1.6621 1.6591 1.6568 1.6533 1.6532
B11) 1.4168 1.4175 1.4143 1.4141 1.4100 1.4099
222 1.3564 1.3570 1.3551 1.3524 1.3511 1.3482

*JCPDS Card No. 73-2245

of Mn** (0.67 A) is smaller than that of Cd**
(0.97 A).

U —%—Undoped CdO

—eo—1 at.% Mn-doped CdO
—A—=2 at.% Mn-doped CdO

s % —v—3 at.% Mn-doped CdO

s —*—4 at.% Mn-doped CdO

8

2 300

‘@

c

2

[=1

= 1504

0 T T T T T 1
31 32 33 34 35 36
20 (degree)

Fig. 4. Angle shift of the (1 1 1) plane.

The crystallite size, (D) is calculated using the
Scherrer formula:

0.941
D —

~ BcosO b

where {3 is the broadening of diffraction line mea-
sured at half of its maximum intensity (radian)
FWHM and A is the wavelength of the X-ray used
(1.5406 A). The crystallite size values calculated
for the (1 1 1) plane for different Mn doping con-
centrations are presented in Table 2.

The crystallite size declines gradually as the Mn
doping level in the starting solution increases and
attains a minimum value of 17.68 nm for the film
coated with 4 at.% Mn. This decrease in crystallite

size may be caused by the enhanced incorporation
of Mn?* ions into the Cd** sites of the host CdO
lattice. The decrease of crystallite size means de-
teroriation of crystalline quality of CdO films with
Mn doping and an increase of total grain bound-
ary fraction in the films, which can enhance grain
boundary scattering, thus, result in an increase of
electrical resistivity [15]. The increased resistivity
values obtained for the films (section 3.5) strongly
support this supposition. When CdO is doped with
Mn, the Mn ions can uniformly substitute into the
Cd?** sites or interstitial sites in the CdO lattice. In
case of successful substitution of Mn?* ions and
due to different ionic radii, a lattice distortion oc-
curs and this distortion increases with increased
Mn content, preventing the grain growth. There-
fore, a decrease in grain size is observed with an
increase in the Mn content. Similar results were re-
ported for cobalt doped CdO thin films [16].s

The strain present in the samples is calculated
using the formula [17]:

2

and the obtained values are presented in Table 2.
It is observed that the strain values show an in-
creasing trend with increased concentration of Mn
confirming the deterioration of the crystalline qual-
ity of the CdO films with Mn doping. Mallika et
al. [18] reported that an increase of strain causes
reduction of crystallite size and increase of peak
broadening.
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Table 2. Thickness (t), full width at half maximum (f3), crystallite size (D), strain (¢) and lattice parameter (a) of

the CdO:Mn films.

Mn doping Thickness  Full width at half maximum  Crystallite size ~ Strain Lattice parameter
concentration (at.%)  t (nm) B (radians) D (nm) ex 1073 ‘a’ (A)
0 497 0.25 34.63 4.182 4.7063
1 460 0.36 24.05 6.021 4.6923
2 510 0.41 21.12 6.856 4.6916
3 492 0.44 19.68 7.359 4.6857
4 478 0.49 17.68 8.193 4.6805

3.3. SEM analysis

Fig. 5 shows the SEM micrographs of CdO
films coated with Mn at different doping levels (0,
1,2, 3 and 4 at.%).

Fig. 5. SEM images of (a) undoped CdO (b) 1 at.% Mn
(c) 2 at.% Mn (d) 3 at.% Mn and (e) 4 at.% Mn
doped CdO films.

From Fig. 5, it is observed that the microstruc-
ture of the CdO films is governed strongly by the
Mn doping level. The SEM micrograph of the un-
doped CdO film (Fig. 5a) is composed of densely
packed cauliflower shaped nanostructures. These
structures, which might have been formed from in-
terwoven nanorods, have a great importance due to
their high specific surface area and potential ap-
plications in various fields [4]. As the Mn dop-
ing concentration is increased to 1 at.%, the film
surface modifies with loosely packed cauliflower
structures (Fig. 5b). Traces of few empty sites are
also observed. With further doping, the surface is
fully modified with interconnected tiny cauliflower

structures for the film coated with 2 at.% Mn
(Fig. 5¢). For 3 at.% Mn doping concentration, no
caulifiower shaped structures are seen (Fig. 5d).
Island growth with interconnected grains is ob-
served. However, for the film coated with 4 at.%
Mn doping concentration the surface modi-
fies completely, covering with scattered grains
(Fig. 5e). These results infer that the surface mor-
phology of CdO thin film deteriorates with Mn
doping from cauliflower shaped nanostructures to
loosely bounded grains which very well acknowl-
edges the results obtained in the XRD analysis
(section 3.2).

3.4. [Elemental analysis

Fig. 6 shows the representative EDS spectra of
undoped and CdO:Mn (Mn doping level: 1 at.%)
films, respectively.

Undoped CdO l-ﬁw 1 at.% Mn

Fig. 6. EDS spectra of undoped and Mn-doped CdO
(Mn doping level: 1 at.%) films.

The EDS spectra confirm the presence of Cd, O
in the undoped samples and Cd, O and Mn in the
doped film.
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3.5. Optical studies
. . 219 0 at.% Mn
Fig. 7 shows the transmittance spectra of s / 1at.% Mn
CdO:Mn thin films deposited with different Mn i::j x:
. . \ « /0
doping concentrations (0, 1, 2, 3 and 4 at.%). The 154 | 4at.% Mn

pure CdO film shows a transparency of 88 % which
enhances to 90 % for 1 at.% Mn doped CdO film.
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Fig. 7. Transmittance spectra of the CdO:Mn thin films.

The transparency decreases for higher Mn dop-
ing concentrations (greater than 1 at.%) and a min-
imum value of 78 % is obtained for the film coated
with 4 at.% Mn. Transmission edge shifts towards
longer wavelength side as the Mn doping concen-
tration increases which indicates a decrement in the
optical band gap of the CdO:Mn films. The de-
crease in the transparency of CdO:Mn films coated
with 2, 3 and 4 at.% Mn concentration may be due
to the incorporation of more Mn in the CdO lat-
tice and also a small increase in the free charge car-
rier concentration [19]. The band gap (E) values
have been estimated by plotting the graph of the
first derivative of transmittance with respect to the
wavelength (dT/dA) versus the photon energy (hv)
(Fig. 8).

The E, value of the undoped sample is found
to be equal to 2.47 eV. The band gap value of the
CdO:Mn film coated with 1 at.% Mn concentration
was found to be equal to 2.42 eV.

When the Mn concentration is increased fur-
ther, the band gap value decreases and attains a
minimum value of 2.21 eV for the film coated with
4 at.% Mn. The decrease in the optical band gap

12 1 %
94

dT/dr

T
1.0 15 2.0 2.5 3.0 35 4.0
hv (eV)

Fig. 8. Variation of the first derivative of transmit-
tance with respect to the wavelength (dT/dA)
of CdO:Mn thin films versus the photon energy
(hv).

observed with the increased Mn doping could be
related to the structural deformation in the CdO
films caused due to the replacement of either sub-
stitutional or interstitial cadmium ions in the CdO
lattice by Mn ions. The observed red shift in the op-
tical band gap value can be related to the Burstein-
Moss effect or may be due to the sp-d exchange
interactions between the localized d electrons and
the band electrons of the Mn>* ions which substi-
tute Cd ions [20].

3.6. Electrical studies

The dependence of electrical resistivity of CdO
films with Mn doping level is shown in Fig. 9.

All the films have resistivity of the order
of 107* Q-cm. Pure CdO possess resistivity of
0.19 x 10~* Q-cm. The resistivity value increases
with Mn doping concentration and attains a max-
imum value of 0.791 x 10™* Q-cm for the film
coated with 4 at.% Mn. This clearly suggests that
Mn atoms are not placed into the CdO lattice effec-
tively which contradicts with the results obtained in
section 3.1. In XRD analysis, it has been observed
that the crystallite size decreases linearly with Mn
doping suggesting the enhanced incorporation of
Mn?* ions into the CdO lattice. If Mn atoms are
placed effectively into the CdO lattice, they may



780

N. MANJULA et al.

0.8+ .
0.7
0.6
0.5
0.4
0.3

0.2+

Resistivity, p x 10™ ohm-cm

0.1

0 1 2 3 4 5
Mn concentration (at.%)

Fig. 9. Electrical resistivity variation of the CdO:Mn
films.

act as donors by supplying free electrons when they
occupy the sites of Cd** ions. Sankarsubramanian
et al. [21] reported that CdO films doped with Mn
showed decreased resistivity only up to 1 wt.% Mn
and for further increase in Mn doping level the re-
sistivity increased. The resistivity value of CdO:Mn
(Mn doping level: 1 at.%) obtained here exactly
matches with that of the undoped film and above
1 at.% Mn it increases, which agrees with the re-
sults of Sankarasubramanian et al. So it can be con-
cluded that up to 1 at.%, Mn atoms are placed into
the CdO lattice effectively and above that, Mn ions
cannot be accommodated into the CdO lattice due
to their limited solid solubility, therefore, they form
neutral MnO which isolates the grain boundaries,
even though the ionic radius of Mn?* is smaller
than that of Cd?*. Thus, increasing the concentra-
tion of Mn beyond 1 at.% results in the segregation
of Mn atoms in the grain boundaries which in turn
increases the grain carriers at the grain boundaries,
hence, the resistivity increases.

3.7. PL studies

Fig. 10 shows the PL spectra of undoped CdO
and CdO:Mn film with 1 at.% Mn doping con-
centration which has the best structural, morpho-

logical, optical and electrical properties, excited at
A =290 nm.

The PL spectra of both undoped and doped
samples show emission peaks at 327, 337, 361,

—%— Undoped CdO
—&—1 at.% Mn doped CdO
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Fig. 10. PL spectra of undoped and CdO:Mn (Mn dop-
ing level: 1 at.%) films.

393 and 419 nm, respectively. The emission peak at
361 nm is assumed to be caused by the recombina-
tion of free excitons. The emission peak observed
at 393 nm, which corresponds to the band edge
emission is due to the electron transition from the
localized level, slightly below the conduction band
to the valence band. The peak observed at 393 nm
corresponds to the PL peak of pure CdO which is
located at 3.11 eV (~399 nm) as reported in the
literature [22]. The violet emission peak centered
at 419 nm can be attributed to point defects in CdO
lattice due to Cd interstitials/O vacancies. The elec-
trons from the conduction band relax in the Cd in-
terstitial state before transition to the valence band
and emit this violet light. This is in accordance with
Zeng et al. [23]. The small width peaks observed at
327 and 337 nm could not be assigned to any emis-
sion process but may be regarded as noise [24].

4. Conclusions

Highly transparent Mn-doped CdO thin films
with Mn doping concentrations (0, 1, 2, 3 and
4 at.%) were prepared on glass substrates at 375 °C
using a perfume atomizer. The effect of Mn dop-
ing concentration on the physical properties of the
CdO films was investigated. XRD studies revealed
that all the films crystallized in a cubic structure
with a preferential orientation along the (1 1 1)
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plane. A shift of the (1 1 1) peak towards higher
angle was observed with Mn doping. Crystallite
size decreased from 34.63 nm to 17.68 nm with
an increase in Mn doping. A high transmittance
of 90 % was observed for the CdO:Mn film with
1 at.% Mn concentration and for further increase of
doping concentration, it slightly decreased. The
band gap energy decreased from 2.47 eV to 2.21 eV
with Mn doping and the CdO:Mn film with 1 at.%
Mn doping concentration exhibited a band gap
equal to 2.42 eV, which exactly matched the band
gap value of bulk CdO. Electrical resistivity in-
creased with an increase in Mn doping concentra-
tion. The obtained results infer that Mn as a dopant
at a very small concentration (<2 at.%) can alter
the structural, morphological optical and electrical
properties of the CdO films.
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