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The physical vapour deposition method was employed to study and improve
the optoelectronic properties of CdO as a transparent conducting oxide (T'CO),
using the doping technique. Different small amounts of titanium ions were
incorporated into CdO thin films deposited on glass substrates and were used
to study the conduction parameters CPs (conductivity/resistivity, carrier
mobility, and carrier concentration) together with the optical transparency.
Different diagnostic methods, x-ray diffraction, optical absorption spec-
troscopy, scanning electron microscopy and electrical measurements were
used to study and characterize the deposited thin films. The results of this
work, revealed that the ultimate TCO CPs were obtained with Ti doping level
of 0.3-0.6 wt.%; the mobility~ 40 cm?/V.s, carrier concentration
~ 7x1020 cm ™2 and conductivity ~ 2.88 x 10®> S/cm. The results, also re-
vealed that Ti doping strongly enhanced the [111] preferred orientation

growth of CdO films especially with 0.3 wt.%.
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INTRODUCTION

Cadmium oxide thin films have a unique combina-
tion of high electrical conductivity and optical trans-
parency especially in the NIR spectral region. From
that point of view, it is belonged to the group of
transparent conducting oxides (TCO) like InyOs,
Gay03, SnO,, and ZnO, which have numerous opto-
electronic applications of the solar-cell field and
manufacturing of smart windows, etc.'~ The reasons
for the optical and electrical properties of any TCO
are their natural non-stoichiometric point defects
like oxygen vacancies (Vo) and metal interstitials
(M;). Therefore, the development in their TCO prop-
erties for the highest performance should base on the
control of those internal natural point defects. It was
found that the optoelectronic properties could be
controlled and developed by doping/incorporation
with different types of impurity ions.*” CdO has
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rock-salt cubic (Fm ™2 m) structure with a lattice
parameter of 0.4695 nm.® It has a n-type degenerate
semiconducting properties with resistivity (10 %—
10~* Q cm). The optical properties of CdO films show
translucency in the Vis spectral region and good
transparency in the NIR spectral region with the
optical bandgap in the range of ~2.2-2.7 eV depend-
ing on the preparation conditions.'?

In the present work, films of CdO incorporated by
different amounts of Ti ions were prepared and
their optoelectronic properties were studied. Tita-
nium ions of radius 0.06 nm (VI coordination) are
considerably smaller than Cd ions (0.095 nm).’
Therefore, Ti ions were supposed to be able to
substitute for Cd®* jons in CdO lattice forming
substitutional solid solution (SSS) without intro-
ducing a significant distortion in the cubic structure
of CdO lattice unit cell (UC) only for small concen-
trations. Thus, small Ti concentrations of less that
~ 1 wt.% were chosen in the present work. Addi-
tionally, it was supposed that annealing in H,
atmosphere should have effect on the physical
properties including (1) to improve the distribution
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by tossing of the dopant Ti ions throughout the CdO
sample films and (2) to create oxygen vacancies (Vg)
in order to improve the TCO properties. Creation Vg
needs to assist dopant Ti ions, which can play role of
a catalyst in dissociation of Hy molecules.®

Generally, incorporation of Ti ions in CdO lattice
is expected to improve its electronic transport
properties. The effect of Ti doping on the physical
properties of some TCO films was previously stud-
ied, like ZnO,""'* Iny03," and SnOy.'* Previous Ti-
incorporated CdO (CdO:Ti) samples were prepared
by physical vapor deposition (sputtering and laser)
of a mixture of CdO/TiO2 powders by many
researchers. 518

EXPERIMENTAL DETAILS

CdO thin films doped with different amounts of
titanium ions and annealed in hydrogen atmo-
sphere (CdO:Ti-H) were deposited on cleaned soda-
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lime glass substrates (from Sigma-Aldrich). At start,
the CdO materials and Ti (from Aldrich Chemicals)
were thermally evaporated in vacuum environment
by alumina baskets (Midwest tungsten service,
USA) to avoid the inclusion of unwanted impurities
in the films. A piezoelectric Microbalance sensor
(Philips FTM5) fixed close to the substrates was
used to monitor and controlled the evaporated
masses. The deposited thin films/glass substrates
were annealed in the air atmosphere at 400°C for
aboutl h followed by keeping them cool down inside
the oven to room temperature. Then, followed by
annealing these samples in static Hy, atmosphere at
350°C for 15 min. Using a MP100-M spectrometer
(Mission Peak Optics Inc., USA), film thicknesses
were measured after annealing and they were in the
range of 0.12-0.26 um. Five different samples of the
prepared Ti-doped CdO film were chosen. Each
sample contained Ti dopant of a certain amount,
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Fig. 1. XRD patterns of hydrogenated undoped and Ti-doped CdO films and the inset shows the variation of cell volume with Ti doping level (a),
Rietveld refinements of S4-H film: experimental data; solid pink line (down): intensity difference, calculated pattern; red solid line (b), Williamson-

Hall plot for S4-H sample (c), and SEM micrographs for S4-H sample(d).
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Fig. 2. Spectral transmittance, T{(1) and reflectance, R(1) of
hydrogenated undoped and Ti-doped CdO films.

which was estimated by a scanning electron micro-
scope, SEM (SEM/EDX microscope Zeiss EVO) to be
~ 0.2 wt.%, 0.3 wt.%, 0.6 wt.%, 1 wt.%, 1.5 wt.%
(each film sample was referred as S1-H, S2-H, S3-H,
S4-H, and S5-H, respectively) in addition to the
reference of the un-doped CdO film (S0-H sample).
The crystal structures of thin films were examined
by x-ray diffraction technique (XRD), using a
Rigaku Ultima-VI x-ray with Cu-K, line. The struc-
tural analyses, including lattice parameters and
crystallite size (CS) were carried out respectively by
Rietveld refinement and Williamson-Hall method,
which are in the content of the built-in PDXL
software programs of the used XRD apparatus.
Shimadzu UV-3600 double beam spectrophotometer
was used to measure the optical normal transmit-
tance T(1) and reflectance R(/) of each film sample
within the spectral range (300-1500) nm. The
electrical measurements were carried out with a
standard Van-der-Pauw technique using silver
paste dot contacts in a magnetic field of about 1 T
and using a Keithley 195A digital multimeter and a
Keithley 225 current source.

STRUCTURE ANALYSIS

The XRD patterns of undoped CdO-H and
CdO:Ti-H films deposited on glass substrates are
shown in Fig. 1la. The normalised reflections of the
XRD patterns were indexed according to the known
standard cubic structure (Fm-3 m).® The patterns
reveal that the energetically preferred [111] orien-
tation of pristine CdO films was enhanced with Ti-
ions doping. The variation in the degree of [111]
preferred-orientation growth of the investigated
films by inclusion of Ti ions confirmed the doping/
incorporation process of Ti ions in CdO lattice. The
texture coefﬁcient; TC[]_]_]_] = [nI[lll]/IO[l]_]_]]/
DYVIM KT/ Ih'kT)],Y can be used to study the
growth degree of the preferential orientation in
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Fig. 3. Spectral calculated absorption coefficient, «(1) of
hydrogenated undoped and Ti-doped CdO films. The inset shows
the variation of absorption coefficient « at 1000 nm with Ti% doping
level.
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Fig. 4. Tauc plot for all for hydrogenated undoped and Ti-doped
CdO films. The inset shows the variation of band gap Eg with Ti%
doping level.

[111] direction, where I[hkl] and IO[hkl] are the
integrated intensities of certain [h%l] reflection from
the film sample and the standard polycrystalline
powder, which is listed in Ref. 8. The sum in the
equation runs over the total number (n = 4) of the
recorded reflections. The highest TC111; value was
(3.9/4) for S2-H (0.3 wt.%) sample, which shows
about total [111] orientation as shown in (Fig. 6).
Such enhancement of [111] orientation of host CdO
film was also observed for other metallic dopants,
such as Fe, Cr, Ce.’?%?! Therefore, considering
TCi1117 as a gauge of film crystallinity, then it must
have a great control on the electronic scattering at
crystallite and grain boundaries (CB and GB) or on
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the carrier mobility (). Subsequently, there must
be a relation between x and TC, and as a result one
can predict that the maximum mobility (x) should
be observed with S2-H sample (Fig. 6).
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Fig. 5. Conduction parameters (CPs) variations with Ti doping level
in the film samples.
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Fig. 6. Dependence of structural parameters (TC and ¢) and CPs
(mobility, « and mean free path, mfp) with incorporation level of CdO
films.

Dakhel and Hamad

Moreover, Fig. 1a reveals that doping with Ti and
hydrogenation did not modify the ordinary cubic
crystalline structure of CdO. Furthermore, the XRD
patterns of CdO:Ti-H samples show the absence of
peaks arising from any Ti related phases, which
confirmed the inclusion of Ti ions into the CdO
lattice, without formation of separate Ti phases
W1th1n CdO sample. However, since the ionic radu
difference is ~ 37%, followmg Hume Rothery rule,??
the substitution of Cd?* ions (of radius 0.095 nm®)
by Ti** (0.06 nm) ions forming SSS would induce
distortion in the crystalline structure of host CdO.
Therefore, it is expected that SSS would be formed
for a very small concentrations of dopant Ti**
However with the increasing of concentration, some
of the Ti-dopant ions (of oxidation state less that +4)
would occupy interstital positions and accumulated
on crystallite and grain boundaries (CB and GB).
Theortically, it have been shown by the Authors of
Ref. 23 that the formatlon of SSS by substitution of
Cd?* ions by Ti*" ions would blue shift the optical
bandgap (Eg). That blue shift was caused by
increasing the carrier concentration, which was
experimentally observed for small doplng level ¢

The sammerized results of the structural analyses
of Fig. 1a are presented in Table I. The Rietveld
refinement method was used to calculate the lattice
parameter (a). The calculated R-parameters (R, is
the weighted profile factor and S is the goodness-of-
fit) indicate acceptable fitting for a single phase
since the value of S parameter is in-between 1 and 2
(close to 1),** which can be noticed graphically in
Fig. 1b. As an example, Fig. 1b shows graphically
the Rietveld refinements result of the as-synthe-
sized S4-H sample. The blue solid line (up) is the
experimental data and the red solid line (up) is the
calculated pattern. The pink solid line (down) is the
intensity difference between the experimental and
calculated-theoretical patterns, which was weak
referring mainly to the formation of a single phase
polycrystalline powder.

The volume of the unit cell (V) of pristine CdO
film was 101.5 A3 however, with hydrogenatlon

Veen became 103. 45 A3, The increase in Vg by
~ 1.9% due to the hydrogenation was attributed to

Table I. Structure analysis: Mean crystallite size (CS), crystal strain (¢), lattice parameter (@), unit-cell
volume (V..;;) and Rietveld refining factors of the as-synthesised and hydrogenated samples

Sample CS (nm) Strain ¢ (%) a A)
CdO-H 41.0 0.26 4.6987
S1-H 40.8 0.23 4.6938
S2-H 40.8 0.18 4.6933
S3-H 38.6 0.11 4.6908
S4-H 36.1 0.16 4.6918
S5-H 36.3 0.17 4.6927

Refinement parameters

Veen (A%) R, (%) S
103.73 19.78 1.38
103.42 12.08 1.07
103.39 10.19 1.55
103.22 14.54 1.77
103.29 13.49 1.38
103.35 11.64 1.67
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Table II. Conduction parameters [resistivity (p), carrier (electron) mobility (x) and carrier concentration
(Nep], mean-free-path (mfp) and optical (measured) band gap

Sample p (X 107%Q cm) u (cm?/V s)
Cdo 201 7.03
S0-H 69.1 8.5
S1-H 15.5 22.2
S2-H 3.72 38.36
S3-H 3.47 28.7
S4-H 9.3 12.9
S5-H 17.3 16

N, (x 10%° em™®) mfp (nm) E; (eV)

0.44 0.51 2.27
1.05 0.81 2.28
1.8 2.55 2.4

4.37 5.92 2.36
6.9 5.16 2.06
5.2 2.11 1.94
2.26 1.98 1.64

the creation of oxygen vacancies (Vops); similar
results were observed in many previous results.?® 27

Some of cadmium ions in sample S1-H were
substituted (doped) by Ti** ions. This doping should
reduce the V.. due to the small size of Ti%*, as
shown in the inset of Fig. 1la. The inset of Fig. la
shows decreasing in V. with increasing of Ti%
doping level down to a minimum value at ~ 0.6%Ti
before slight increase, which attributed to the
incorporation of the additional Ti ions into the
interstitial locations of host CdO lattice and accu-
mulation on GB and CB. Such Ti incorporation
should be accompanied by creation of Vgs. There-
fore, the V. varies by the competition of the
incorporation of Ti-ions and creation of O-vacancies
(Vos). It should be mentioned that both types of
incorporations have great effects on the conduction
properties.

The average crystallite size (CS) and the struc-
tural strain, given in Table I, were calculated for
each sample by using graphical Williamson—Hall
(W=H) method. The W—H equation is,?®

(Brsa/ tan Ops 2= (k2/D) P/ tan Oy sin Opp) + 166
(1)

where 0y, is the Bragg angle, & ~ 4/3, D is the
crystallite size (CS), fnz is the peak width at half-
maximum, ¢ is the strain, and / is the used x-ray

wavelength. The plot of Fig.1lc of Y =

(Buza/ tan One)* versus X = B/ tan Ope sin One give
a straight line, from which D and ¢ can be deter-
mined, as shown in Fig. 1c, for S4-H sample, for
example. The nano-CS given in Table I were found
to be around 40 nm, and decreased from increasing
Ti% doping level, which might be explained by the
accumulation of additional amorphous Ti dopant
ions on GB/CB due to the limited solid solubility of
Ti ions in CdO lattice.

The strain values decreased from increasing Ti%
doping level to its minimum value (Table I) at
0.6%Ti incorporation level and then increased. It
will be seen in the next paragraph (Fig. 5) that the
CPs (conductivity/resistivity, carrier mobility, and
carrier concentration) get the highest values for Ti
dopant level of 0.3-0.6% Ti. It means that the

structural strain has also effect on the CPs in
addition to other factors. In the present work, the
whole results refer that ~ 0.6 wt.% is the solid
solution saturation limit of Ti in CdO, under that
limit Ti** ions form SSS in host CdO, but with more
addition of Ti ions will occupy interstitial positions
in addition to CB and GB. Figure 1d shows the SEM
micrographs of S4-H sample. The film has woolly-
shaped elements, as that for undoped CdO?® and the
GS was estimated to ~ 200 nm.

OPTICAL PROPERTIES

The corrected spectral transmittance, 7(1) and
reflectance, R(1) of CdO-H and CdO:Ti-H films are
shown in Fig. 2. It shows, clearly that the studied
films are translucent in the visible region tending to
be more transparent in the NIR spectral region. The
corrected spectral reflectance, R(1) is small and
nearly constant of less than 5%. The spectral
absorption coefficient «(1) of a film of thickness d
is given by o(1) =In[(1 —R(1))/T(4)]/d. The spec-
tral a(4) of the investigated films rapidly decreased
with increasing A, as shown in Fig. 3 due to the
direct property of bandgaps. Moreover, the absorp-
tion coefficient o at 1000 nm increased from increas-
ing Ti content level, as shown in the inset of Fig. 3.
The optical band gap (E,) can be evaluated by using
Tauc technique”™:

ahv = Agp(hv — Eg)™ (2)

where the value of m is equal to 0.5 for direct
transitions, A,, is the constant of each film sample

and hv is the photon energy. Figure 4 shows (aAv)?
versus hv plot; in which the extrapolation of the
straight-line portion was used to estimate the value
of the corresponding optical band gap (Table I)
within an approximated accuracy of 0.05eV. It
was found that the obtained bandgap of undoped
CdO-H was within the well-known standard range
of values (2.2-2.6 e€V).? With increasing Ti incorpo-
ration level, the bandgap of the host CdO:Ti-H films
blue-shifted (band-gap widening—BGW) followed
by red-shifting (band gap narrowing—BGN), as
shown in the inset of Fig. 4. The blue-shift was
observed in Ref. 15. The blue-shift (BGW) of the
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absorption edge of CdO:Ti-H thin films was caused
with the increase in the carrier concentration
(Neare), according to Moss-Burstein TCO effect.?!
While the red-shift (BGN) was also observed previ-
ously in Al-doped CdO films®*?? and Co-doped CdO
films.?* Generally, two types of mechanisms are
dominant in affecting the optical energy gap of TCO:
(1) BGW and (2) BGN. It was known that the BGN
starts influence by 1ncreas1 § the carrier concen-
tration to 1018 ; Identical phe-
nomenon was observed in ZnO: In 7ystem for
carrier concentration 8.71 x 10 cm™ The large
carrier concentration was observed in the present
work for T1 doping level more than 0.3 wt.%, under
which Ti** ions substitute the Cd®* ions in host CdO
lattice that will result in extra weakly bound
electrons. Once the impurity band resulting from
these weakly bound electrons becomes broad
enough to reach the e ége of the conducting band
and resulted in BGN.>**° Therefore, the optical
bandgap of CdO as TCO material is normally
controlled by two contrary factors, the structural
band gap (Edi’) and the Moss-Burstein (M-B) shift
(EMP): Eg" = Edr + EYB.*! The first part, EJ" is
controlled by electron-lattice interaction, which is
sensitive to any microstructural alterations, like
doping/incorporation effects, which generate impu-
rity band tail broadening that merges with the
conduction band causing BGN. The energy part E¥?
could be affected by the variation in the carrier
(electron) concentration. So, it is clear that the BGN
in the measured optical bandgap Egpt was mainly
due to the decrease in EZ". The inset of Fig. 4 and
Table I show that the BGN control the variation of
optical EJ* defeating BGW except sample S1-H and
S2-H. Table I presents steady BGN with increasing
Ti% in the limit of present doping. This can be
attributed to the steady increase in the density of
created O-vacancies with 1ncreas1ng Ti% inclusion
due to the strong power of Ti** ions in creation of O-
vacancies under hydrogenation.'®

In summary, the presence of dopant Ti** dopant
ions have the efficient ability for dissociation of Hj
molecules into H atoms/ions that could create more
O-vacancies, which is responsible for variation in
band gap as well as concentration of conduction
electrons.

ELECTRICAL PROPERTIES

Table II presented the values of eelectrical resis-
tivity (p), carrier concentration (N.) and carrier
mobility (1) for CdO-H (S0-H) and Cd:Ti-H film
samples. Figure 5 demonstrated the variation of p,
Ng, and u with Ti% doping level. It shows that CPs
attained their highest values in the range 0.3—0.6 Ti
wt.% i.e. in the solid solution saturation limit.
Figure 6 shows a similar behavior for TC;11; and
carrier mobility (u.) versus doping level. As men-
tioned earlier, the reduction in carrier concentration
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for doping level more that 0.6%, could be attributed
to the gradual accumulation of dopant Ti ions on
CBs and GBs. Such accumulation creates potential
barriers that effectively reduce the measured con-
centration of carriers and conductivity, and scatter
conduction electrons during conduction process and
thus reduces their mobility. Thus, the electrical
results are in agreement with the structural results
and responsive to the microstructural defects like
grain boundaries.

The variation of the conduction parameters could
be also studied through a carrier mean-free-path
(mfp), which is given by: mfp = (h/2e)(3Nei/7) V304,
where pg is the electronic mobility, e is the elec-
tronic charge and h is the Planck constant.*? The
dependence of structural parameters on the varia-
tion in the mfp among the samples was plotted in
Fig. 6. Similar variation trends can be clearly
observed of mfp, TC, and u. versus doping level.
Figure 6 shows the variation of structural parame-
ters (Rietveld strain ¢ and TCp;117) and conduction
variables (¢ and mfp) versus Ti%. It is clearly
demonstrating the control of electrical parameters
by structural parameters. The responses were the
highest in the range 0.3-0.6% doping level. The
present results are comparable with previous metal-
doped CdO, for CdO:W’ system of almost similar
radii. Nevertheless the CdO:Ti system is not supe-
rior from TCO pomt of v1ew as other dopants like
CdO:Be or CdO:Ge**** prepared with identical
methods and circumstances.

CONCLUSIONS

Using the evaporation method, CdO thin films
incorporated different amounts of Ti ions were
deposited on glass substrates. In this work, the
results of the structural study, clearly demonstrate
the possibility of preparing CdO films totally doped
with Ti** ions with concentration up to ~ 0.6 wt.%.
It was found that at this concentration, the dopant
Ti ions have strong influences on the structural,
optical and electrical properties of host CdO films.
The results, also revealed that Ti doping strongly
enhanced the [111] preferred orientation growth of
CdO films especially with 0.3 wt.%.

In summary, the explanations of the results are
based on the fact that as Ti ions are doped in CdO,
initially substitutional solid solution SSS is formed.
As the Ti doping is kept on increasing, they are
accumulated on CB and GB. Moreover, oxygen
vacancies are also created after annealing in the
H2 atmosphere.

It was observed that such type of doping could
improve the TCO properties of CdO films from TCO
point of view. The utmost carrier mobility of
~ 40 cm?/V s was found with CdO film doped with
0.3 wt.%Ti, which is about 6 times higher than the
carrier moblhty in CdO without dopmg The higher
carrier concentration of ~ 7x10?° ¢cm ® was found
with Ti concentration of 0.6 wt.%. In conclusion, our
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results suggest the strong possibility of using, CdO
film doped with Ti within the range 0.3-0.6 wt.% in
the TCO applications.
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