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Chemical bath deposition of CdO thin films using three different complexing agents, namely ammonia,
ethanolamine, and methylamine is investigated. CdSOy is used as Cd precursor, while H,0, is used as an
oxidation agent. As-grown films are mainly cubic CdO,, with some Cd(OH), as well as CdO phases being
detected. Annealing at 400 °Cin air for 1 h transforms films into cubic CdO. The calculated optical band gap
of as-grown films is in the range of 3.37-4.64 eV. Annealed films have a band gap of about 2.53 eV. Ruther-
ford backscattering spectroscopy of as-grown films reveals cadmium to oxygen ratio of 1.00:1.74 £0.01
while much better stoichiometry is obtained after annealing, in accordance with the X-ray diffraction
results. A carrier density as high as 1.89 x 102° cm~3 and a resistivity as low as 1.04 x 1072 Q-cm are

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Chemical bath deposition (CBD) is the analog in liquid phase of
the well-known chemical vapor deposition technique in the vapor
phase. Among all techniques used to grow group II-VI semiconduc-
tors, CBD has the advantage of being a simple, low temperature, and
inexpensive large-area deposition technique. It has been widely
employed in the deposition of semiconductor thin films for over
forty years [1]. CBD has been extensively used in growing group
[I-VI semiconductors, such as CdS [1-6], CdSe [7-10], HgS [11,12],
HgSe [13,14], ZnS [15-18], ZnSe [19-22], and ZnO [23-26].

CdO thin films reported in the literature have been obtained
mainly by dc magnetron reactive sputtering [27], metal organic
chemical vapor deposition [28,29], vacuum evaporation [30], elec-
trochemical deposition [31], pulsed laser deposition [32], electron
beam evaporation [33], spray pyrolysis [34], sol-gel [35], RF mag-
netron sputtering [36], and successive ionic layer adsorption and
reaction [37]. However, only few attempts to grow CdO thin films
using CBD have been reported [38,39]. In both cases, only ammonia
has been used as the complexing agent.
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In this work, we report CBD of CdO thin films using three differ-
ent complexing agents, namely ammonia, ethanolamine (EA), and
methylamine (MA). Transmittance, reflectance measurements and
band gap calculations are carried out for as-grown films as well
as annealed films. Resistivity, carrier density, and Hall mobility of
annealed films are acquired using Hall effect measurements. Crystal
structure as well as crystal quality are examined using X-ray diffrac-
tion (XRD), transmission electron microscopy (TEM), and Fourier
transform infrared spectroscopy (FTIR). Film morphology, com-
position, and binding energy are studied using scanning electron
microscopy (SEM), Rutherford backscattering spectroscopy (RBS),
and X-ray photoelectron spectroscopy (XPS), respectively.

2. Experimental details

CdO films were prepared using aqueous solutions of CdSO4
(0.038 M), (NH4)>S04 (0.076 M), Hy05 (34%), and NH,OH (29.4%).
Each bath contained 100-120 ml of de-ionized water (resistivity
~18.2 M2-cm) that was kept under stirring at 85°C. In addition
to ammonia, two other complexing agents were used; EA and MA.
To ensure the stability of Cd[NHg,]:{2 complex in the main solution,
ammonia was added whenever EA or MA is being used. Similar to
our previous work on CBD-ZnO [23]. It was noticed that adding
ammonia is necessary to dissolve the Cd(OH), formed upon mix-
ing the Cd-source and EA or MA. CdSQg4, (NH4),SO4, and the desired
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complexing agent were mixed at room temperature before being
added to the main solution. Appropriate amounts of hydrogen per-
oxide were then added to the main solution. Films were grown on
38 mm x 38 mm x 1 mm glass substrates (Schott Borofloat glass).
With the help of a Teflon holder, the glass substrate was kept ver-
tically in the solution. All substrates were held in the bath prior to
the addition of any of the reagents. To ensure deposition of high-
quality, adhesive, and specularly reflecting films, the substrate was
removed from the solution whenever the solution becomes turbid
and the homogeneous reaction starts to take place. The cleaning
steps of the substrate are reported elsewhere [4]. Specular trans-
mittance measurements were carried out at room temperature in
the wavelength range from 200 to 1200 nm, using a Cary 500 (Var-
ian) double beam UV/VIS spectrophotometer. Specular reflectance
measurements were performed at an angle of incidence of 7° in the
same wavelength range. The optical absorption coefficient o was
calculated for each film using the equation [40]:

T=(1-R)? exp(—at) (1)

where T is transmittance, R is reflectance, and t is film thickness.
The absorption coefficient « is related to the incident photon
energy hv as:

K(hv — Eg)"/?
U= (2)
where K is a constant, Eg is the optical band gap, and n is equal
to 1 for direct band gap material such as CdO. The band gap was
determined for each film by plotting («hv)? versus hv and then
extrapolating the straight line portion to the energy axis. Resis-
tivity, Hall mobility, and carrier density were evaluated by Hall
effect measurements at room temperature in a Van der Pauw four-
point probe configuration, using indium contacts, in an automated
Hall effect system (Ecopia HMS-3000, Bridge Technology, Chandler
Heights AZ, USA) with a 0.55T magnetic induction. XRD was car-
ried out using Rigaku D XRD unit (with 40 kV, 30 mA CuKa radiation,
) =0.15406 nm). The sample was mounted at 2.5° and scanned from
25° to 80° in steps of 0.02° with a scan rate of 1.2° min~!. Transmis-
sion electron microscopy was performed using a Tecnai F30 TEM
system operating at an acceleration voltage of 300 kV. Cross sec-
tions of CdO films were prepared with FEI 200 focused ion beam
system. SEM micrographs were obtained using a JEOL 6400F SEM
atanacceleration voltage of 10 kV. The FTIR micro-analysis was per-
formed at room temperature using contact ATR optimized objective
that covers a range of wavenumbers from 650 cm~! to 4000 cm™!.
RBS measurements were acquired using a 2.25MeV a-particles
IONIX 1.7 MU Tandetron, with a surface barrier detector with
energy resolution <15keV (full width at half maximum-FWHM),
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Fig. 1. Specular transmittance of as-grown films deposited using three different
complexing agents.
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Fig. 2. XRD pattern of (a) as-grown EA-based film, (b) as-grown MA-based film, and
(c) annealed EA-based film.

positioned at a scattering angle of 165°. XPS was performed on a
Physical Electronics PHI 5400 ESCA using unmonochromated Mg
Ka radiation at 1253.6eV. Each of the XPS spectra was acquired
from 30 repeated sweeps. XPS spectra were corrected from charg-
ing effects by referencing the adventitious C 1s peak to 284.6eV.

3. Results and discussion

Fig. 1 shows the optical transmittance of as-grown films for all
three complexing agents. As shown, all three films exhibit high
transmittance that exceeds 80% in the visible region. The NH3-
based and EA-based films exhibit a sharp absorption edge around
365-370 nm, while the absorption edge of the MA-based film is
around 270 nm. Such high transmittance and sharp absorption edge
observed indicate the high quality of all three films. The calculated
band gap is 3.37eV, 3.40eV, and 4.64eV for the EA-based, NH3-
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Fig. 3. Specular transmittance and reflectance of as-grown and annealed EA-based
film.

based, and MA-based films, respectively. The blue shift observed
in the case of MA-based films can be understood by comparing its
XRD pattern to that of EA-based film. According to Fig. 2(a), the as-
grown EA-based film consists of a mixture of three different phases;
cubic CdO [41], monoclinic/hexagonal Cd(OH), [42,43], and cubic
CdO, [44]. However, as shown in Fig. 2(b), only cubic phase of CdO,
is detected for as-grown MA-film. It should be noted that the XRD
pattern of as-grown NHs-film (not shown in this work) is similar to
that of EA-based film. This may explain why both films almost share
the same absorption edge, while a blue shift of more than 1.2 eV is
observed in the case of MA-based film. After annealing at 400°C in
air for 1h, all three films are fully transformed into CdO. Fig. 2(c)
shows the XRD pattern of annealed EA-based film, with only cubic
phase of CdO [45] being detected. Similar XRD patterns are obtained
for both MA-based and NH3-based films annealed under the same
conditions.

Such transformation to CdO after annealing is responsible for
the red shift observed in the optical transmittance (Fig. 3) and the
optical band gap (Fig. 4) of EA-based film. (For interpretation of
the references to color in this text, the reader is referred to the web
version of the article.) The band gap of annealed CdO filmsis 2.53 eV,
which agrees with the 2.55eV [38], 2.57 eV [46], and 2.58 eV [47]
band gap values reported earlier in the literature for CdO.

FTIR absorption measurements shown in Fig. 5 agree with the
XRD findings. Similar to what we have previously observed for
CBD-ZnO [23], FTIR of as-grown EA-based film (Fig. 5(a)) detects a
broadband around 3300 cm~! which is assigned to the O-H stretch-
ing mode of the hydroxyl group. This confirms the presence of
the Cd(OH), phase in as-grown EA-based films. This broadband
disappears after annealing, as shown in Fig. 5(b). However, as
shown in Fig. 5(c), such broadband does not exist in the case of
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Fig. 4. Optical band gap calculations of as-grown and annealed EA-based film.

as-grown MA-based film. It should be noted that peaks detected
between 2840cm~! and 2930cm~! (Fig. 5(a)) are due to the C-H
stretching vibration mode, which corresponds to the CH, group of
ethanolamine, which disappears after annealing as EA-based film
is fully transformed into CdO. Absorbance peaks observed between
650cm~! and 1500 cm~! are due to Si-O and B-O stretching vibra-
tions [48] from the Borofloat glass substrate. It is worth noting that
the boron content of Borofloat glass is about 5.2%.
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Fig. 5. FTIR absorbance spectrum of (a) as-grown EA-based film, (b) annealed EA-
based film, and (c) as-grown MA-based film.
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Fig. 6(a) shows the RBS spectra of as-grown EA-based film. Sim-
ulation using Rutherford Universal Manipulation Program (RUMP)
[49] was implemented to obtain the best possible match to the raw
RBS spectra. As shown, the Cd:O ratio obtained for the as-grown
film is (1.00:1.74 £ 0.01). This again confirms the presence of CdO,
in addition to CdO, and Cd(OH),, in the as-grown EA-based films.
Should the film contains only mixed phases of CdO, and Cd(OH),,
aratio of about (1.00:2.00) will be observed. Such ratio is obtained
in the case of as-grown MA-based film (not shown in this work).
Fig. 6(b), however, shows the RBS spectra of MA-annealed film,
where aratio of (1.00:1.00 & 0.01) is observed. This indeed confirms
that, after annealing at 400 °C in air, films are fully transformed into
Cdo.

The XPS multiplex spectra of the Cd 3ds), and 3d3, peaks of as-
grown as well as annealed EA-based films are shown in Fig. 7(a).
As shown, Cd 3ds), and 3d3j, peaks of the annealed film are sym-
metric and located at 405 eV and 411.8 eV which agrees well with
the 6.74 eV spin-orbit energy splitting between Cd 3ds, and 3ds3,
states [50]. However, both peaks of as-grown film are asymmet-
ric. As shown in Fig. 7(b), deconvolution of the Cd 3ds;, peak
renders three peaks with binding energies of 403.7 eV, 404.5eV,
and 405.4 eV. These three binding states can be assigned to CdO,,
Cd(OH),, and CdO, respectively [50]. This also confirms the XRD,
FTIR, and RBS findings of the mixed phase nature of as-grown EA-
based film. Similar deconvolution carried out for the Cd 3d3, peakis
also shown in Fig. 7(b). All three peaks obtained maintaina ~6.7 eV
energy difference from their corresponding Cd 3ds, peaks. Finally,
it should be noted that both 405.4 eV and 405 eV values observed
in as grown and annealed films lie within the accepted values of Cd
3ds), binding energies of CdO [50].

Fig. 8(a) shows the XPS multiplex spectra of the O 1s peak for
as-grown and annealed EA-based films. Similar to the Cd 3d peaks,
the O 1s peak of annealed film is symmetric while that of as-grown
film is asymmetric. The O 1s binding energy of annealed film is
located at 529.9eV, which lies within the 527.7-530.6 eV range
characteristic of 02~ oxides [50,51]. As shown in Fig. 8(b), a decon-
volution of the O 1s peak of as-grown film renders two doublets
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Fig. 7. (a) XPS multiplex spectra of Cd 3d of as-grown and annealed EA-based film
and (b) deconvolution of the Cd 3d peaks of as-grown EA-based film.
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Fig. 8. (a) XPS multiplex spectra of O 1s of as-grown and annealed EA-based film
and (b) deconvolution of the O 1s peak of as-grown EA-based film.

with the main doublet located at 531.1eV and the smaller one
located at 528.4 eV. According to Dupin et al. [51], binding energies
in the range of 530.6-531.1 eV are characteristics of oxygen species
integrated in the material as OH™ or O%’. Therefore, the main con-
tribution observed at 531.1 eV is due to either cadmium peroxide
or cadmium hydroxide, while the contribution at 528.4 eV is char-
acteristic of cadmium oxide, which again agrees with the XRD, FTIR,
and RBS findings of the mixed phase nature of as-grown EA-based
film.

High-resolution transmission electron microscopy (HRTEM)
image of annealed EA-based film is shown in Fig. 9. As shown, the
CdoO layer is about 0.25 wm. Only small variations in film thick-
ness are observed. Occasional cracks due to annealing are found, as
indicated by arrows near the edge of the film. The small area elec-

EA-film (annealed)

Fig. 9. HRTEM and SAED diffraction pattern (inset) of annealed EA-based CdO film.
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Fig. 10. SEM micrographs of (a) annealed MA-based film, (b) annealed EA-based
film, and (c¢) annealed NHs3-based film.

tron diffraction (SAED) pattern observed (inset of Fig. 9) confirms
that CdO film is polycrystalline with a cubic crystal lattice. SEM
micrographs of annealed MA, EA, and NHs-based films are shown
inFig. 10. As shown, MA and EA-based films maintain their integrity
after annealing while NH3-based films deteriorate when annealed,
as indicated by the high density of cracks shown in Fig. 10(c).
This could be attributed to stress in as-grown NHs3-based films,
which caused films to lose their integrity after annealing. We have
reported similar observations for EA-based ZnO films in a previous
work [23]. Some pinholes have been observed in MA-based film
(Fig. 10(a)). Itis also noticed that, when compared to EA-film, aver-
age grain size of MA-film is much smaller. EA-based film, however,
is continuous with much smoother surface than the other two films.
This will have a significant impact on film resistivity and mobility
as will be shown.

Table 1
Hall effect measurements of annealed EA, MA and NHs-based CdO films.

Sample Carrier density (cm~3) Mobility (cm? V- S~1) Resistivity (2-cm)
EA-based  1.89 x 10%° 3.17 x 10° 1.04 x 1072
MA-based 4.35x 108 3.91x 10! 3.67 x 10°
NH;-based 7.55 x 10'7 8.21x 107! 1.01 x 10!

Table 1 summarizes the carrier density, resistivity, and Hall
mobility of annealed EA, MA, and NH3-based films as revealed by
Hall measurements carried out at room temperature. As shown,
EA-films have the highest mobility and lowest resistivity among
all three films. Resistivity of MA-films is two orders of magni-
tude higher, while that of NH3-films is three orders of magnitude
higher than that of EA-films. Hall mobility of both films is also much
smaller than that of EA-film. We believe that pinholes, small grain
size, and high density of cracks observed under SEM (Fig. 10) are
responsible for such drop in film resistivity and Hall mobility. High
carrier density observed in EA-film can be attributed to oxygen defi-
ciency in the film due to annealing. It is widely believed that excess
Cd contentin CdO films results in Cd ions occupying interstitial sites
where they act as donors which, in turn, increases carrier density
and lowers film resistivity.

SEM and Hall measurements suggest that EA-based CdO films
are the best candidates for fabricating transparent conducting
oxides using chemical bath deposition. These films are found to
be of high quality, good uniformity, high transmittance, and good
crystallinity. In addition, high conductivity is observed in EA-based
films where a carrier density as high as 1.89 x 1020 cm~3 and a film
resistivity as low as 1.04 x 102 Q-cm are achievable.

4. Conclusion

CBD of CdO using three different complexing agents was investi-
gated. XRD revealed that as-grown EA and NH3-based films consist
of a mixture of cubic CdO,, cubic CdO, and monoclinic/hexagonal
Cd(OH), while only cubic CdO, phase was detected in as-grown
MA-based film. Annealing at 400 °C in air for 1 h fully transformed
as-grown films into cubic CdO. Optical band gap of as-grown
EA, NHs, and MA-based films are 3.37eV, 3.40eV, and 4.64eV,
respectively. Annealed films have optical band gap of 2.53eV.
Both as-grown and annealed films exhibit high transmittance that
exceeds 80% in the visible region.

FTIR of as-grown EA-based film showed a broad absorption band
around 3300 cm~!, which is assigned to the O-H stretching mode
of the hydroxyl group confirming the Cd(OH), phase detected by
XRD. Such absorption band disappeared after annealing and did not
exist in as-grown MA-based film. RBS observations are consistent
with the XRD and FTIR results. Deconvolution of the XPS multi-
plex of Cd 3d and O 1s peaks of as-grown EA-based film revealed
three binding states of CdO,, Cd(OH),, and CdO; two of which dis-
appeared after annealing which agree with the observations of XRD,
FTIR, and RBS. HRTEM showed small variations in film thickness and
occasional cracks, due to annealing. The electron diffraction pattern
observed confirms the polycrystalline nature of the CdO film. SEM
micrographs show high density of cracks in annealed NH3-based
film. Some pinholes were detected in annealed MA-based films.
SEM and Hall measurements revealed that EA-based CdO films are
the best candidates for fabricating transparent conducting oxides
using CBD, where a carrier density as high as 1.89 x 102 cm~3 and
a film resistivity as low as 1.04 x 10~2 Q-cm are achievable.
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