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Introduction

Transparent conducting oxides (TCOs) are transi-
tion metal oxides with high electrical conductivity
(> 10’ S/cm) as well as high transparency (~ 85%)
in the visible range [1-4]. They have become an
essential component in many optoelectronic devices
including thin film solar cells, flat panel displays,
thin film transistors (TFT), electrochromic windows,
gas sensors [1-6]. Sn-doped In,O; (ITO) and
F-doped SnO, (FTO) are notable examples of com-
mercially used TCOs which have a high conduc-
tivity 6 approaching 10* S/cm (or low resistivity
p ~ low 10 Q-cm) with a high transparency in
the spectral range of 300-1000 nm [1, 7-10]. For
many applications, in addition to their basic
requirements on the conductivity and transparency
in the visible range, it is also desirable for TCOs to
have transparency extended to the near-infrared
spectral range, high resistance to moisture and be
able to be deposited on flexible substrates. In gen-
eral due to the low electron mobility in most TCOs
(<40 cm?/Vs), high conductivity requires high
electron concentration of > 10%! cm*3, and hence
transparency in the near-IR range (A > 1000 nm) is
compromised due to free carrier absorption and
plasma reflection effects.

Typically, high-quality TCOs with high trans-
parency and conductivity are grown at substrate
temperatures > 300 °C by physical vapor deposition
(PVD) techniques such as RF or DC magnetron
sputtering or pulsed laser deposition (PLD) [11-14].
Although sol-gel solution processing offers a low-cost
and non-vacuum alternative which is also compatible
with large-scale roll-to-roll manufacturing, thin films
grown by solution processes normally have poor
crystallinity and degraded properties [15]. For
example, Nadarajah et al. have obtained FTO films by
a solution process, with an optimized resistivity
p ~ 1.5 x 107 Q-cm after annealing at 600 °C in air
[16]. After annealing in Hy/Ar gas mixture at 300 °C
for 3 h, Chen et al. reported solution processed ITO
films with p ~ 72 x 10* Q-cm and a transmit-
tance > 90% [17]. Solution processed ITO with an
unusually low p ~ 2 x 10* Q-cm was reported by
Seki et al. using dip-coating followed by annealing at
600 °C [18]. However, due to the relatively low
mobility of 28 cm?/Vs and high electron concentra-
tion of 10?! cm™2 of these films, their transmittance
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was limited to A ~ 1000 nm due to plasma reflection
and free carrier absorption.

Compared to other transition metal oxides, cad-
mium oxide (CdO) has an unusually large electron
affinity of ~ 5.9 eV and hence has a high proclivity
for n-type doping [11, 19-21]. Among TCOs, CdO
also has the highest electron mobility of ~ 100-200
cm®/Vs even at an electron concentration of 10%-
10%! em™3, and thus, it can achieve a high conduc-
tivity of > 10* S/cm [11, 22-25]. The high mobility of
CdO arises from its high dielectric constant which
gives rise to reduced free carrier absorption. Hence
transparency of CdO can be extended to the near
infrared of > 1400 nm. This makes CdO a useful
transparent conductor for devices which utilize
photons with wavelength > 1000 nm [11, 22]. Despite
these desirable properties, CdO has not been used
extensively as transparent conductors partly because
of its relatively small bandgap of ~ 2.2 eV. It has
been shown that the absorption edge of CdO can be
widened to > 3 eV due to Burstein Moss effect when
the free electron concentration exceeds 10°! cm ™ by
extrinsic doping [22, 26-28]. Among the many
dopants (Al, Ga, In, V, Y and Sc) [24-29] commonly
used to increase the electron concentration of CdO, In
has been reported to be very effective to increase the
electron concentration to > 10*' cm™> while still
maintaining a  mobility over 100 cm?®/Vs
[11, 22, 26, 30].

High-quality CdO films have been synthesized
using a variety of deposition methods, including RF
magnetron sputtering [22, 31, 32], electron beam
evaporation [33], pulsed filtered cathodic arc depo-
sition (PFCAD) [30], pulsed laser deposition (PLD)
[34, 35]. These PVD CdO films typically have resis-
tivity in the range of low 107* to high 107 Q-cm with
mobility ranging from 40 to > 200 cm?/Vs. Low-cost
non-vacuum deposition of CdO using sol-gel [36, 37]
and spray pyrolysis [38—40] has also been reported,
but their electron concentration and mobility were
much lower than films grown by PVD methods.

In this work, we synthesized highly conducting
and transparency In-doped CdO thin films (CdO:In)
using a non-vacuum sol-gel spin coating method.
Structural, electrical and optical properties were
investigated for the films with different In doping
content. We found that a p of ~ 2.5 x 10* Q-cm
with mobility of ~ 50 cm?/Vs and electron concen-
tration of ~ 5 x 10°° cm™> can be achieved with 5%
In doping after 600 °C post-growth annealing.
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Properties of these films are compared with CdO
films by sputtering as well as other TCOs synthesized
by solution processes. Our results suggested that sol-
gel synthesized CdO:In thin films can be a low-cost,
scalable alternative of TCO as transparent conductors
for optoelectronic devices.

Experimental

Undoped and In-doped CdO films were deposited on
glass substrates by sol-gel method using spin coating.
All the raw chemicals were purchased from Sigma-
Aldrich and used as received without any further
purification. Cadmium acetate dihydrate (Cd(CHj
CO0), 2H,0; > 98.0%) and indium (III) acetate
(In(CH3COO0)3; 99.99%) as precursor salts, polar sol-
vent 2-methoxyethanol (C3HgO,; 99.8%) as precursor
solvent, and acetylacetone (CsHgO,; 99%) as stabilizer
(also called capping agent or chelating agent), etha-
nolamine (C,H;NO; >98%) and diethanolamine
(C4H11NOy; > 98%) as catalysts were used to prepare
the CdO and In,O; precursor solutions.

Thin film synthesis

Since CdO and In,Oz precursor solutions require
different stabilizers, they were prepared separately.
An optimized solution molarity of 0.4 M which gave
rise to a relatively smooth film was employed in this
work. The CdO precursor solution was prepared by
dissolving cadmium acetate dihydrate in 2-methox-
yethanol. The resulting solution was stirred on a
magnetic hot plate at 80-100 °C for 1 h. Ethanolamine
with molar ratio 1:1 was then added dropwise to this
solution as a catalyst to the following chemical
reaction.

Cd(CH3CO0),-2H,0 —» CdO
} + 2CH;COOH + H,0.

The final precursor solution was stirred on a
magnetic hot plate at 80 °C for 1 h until a clear and
transparent solution was obtained. The In,O; pre-
cursor solution was prepared in a similar way as the
CdO precursor. Here, the 3-molar diethanolamine
and acetylacetone were used as the catalyst. The final
In,O3 precursor solution was stirred for one day until
a yellowish clear solution was obtained. Before spin
coating deposition, both precursor solutions were
aged in dry and well-ventilated ambient air at room
temperature for 1day to ensures the chemical
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reaction was completed in the solutions to give a
dense enough film due to better gelation.

The desired In doping concentration was achieved
by mixing the CdO and In,O5 precursor solutions in
appropriate volumetric proportions. The final solu-
tions were stirred at 80 °C for 1 h to ensure uniform
mixing. Before deposition, 2 cm by 2 cm glass sub-
strates were rinsed and cleaned with glass detergent,
followed by UV-ozone treatment for 20 min to
enhance the film adhesion. Spin coating for all the
films was performed at a spinning rate of 3000 rpm
for a duration of 30 s. The spinning rate and duration
were optimized for the formation of dense films with
a 04 M precursor solution. After spin coating, the
films were dried on a hot plate at a temperature of
180-200 °C for 5-10 min for the evaporation of the
organic solvents. The spin coating and drying pro-
cedure were repeated for 3—4 times to achieve a film
with thickness of ~ 100 nm (hereafter referred to as-
grown film). As-grown films with different In doping
concentration were further annealed in a tube furnace
at temperatures > 200 °C for 1 h in flowing Ar to
further improve the crystallinity and electrical
properties.

Materials characterization

The thickness and roughness of the films were mea-
sured by optical profilometry (Filmetrics 3D Optical
Profiler) and were found to be uniform over the 2 x 2
cm? area of the glass substrate. The film morphology
and surface roughness were studied by atomic force
microscopy (AFM). Absorption coefficients of the
films were obtained from the reflectance and trans-
mittance data taken by an ultraviolet—visible near-
infrared (UV-Vis-NIR) spectrophotometer (Semicon-
soft Mprobe) in the spectral range of 200-1650 nm.
The optical band gaps were then obtained by
extrapolating Tauc plots to the energy intercepts.
Crystalline structure and crystallite sizes of the films
were analyzed by X-ray diffraction (XRD) (Bruker D2
phaser). Electrical properties (resistivity p, mobility p
and electron concentration n) of the films were
determined by Hall effect measurement (Ecopia
HMS-5300) in the van der Pauw configuration with a
magnetic field of 0.55 T. The In doping concentration
was estimated from X-ray photoelectron spec-
troscopy (XPS) using a monochromatic Al K X-ray
source (hv =1.487 keV). The dopant uniformity
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along the growth direction was also investigated with
an Ar sputtering gun in XPS measurements.

Results and discussion

The In doping concentration in the CdO:In films was
determined by XPS using the In 3d core-level spectra,
and it was found to be in good agreement with the
fraction of In,O3 precursor solution added. Figure 1
shows that the intensity of the In 3d peaks increases
with the In content. The In 3d3,, and 3ds,, core-level
peaks have binding energies of ~ 450 and 441 eV,
respectively. XPS In>* 3ds,, core-level peak for In,O3
has been reported previously to be in the range of
444-445 eV [41]. The much lower In 3ds,, peak
at ~ 441 eV is consistent with the In** valency for In
substituting the Cd site in In-doped CdO.

The morphological images of the as-grown In-
doped CdO films before and after annealing were
obtained by optical profilometry, where the thickness
and roughness over an area of 0.4 x 0.4 mm” were
mapped. In general, the thickness uniformity of spin-
coated films is relatively poor over a large area. We
achieved a relatively uniform film of ~ 100 nm for
2% doping over the scanned area with roughness of
4.7 and 12 nm for as-grown and after annealing at
600 °C, respectively. The increase in roughness after
annealing is consistent with crystallization and grain
growth of the film.

Figure 2 shows the AFM images over the area of
1 x 1 pm? from the as-grown 2% In-doped CdO film.
The root-mean-square (RMS) roughness and film

+—In3d,,

420 430 440 450 460 470 480
Binding energy (eV)

Intensity (arb. units)

Figure 1 XPS In core-level spectra for undoped, ~ 2%, ~ 8%
In-doped CdO films after annealing at 400 °C in Ar for 1 h.
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thickness measured within this selected area are
2.6 nm and 104 nm, respectively, in good agreement
with the values measured by optical profilometry.
From the AFM 3D image, it is noticed that the grain
size of the film is rather small, on the order of
5-10 nm. Films with small grains generally exhibit
poor electrical transport with low carrier mobility
due to strong grain boundary scattering. Hence, post-
growth annealing was performed to promote grain
growth and improve the crystallinity of the films.

To improve the crystallinity and properties,
undoped and In doped CdO films were annealed in
the temperature range of 200-600 °C in Ar for 1 h.
Figure 3a shows XRD patterns of the 1% In doped
CdO film at different annealing temperature. Weak
and broad diffraction peaks are found for the as-
grown (AG) film at 20 ~ 33° and 38.5° which corre-
spond to diffractions from the rocksalt (RS) CdO
(111) and (200) planes, respectively, suggesting that
these films may have a nanocrystalline structure.
From the (111) peak width, the crystallite size of the
AG film is calculated using Scherrer’s equation to
be ~ 4 nm, respectively, in good agreement with the
grain size obtained in AFM measurements. Typically,
a sintering process at low temperature (200 °C) was
carried out for sol-gel processing to densify the film
by removing voids and pores. In our case, since the
sintering process is similar to our annealing proce-
dure, we do not distinguish the sintering and
annealing. Note that annealing at temperatures up to
300 °C does not significantly change the film struc-
ture, i.e., the XRD peaks are still weak and broad,
suggesting that the films may still contain small
crystallites embedded in an amorphous matrix.
Strong and sharp (111) and (200) diffraction peaks
appear after annealing at 400 °C with a crystallite size
estimated to be ~ 27 nm. This suggests that signifi-
cant grain growth occurs when the film was annealed
between 300 to 400 °C.

Figure 3b shows the XRD patterns of CdO films
doped with different concentration of In after
annealing at 400 °C. All the films show the RS CdO
structure with diffraction peaks from the (111) and
(200) planes. Weak diffraction peaks from (220), (311),
and (222) planes are also observable (not shown in
the figure). Crystallite size calculated from the peak
width shown in Fig. 3c reveals that as the In doping
concentration increases the crystallite size increases
up to an In content of 2% (~ 33 nm). Further increase
in the In doping concentration drastically reduces the



] Mater Sci (2021) 56:12607-12619

50 nm

0.0 1.0 um

12611

Figure 2 (Left) Plane-view (the inset is the selected area for roughness measurement) and (right) 3D AFM images of as-grown 2% In-

doped CdO film.
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Figure 3 XRD spectra of a the as-grown (AG) 1% In-doped CdO
film and that after annealed at 200-500 °C for 1 h; and b 400 °C
annealed undoped (0%), and 2-10% In-doped CdO films.

crystallite size. This indicates that the incorporation
of small amount of In may promote grain growth.
Since CdO and In,O5; have different structure (rock-
salt and bixbyite, respectively) with the Cd** and
In®* valency in their respective structure, the crys-
tallinity of CdO with high In content will be degra-
ded due to a mismatch in the 2 end-point structures.
Moreover, due to the small difference in ionic radii of
CdO and In,O5 (1.09 and 0.94 A, respectively) [25],
incorporating small amount of In in CdO does not
significantly change the lattice parameter and hence
the shifts in the diffraction peaks are not readily
observable. This result is consistent with previously
reported CdO:In films synthesized by dip coating,

In content (In wt. %)

¢ Crystallite size obtained from peak widths of the (111)
diffraction as a function of In doping concentration for the films
after annealing at 400 °C.

where the crystallinity degraded with In content [42].
Our previous work on the alloying of CdO-In,O5 by
RF magnetron sputtering showed that for alloy films
with low In content, the crystal remained the rocksalt
structure, but they became amorphous when the In
content increased to > 40% [32]. This suggests that
when the two end materials crystallize in different
structures, it is energetically more favorable for alloys
with mid composition to exist in an amorphous form.

The chemical bonding states of Cd, In and O were
investigated by XPS for the undoped, ~ 2% and
~ 8% In-doped CdO films after annealing at 400 °C.
Figure 4a shows the Cd 3d core-level spectra for the
CdO:In samples with peaks at binding energies
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Figure 4 XPS core-level spectra of a Cd 3d and b O 1 s for undoped and (~ 2, ~ 8%) In-doped CdO films, after annealing at 400 °C in

Ar for 1 h.

~ 408 and 402 eV corresponding to the Cd 3d3,, and
3ds/, doublets. Unlike in the In 3d core levels shown
in Fig. 1, the Cd 3d core levels shift slightly toward
higher binding energies as the In dopant concentra-
tion increases. The O 1 s core-level spectra for the
same samples are shown in Fig. 4b. The broad O 1 s
peaks can be deconvoluted into 3 peaks: O1, O2 and
O3, indicating the different chemical states of oxygen.
The O1 peak at ~ 526.2 eV can be assigned to O* in
the CdO anion lattice [43] while the O2 peak at
~ 527.0 eV has been attributed to an oxygen vacancy
(Vo) related state [44]. Both the O1 and O2 peaks shift
with similar magnitude to higher energies as the In
dopant concentration increases. Note that the peak
area ratio of O2 to O1 is higher for the In-doped
sample, suggesting that the Vo concentration
increases with In doping. On the other hand, the
binding energy of the O3 peaks at ~ 528.4 eV is
independent of the In dopant concentration and has
been previously assigned to chemisorbed species of
loosely bound oxygen on the surface of the films
[43, 44]. Similar continuous shifts in the binding
energies of the Cd 3d and O 15 (O1 and O2) core
levels with In doping suggest the random substitu-
tion of In in the Cd sublattice rather than the for-
mation of In,O3 secondary phase.

Electrical properties (electron concentration #n,
mobility p and resistivity p) of the AG CdO:In films
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obtained by room temperature Hall effect measure-
ments are shown in Fig. 5. All the AG films are n-type
conducting, with 7 in the range 10"°~10*° cm™>, and
rather low p in the range of ~ 0.1-1 cm?®/Vs. These
low p values can be attributed to the nanocrys-
talline/amorphous nature and porous of the films,
consistent with the XRD results shown in Fig. 3a.
The low n and p values of the films result in high
resistivity values in the range of 107 to 1 Q-cm.
Note that in Fig. 5 n does not increase but shows a
monotonic decrease with the increase in the In
doping concentration. This suggests that In atoms in
the AG films may not be incorporated as substitu-
tional In in the Cd sites (Incq). The decrease of
n with In concentration may be attributed to the
incorporation of more O in the film with the addi-
tion of In,O3, forming O interstitial and Cd vacancy
acceptor defects which compensate some of the
donor defects.

Figure 6 illustrates the effect on the electrical
properties of CdO:In films as a function of annealing
temperature, where the AG films are represented by
the points at 25 °C. The mobility of all the films
increases after annealing at temperatures > 300 °C.
This is consistent with the XRD results which show
that the crystallinity improves with increased crys-
tallite size after annealing at temperatures > 300 °C.
For undoped CdO, we observe a monotonic decrease
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Figure 6 a Electron concentration # and mobility p and b resistivity p of CdO films doped with 0 to 5% In as a function of annealing

temperature in the range of 200-600 °C. The AG films are represented by the points at 25 °C.

in n with annealing temperature. Free electrons in
undoped CdO are known to come from native donor
defects such as O vacancies and Cd interstitials which
are thermally unstable [45]. The concentration of
these native defects decreases with annealing and
thus reducing the electron concentration. Similar
decrease in n and increase in p with annealing was
also reported and attributed to native defect anneal-
ing previously for undoped CdO films grown by
sputtering [22].

Figure 6 also shows that both n and p of the In-
doped films increase with annealing temperature.

After annealing at > 300 °C, n in the In-doped films
becomes higher than that of the undoped films,
suggesting that some of the incorporated In becomes
substitutional donors (Incq) and that the conductivity
of the film is no longer dominated by native donors.
As a direct consequence of the increase in n and p
after annealing, the resistivity p of the CdO:In films
decreases by over two orders of magnitude to as low
as 2-3 x 107* Q cm as shown in Fig. 6b. However, the
increase in 1 and p seems to saturate for annealing
temperature > 400 °C. Furthermore, the measured
n is significantly lower than the In concentration. For
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example, for the 3% In doping, the In concentration
Ni, is ~ 1.14 x 10*! em~3, but after annealing 7 is
only ~ 3 x 10* em ™3, ie, a doping efficiency n/
N < 30%. For sputter deposited CdO:In films, an
activation efficiency of > 50% was achieved for In
doping concentration < 5% (or Ny, ~ 2 x 10*'
cm ™) [22]. This can be attributed to the high thermal
and ion energies in the sputtering process at elevated
substrate temperature (~ 150-250 °C) which can
promote In substitution even in the as-deposited
films. On the other hand, post-growth annealing of
our films may result in the formation of In,Oj; clusters
and reduces the fraction of substitutional In.

Results shown in Fig. 6 suggest that the optimum
electrical properties of CdO:In films are achieved
after annealing at temperatures > 400 °C. The elec-
trical properties of CdO:In after optimized annealing
are shown in Fig. 7 as a function of In dopant content.
Here “optimized” refers to annealing conditions
when a minimum resistivity is achieved. Notice that
n increases with In doping and saturates
at ~ 5 x 10%° cm? for an In doping of up to 5%. For
samples with In doping > 5%, n decreases gradually
to <3 x 10 cm™® and eventually falls below
2 x 10 cm ™ for In doping > 20% (data not shown).
Figure 7 also shows that CdO:In films with < 5% In
doping have relatively high p of > 50 cm?/Vs, while
the mobility of films with higher In content decreases
to < 30 cm?/Vs. The dependence of 1 and p with In

Figure 7 Electrical properties
of CdO:In films after

ng:In qfter optjimized annealir]g
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doping is consistent with XRD result shown in
Fig. 3b and c which suggest that the crystallinity
degrades as the In concentration increases to > 5%.
With further increase in the In concentration
to > 20%, we also find that CdO:In films become
amorphous even after annealing at 400 °C. Typically,
CdO:In films deposited by PVD methods can achieve
an n > 10*' cm ™ with high p in the range of 100~150
cm?/Vs [22, 26, 31, 32]. As mentioned earlier, the low
doping efficiency in our samples may be attributed to
the higher tendency for the In to form In,Oj; clusters
during the post-growth annealing, thus limiting the
formation of Inc4 donors. It is also likely that during
the solution preparation, impurities in precursor
materials are incorporated in the CdO and form traps
and compensating defects.

It is well known that the crystallinity as well as
electrical and optical properties of TCO films grown
by solution processes are inferior to PVD grown
films. Although sol-gel films reported in this work
have n and p lower than the best reported PVD
CdO:In films by roughly a factor of 3 and 2, respec-
tively [11, 22, 31, 32], they are significantly better than
solution processed CdO films reported in the litera-
ture. More importantly, they have properties com-
parable to most commonly used TCOs synthesized
by sputtering. Figure 7 shows that sol-gel CdO:In
films can achieve a mobility > 50 cm?/Vs and a
resistivity < 3 x 10 Q cm for samples doped with

-20
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< 5% In. Note that most conventional TCOs (ITO,
FTO, AZO) grown by sputtering can attain low
resistivity ~ with  high electron concentration
of ~ 10*' cm™® while their mobility is limited to
~ 1540 cm?/Vs, and hence suffering from strong
plasma reflection and high free carrier absorption at
A > 1000 nm. In this work, our sol-gel CdO film
doped with 5% In has n ~ 5 x 10* cm™® and
i ~ 50 cm?/Vs, giving rise to a low p ~ 2.5 x 107
Q cm. Table 1 compares the electrical properties of
TCO grown by solution process reported in the lit-
erature to our CdO:In films. As shown in Table 1,
electrical properties of our sol-gel CdO:In films are
better than most other solution processed TCOs.

Table 1 Comparison of
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Transmittance spectra of optimally annealed
CdO:In samples (at 400-600 °C for 1 h) measured by
spectrophotometry are shown in Fig. 8a. In-doped
films exhibit a transmittance of 80-90% in the visible
region, while for undoped CdO, only ~ 75% trans-
mittance is observed. Figure 8a demonstrates that
CdO:In films with 2-5% In with p ~ 2-4 x 107
Q-cm  exhibit a transmittance of 85-90% up to
A ~ 1650 nm. We note that these films are likely to
have a high transmittance up to 2000 nm which is
beyond the spectral range of our instrument. For
sputter-deposited TCOs with comparable resistivity
of p ~ 24 x 10~* Q-cm, since the mobility is lower, a
high electron concentration of ~ 5-10 x 10** cm ™ is
required. This results in strong free carrier absorption

electrical properties of TCOs Materials n (10% cm™) n (cm?/Vs) p( 104Qcm) Method References
f:;’g?e:yinsﬁul‘i’;izf:n . CdO:In (2% In) 3.25 56 3.45 e This work
our CdO-In films CdO:In (5% In) 5.0 50 2.5 SC This work
CdO:In (5% In) 29 33 6.5 DC [42]
CdO:In (6% In) 3.7 34 4.48 SP [38]
12O (50% Zn) 3.0 15 15 SC [46]
ITO (10% Sn) - - 7.2 SC [17]
ITO (10% Sn) 1.02 15 41.4 e [47]
IMO (1.5% Mo) 0.4 43 39 SC [48]
CdO:Ga (1.5% Ga) 12 14 3.7 SP [49]

SC, spin coating; DC, dip coating; SP, spray pyrolysis
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N »
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o
o
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Figure 8 a Optical transmittance and b absorption coefficient o
spectra for In-doped CdO films with 0-5% In after optimized
annealing. The dotted line in a represents the transmittance of an
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at A>900nm and plasma reflection edge at
A ~ 1200 nm, resulting in a transparency window
limited to < ~ 1000 nm. As a comparison, the
transmittance of a ~ 280-nm-thick Al-doped ZnO
(AZO) film grown by pulsed filtered vacuum catho-
dic arc deposition with p ~ 28 x 10* Q-cm
n=59 %10 cm™® and p =38 cm?/Vs) is also
shown in the Fig. 8a. Notice that free carrier absorp-
tion occurring at ~ 1000 nm followed by the strong
plasma reflection for the AZO film. This severely
limits the applications of most conventional TCOs in
devices which utilize photons in the near-infrared
region, e.g., in multi-junction solar cells.

Absorption coefficients o spectra of the corre-
sponding samples shown in Fig. 8a are calculated
from their transmittance and reflectance spectra and
plotted in Fig. 8b. Absorption edges (E,p) of the
samples are obtained by extrapolating Tauc plots (o
vs. photon energy) to the energy intercept, as shown
in the inset of Fig. 8b. An E ¢ of ~ 2.5 eV is obtained
for the undoped CdO, while for the In-doped films
Ept values blueshift to 2.8-3 eV. The higher observed
Eopt compared to the reported intrinsic gap of CdO
(2.2-2.3 eV) is consistent with the free carrier effects,
namely Burstein-Moss shift and band renormaliza-
tion due to high # in the samples [19]. Note that an
Eope of ~ 3 eV is achieved for the 5% In-doped film
withan ~ 5 x 10 cm™>. CdO:In films with such a
low resistivity and a wide transmission window of
400 to > 1600 nm synthesized by low-cost sol-gel
technique will be potentially useful as TCO on
optoelectronic  devices, especially devices that
requires transmittance in the NIR region.

Conclusion

In-doped CdO thin films have been synthesized
using a low-cost sol-gel spin coating method with In
concentration ranging from 0-10%. The as-grown In-
doped films are amorphous/nanocrystalline and
have electron mobility <1 cm?/Vs and resistiv-
ity > 10> Q-cm. The CdO:In films become crystalline
in the rocksalt structure after annealing at tempera-
tures > 400 °C with crystallite size in the range of
10-30 nm. We find that the film with ~ 2% In dop-
ing has the largest crystallite size of ~ 33 nm, while
the film crystallinity degrades with increasing In to a
crystallite size of < 15 nm with > 4% In doping. With
2% In, the CdO:In film exhibits a low p
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of ~ 35 x 107 Q-cm with a high p of ~ 56 cm?/Vs
and electron concentration of ~ 3.2 x 10?° cm ™.
The resistivity further decreases to ~ 2.5 x 107*
Q-cm when the film is doped with a higher In content
of 5% due to an increase in the  to 5 x 10*° cm™
and a slight drop of p to ~ 50 cm?/Vs. These elec-
trical properties can be considered as the best
reported values for TCOs synthesized by solution
processes and are comparable to the conventional
commercial TCOs grown by PVD methods. However,
the doping efficiency of our sol-gel spin-coated films
is <30%, with electron concentration saturates
at ~ 5 x 10%° cm™?, significantly lower than that for
CdO:In films grown by sputtering which can achieve
an electron concentration > 10*' cm ™. Benefiting
from their high mobility, the low-resistivity sol-gel
spin-coated CdO:In films are optically transparent
over a wide spectral range up to A > 1600 nm, mak-
ing it potentially useful as a transparent conductor
for optoelectronic devices utilizing the infrared
photons.
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