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Abstract: As-grown Ar-deposited Cd1−xVxO and Ar/O2-deposited Cd1−yVyO feature lower and
higher electron concentrations than 4 × 1020 cm−3, respectively. After isothermal and isochronal
annealing under N2 ambient, we find that the two series exhibit a decrease or increase in electron
concentrations until ~4 × 1020 cm−3 which is close to Fermi stabilization energy (EFS) level of CdO,
with the assistance of native defects. An amphoteric defects model is used to explain the changing
trends in electron concentrations. The tendencies in mobility further confirm our results. This work
may provide some strategies to predict the electrical properties in CdO.

Keywords: rapid thermal annealing; Hall Effect properties; Fermi stabilization energy; amphoteric
defects model

1. Introduction

Transparent conductive oxides (TCOs), an attractive type of semiconducting materials
that are both optically transparent and electrically conductive, have potential application in
optoelectronic devices such as solar cells, photovoltaic, flat panel displays and transparent
electrodes [1,2]. Among these TCO materials, Cadmium oxide (CdO) is an n-type II–VI
semiconductor with a direct band gap (Eg∼2.2 eV); thus it shows high transparency in the
Vis-region. Meanwhile, CdO can achieve even higher conductivity due to its much higher
electron mobility with electron concentration [3,4].

It is well known that the electrical properties of CdO film can be tuned through doping
with various species and adjusting deposition condition. Intentionally doped CdO with
shallow donors (Ga, In and Sn) can get the electron concentration exceeding 1021/cm3 and
electron mobility larger than 100 cm2/V-s [5–7]. Vanadium (V) belongs to the 3d transition
metal group with 3d34s2 valence electron shell, and V doping introduces highly localized
d-levels in V, which probably interact with the original band structure of CdO host [8].
This may lead to different electrical properties. Among various technologies for CdO film
preparation, the radio frequency (RF) magnetron sputtering method is widely adapted in
industry and considered as a low cost, scalable method [3,9]. The electrical properties of
CdO film have been found to be strongly dependent on the RF power, deposition time and
deposition atmosphere [10–12].

However, the as-deposited CdO film usually contain many lattice defects, surface
defects and internal stress, which will keep the film at an unstable status [9,13]. Thus,
improving the stability of CdO film through post-heat treatment is worth investigating.
Rapid thermal annealing (RTA) has proved a versatile technique for the post-treatment of
semiconductor materials compared to other techniques due to its precise control over the
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thermal resources, as well as the annealing atmosphere [13]. To our knowledge., there are
few studies about the effect of RTA on V-doped CdO film.

In previous research, we have already studied V doped CdO under ambient Ar
deposition [8]. Based on that, Ar/O2-deposited Cd1−yVyO are synthesized as a comparison
in this paper. Furthermore, the effects of RTA on the electrical properties of these two series
are explored in detail. This work may present further evidence of the position of EFS in
CdO and predict its electrical properties.

2. Experimental

V-doped CdO films were deposited on Si glass substrates by rf magnetron sputtering
system using CdO target (99.9%) and V2O3 target (99.9%). The chamber was pumped down
to 10−6 Torr before introducing pure Ar (Cd1−xVxO) and 80%Ar + 20%O2 (Cd1−yVyO)
sputtering gases. The composition was controlled by varying the sputtering power and
target to substrate distance of the individual target. The deposition temperature, time and
work pressure were 270 ◦C, 20 min and 5 mTorr, respectively. The as-grown samples were
then rapid-thermally annealed in N2 ambient. The isochronal annealing was carried out
for 20 s at the temperature range of 300~600 ◦C and isothermal annealing was carried out
at ~500 ◦C for 600 s.

The crystalline phase of as-grown and annealed films was determined by X-ray
diffraction (XRD) using a Siemens D500 diffractometer. The film composition and thickness
were characterized by Rutherford backscattering spectrometry (RBS) with 3.04 MeV He++

ion beam. The electrical properties of as-grown and annealed samples were characterized
by Hall Effect in Van der Paaw configuration using an Ecopia HMS-3000 system with a
0.6 T magnetic field.

3. Results and Discussion

From RBS results, we arrive at the film thickness in the range of 150~200 nm. Mean-
while, the Ar-deposited composition with x = 0.2~9% and the Ar/O2 deposited composition
with y = 1~4% are also determined.

Figure 1a,b show the XRD patterns of as-grown and annealed Cd1−xVxO (x = 0.2~9%).
With increasing V fraction up to 9%, all of the as-grown and annealed films are pure phase
and match well with the rocksalt CdO. The preferred orientation in film growth changes
gradually from (111) to (200) with increasing V, and the turning point in both of the two
series is x = 3%. V enter into the CdO lattice and are supposed to substitute for Cd sites
based on electronegativity. Comparing the annealed sample with the as-grown one, both
of the diffraction peaks (111) and (200) shift to a higher 2θ angle, as shown in Figure 1c.
This can be understood by the Bragg equation: 2dsinθ = nλ, where d is the spacing between
the planes in the atomic lattice, θ is the angle between the incident ray and the scattering
planes, n is an integer, and λ denotes the wavelength of incident wave. Since the ionic
radius of V (0.79 Å, 6-coord.) is smaller than Cd (0.95 Å, 6-coord.), d should decrease with
more V substituting for Cd sites, which results in the increase of 2θ. This indicates that
annealing induces mores V substituting for Cd sites. The XRD of Cd1−yVyO films shows a
similar tendency.

Figure 2 shows the effect of annealing temperature on electron concentration in
Cd1−xVxO and Cd1−yVyO series. As can be seen, all of the initial electron concentrations
of Cd1−xVxO are much higher than that of Cd1−yVyO. V was supposed to behave as
donor for CdO in our previous report, which could donate electrons to the charge carrier.
However, a part of V donors is probably passivated by the additional O2 atmosphere [14,15],
thereby lower electron concentration is obtained in Ar/O2-deposited samples. The initial
electron concentration of 0.2%V-doped CdO (Ar) is as low as the undoped CdO due to the
very low doping level, which makes this sample exhibit similar properties as pure CdO
with annealing. With increasing annealing temperature, the electron concentrations of
Cd1−xVxO samples with initial values higher than 4 × 1020 cm−3 show gradual reduction
until ~4 × 1020 cm−3 at 500 ◦C. Meanwhile, it is noted that Cd1−yVyO samples exhibit
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dramatic increase in electron concentrations until ~4 × 1020 cm−3 in the temperature range
350~450 ◦C and then plateau, further increasing temperature results in slightly reduced
electron concentrations. Furthermore, it is obvious that the “jump temperature” which
is used to describe the rapid increase in electron concentration happening to Cd1−yVyO
samples gradually increases from 350 ◦C to 375 ◦C, 410 ◦C, 420 ◦C and 450 ◦C when
increasing the V fraction from 1% to 1.4%, 2%, 3.24% and 4%, respectively. This tendency
is represented by the arrow in Figure 2. In summary, after annealing, the high (low)
electron concentrations in Ar (Ar/O2)-deposited V-doped CdO downward (upward) shift
to a saturation value at an annealing temperature of 500 ◦C. In addition, the very low
V-doped sample (x = 0.2%) keeps a stable electron concentration at around 2 × 1020 cm−3

with annealing.

Figure 1. XRD of Cd1−xVxO (x = 0.2~9%): as-grown films (a); annealed films (b); comparison of
as-grown and annealed films in 2θ range of 32~39◦ (c).

Figure 2. Electron concentrations of Cd1−xVxO (x = 0.2~9%) and Cd1−yVyO (y = 1~4%) series as a
function of annealing temperature when annealed for 20 s.

In order to obtain more detailed information about the saturated electron concentration
in these two series, long-time annealing at 500 ◦C is performed. The saturated electron
concentrations, obtained at as long at time as 600 s annealing as a function of V fraction, are
shown in Figure 3. Except for the very low V doped sample (x = 0.2%), other Ar-deposited
samples with electron concentrations higher than 4 × 1020 cm−3 and Ar/O2-deposited
samples with electron concentrations lower than 4 × 1020 cm−3 follow the decreasing and
increasing tendencies, respectively. Finally, they saturate at ~4 × 1020 cm−3, which can be
understood through the amphoteric defect model.
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Figure 3. Saturated electron concentrations in Cd1−xVxO (x = 0.2~9%) and Cd1−yVyO (y = 1~4%)
series; as-grown are also shown.

Figure 4 gives the simplified amphoteric defect model of CdO [16,17]. The formation
energy for donor (acceptor) native defects increases (decreases) with the increasing Fermi
level, such that formation of donor (acceptor) native defects is most favorable when
the Fermi level is below (above) an energy level known as the Fermi-level stabilization
energy (EFS) [16,17], denoted as the white dashed line in Figure 4. This level makes the
energy at which their character changes, from predominantly donor-like (valence band
character) below EFS to predominantly acceptor-like (conduction band character) above
the EFS [17]. Consequently, we can obtain the equal formation energies for donor and
acceptor native defects at EFS, which means the number of formed donors can balance with
that of formed acceptors and no change happens in carrier density when further creating
native defects at this point [17]. The EFS is located substantially above the conduction
band minimum (CBM) in CdO due to its extremely low CBM, which is different to most
conventional semiconductors whose EFS is normally located close to the middle of the
fundamental band gap [18] This particular location of EFS in CdO results in the formation
energy for compensating acceptor (donor) defects being relatively high (low) with n-
type (p-type) doping, allowing CdO to be extrinsically heavily n-type doped, thus p-
type CdO is always difficult to achieve [19]. The exact location of EFS in CdO has been
determined through the ionic irradiation induced defects which results in the electron
concentration stabilizing at a saturation level of ~5 × 1020 cm−3 [20]. Our annealed results
are close to EFS of CdO. RTA can fulfill high temperature annealing in a very short time,
which results in the reduced defects and improved crystallization properties with minimal
dopant redistribution [21]. The thermal energy provided by RTA is able to induce the
thermodynamic system to reach equilibrium. Combined with the amphoteric defect model,
the electron concentrations of Ar-deposited Cd1−xVxO (x > 0.2%) series with value higher
than 4 × 1020 cm−3 have the tendency to go down and saturate at EFS level with the
assistance of native acceptors (V vacancy, Cd vacancy or O interstitial) after annealing.
As a result, the electron concentrations of these samples stabilize near EFS after long-time
annealing at 500 ◦C. However, the electron concentrations of Cd1−yVyO series with low
original electron concentrations in the range of 1018~1019 cm−3 show rapid increase at
certain points and then saturate close to the EFS level with time-dependent annealing.
During the annealing process, some passivated V species are probably activated under N2
background, then behave as donors to denote electrons to the charge carrier, resulting in
increased electron concentrations.



Crystals 2021, 11, 1079 5 of 7

Figure 4. Schematic representation of the formation energy as a function of Fermi level in CdO. The
CB and VB are represented by red and blue shading, respectively.

It is worth noting that the “jump temperature” increases from 350 ◦C to 450 ◦C with
increasing V concentration in Cd1−yVyO series. This means the barrier energy enhances
gradually with V doping, which can be calculated through the Arrhenius equation [22].

1 = wOPF × exp(
−∆E
kBT

) (1)

where wOPF is the optical phonon frequency of CdO with a value of 9.06 × 1013 s−1, kB is
Boltzmann constant, T is the temperature to overcome the energy barrier and ∆E is the
barrier energy. As a result, the calculated ∆E increases linearly from 1.72 eV to 1.79 eV,
1.89 eV, 1.91 eV and 2.00 eV with the V fraction increasing from 1% to 1.4%, 2%, 3.24%
and 4%, respectively, indicating that more energy is required to overcome the barrier in
order to reach equilibrium when increasing doped V. The reason for the very low V-doped
sample (x = 0.2%), almost keeping stable electron concentration at around 2 × 1020 cm−3

with annealing, is because the doped V level is too low to influence the basic electrical
properties of CdO.

Based on the above discussion, it is reasonable to check the mobility tendencies
to confirm our deduction. Figure 5a,b show the saturated mobility of Cd1−xVxO and
Cd1−yVyO after long time annealing at 500 ◦C, respectively. As-grown mobility is also
shown as references. For Cd1−xVxO, the mobility exhibits fast reduction after annealing
and becomes smaller than the as-grown ones when x > 0.2%, even though RTA could
increase the mobility through reduced defects and improved crystallization properties,
which is confirmed by the enhanced mobility in the x = 0.2% sample after annealing.
However, for Ar/O2-deposited series, mobility increases greatly after annealing. From the
amphoteric defect model, it has been suggested that the nature of formed native defects
in Ar-deposited series is acceptor and in Ar/O2-deposited series is donor. Both electron
concentration and scattering centers are strongly dependent on the formed defects, which
can be expressed as [23].

n = d − a (2)

Ni = d + a (3)

where d and a denote the number of donors and acceptors, respectively, n is electron
concentration and Ni is scattering centers. As the favorably formed defects, acceptors
in Ar-deposited series increase greatly after annealing, meanwhile reducing the electron
concentration, which is in accord with the result in Figure 2. On the other hand, the
increased acceptors would produce more scattering centers and then reduce mobility. Such
an effect surpasses the improved mobility from better crystalline, and overall exhibits rapid
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reduction in mobility. This tendency further confirms the conclusion from the amphoteric
defect model. For Ar/O2-deposited samples, donors are the usually formed defects after
annealing. From Equation (3), the increased donors are expected to increase scattering
centers and then reduce mobility if no change happens to the acceptors. However, the
mobility increases greatly after annealing; this indicates that more acceptors may disappear
in this process, which could compensate party for the donors. As a result, the overall
scattering centers decrease and mobility increases. On the other hand, the combined effects
of increased donors and reduced acceptors could finally result in the enhanced electron
concentration from Equation (2). This is also verified in Figure 2.

Figure 5. As-grown and saturated mobility in Cd1−xVxO (x = 0.2~9%) (a) and Cd1−yVyO (y = 1~4%)
series (b).

4. Conclusions

Ar-deposited Cd1−xVxO and Ar/O2 deposited Cd1−yVyO show higher and lower
electron concentrations than 4 × 1020 cm−3, respectively. V behave as donors for CdO which
are probably passivated by O2 in the synthesis process, resulting in much lower electron
concentrations in Ar/O2-deposited series than in Ar-deposited series. After annealing in
N2, the electron concentrations of the two series reduce or increase to a saturated value
of ~4 × 1020 cm−3, which is close to EFS. Based on the amphoteric defect model, the
favorably formed defects for Ar-deposited and Ar/O2-deposited series during annealing
are acceptors and donors, respectively. This is also confirmed through the combined results
of the changing tendency in electron concentration and mobility.
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