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This investigation addresses the structural, optical, and electrical properties of germanium incorporated cadmiumoxide (CdO :Ge)
thin films. The focus was on the improvement in carrier mobility 𝜇 to achieve high transparency for near-infrared light and low
resistivity at the same time.The properties were studied using X-ray diffraction, SEM, spectral photometry, andHall measurements.
All CdO :Ge films were polycrystalline with high texture orientation along [111] direction. It was observed that it is possible to
control the carrier concentration (𝑁el) and mobility (𝜇) with Ge-incorporation level. The mobility could be improved to a highest
value of ∼91 cm2/V⋅s with Ge doping of 0.25 wt% while maintaining the electrical resistivity 𝜌 as low as 2.76 × 10−4Ω⋅cm and good
transparency ∼80% in the NIR spectral region.The results of the present work proved to select Ge as dopant to achieve high carrier
mobility with low resistivity for application in transparent conducting oxide (TCO) field. Generally, the properties found make
CdO :Ge films particularly interesting for the application in optoelectronic devices like thin-film solar cells.

1. Introduction

Transparent conduction oxides (TCOs) like ZnO, CdO,
SnO
2
, In
2
O
3
, and NiO are degenerate semiconducting group.

They exhibit typical n-type conduction, which is caused by
a deviation from stoichiometry due to the low formation
energies for intrinsic donor defects, such as natural structural
metal interstitials (Mi) and oxygen vacancies (VO). It was
found that it is possible to control TCO optoelectronic prop-
erties by managing and controlling their structural defects.
Therefore, the TCOs have widespread use in many advanced
technologies, like flat panel displays and solar energy systems
[1]. Therefore, it is necessary to examine ways for improving
their optoelectronic functions. These enhancements could
be realized by a suitable doping, which increases the carrier
mobility (𝜇el) and consequently the conductivity but without
reduction in the transparency.

The present work deals with CdO. It is one of TCOs with
an n-type electrical resistivity of 10−2–10−4Ω⋅cm and good
transparency in the visible and NIR spectral regions with a
direct bandgap of 2.2–2.7 eV [2–4]. The carrier mobility in
CdO films is considerably dependent on growth method and
conditions, like the type of the substrate and its temperature.
For example, the room-temperature carrier mobility in CdO

film grown by MOCVD method on glass substrate at 412∘C
was 105 cm2/V⋅s [5]. This high mobility was attributed to a
reduction in neutral impurity scattering (NIS) due to improv-
ed grown film crystallinity rather than ionized impurity or
grain boundaries (GBs) [5].

The carrier mobility in CdO films could be improved by
doping with different metallic ions. It was established exper-
imentally that doping of host CdO by ions of radius slightly
smaller than that of Cd2+, like Tl [6], Y [7], In [8, 9], and Sm
[10], could improve the electronic mobility and conductivity
of carriers. However, doping of host CdOwith dopant ions of
“much” smaller size like Cr, W, and B could more effectively
improve the carrier mobility [11–13].

The present investigation concerns germanium Ge4+ as
dopant of 6-coordination-number (CN) radius 5.3× 10−2 nm,
which is “much” smaller than that of Cd2+ (9.5 × 10−2 nm)
[14]. However, doping of host CdO with Ge ions has not yet
been investigated, although such doping was conducted for
other TCOs like ZnO [15, 16]. The present fundamental work
reports the effect of germanium doping on the structural,
electrical, optical, and optoelectronic properties of host CdO.
It will be seen that Ge doping of CdO is efficient in the
construction of electronic transport ways for improving the
carrier mobility in comparison with other dopants and could
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be successfully used for technical applications based on its IR-
TCO characteristics.

2. Experimental Procedure

Ge-doped CdO thin films were deposited in a vacuum cham-
ber of residual oxygen atmosphere of about 1.3 × 10−3 Pa.The
substrates were ultrasonically cleaned glass slides. The start-
ingmaterials, pureGe andCdO (FlukaA.G./Germany), were
evaporated alternatively (layer by layer) in a vacuum chamber
by alumina baskets (Midwest Tungsten Service, USA). The
as-grown films were totally oxidised and stabilised with flash
annealing in air at 400∘C for 1 h keeping samples inside the
closed furnace for slow natural cooling to room temperature.
All samples were prepared in almost the same conditions
including the reference pure CdO film. The evaporated
masses were controlled with a piezoelectric microbalance
crystal sensor (Philips FTM5). The thicknesses were mea-
sured after annealing using an MP100-M spectrometer (Mis-
sion Peak Optics Inc., USA) to be 0.10–0.22𝜇m. Films were
deposited in different sets to study the effect of doping level.
Thewt%of dopantGe ions toCd ions inCdOfilmswas deter-
mined during themorphological study by a scanning electron
microscope SEM (SEM/EDX microscope Zeiss EVO) to be
0.10%, 0.19%, 0.25%, 0.27%, and 0.31%, and accordingly the
samples were named, like 0.25% Ge sample. The structural
properties of the prepared films were studied using X-ray
diffraction (Philips PW 1710) with 𝜃-2𝜃 curves in the range
20–75∘ and a Cu K

𝛼
radiation (0.15406 nm). Normal inci-

dence transmission 𝑇(𝜆) and reflection 𝑅(𝜆) measurements
were done in UV-VIS-NIR spectral region (300–3000 nm) on
a Shimadzu UV-3600 double beam spectrophotometer. The
electrical measurements were performedwith a standardVan
der Pauwmethod with aluminium dot contacts in amagnetic
field of about one Tesla and using a Keithley 195A digital
multimeter and a Keithley 225 current source.

3. Results and Discussion

3.1. Structural Characterisation. Figure 1 shows the X-ray
diffraction (XRD) patterns of the prepared pure and Ge-
doped CdO films on glass substrates. These patterns reveal
that all the investigated films are cubic Fm3m CdO structure.
The undoped CdO filmwas polycrystalline with energetically
preferred [111] orientation of lattice constant 0.4695 nm, as
given in [17]. Due to Ge doping, the host CdO films grown
on glass substrate became more [111] oriented. As a measure
of relative preferred orientation (RPO), we consider the
intensity ratio (𝐼

(111)
/𝐼
(200)

) in pure and Ge-doped CdO. As
shown in Figure 2, the RPO increased strongly getting a
maximum for 0.25%Ge sample, which becomes almost a [111]
singly oriented crystal. As another consequence ofGe doping,
the lattice parameter (calculated by least squares method)
decreased with increasing of Ge content, as shown in Figures
1 and 2.This can be explained, in general, by smaller ionic size
of dopant Ge4+ ions and the nature of mechanism of G2+ ions
incorporation in host CdO crystalline structure (that will be
discussed later).
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Figure 1: X-ray diffraction patterns for pure and Ge-doped CdO
films deposited on glass substrates. The radiation used was Cu K
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Figure 2: The variation of host CdO crystalline lattice parameter
(2-1), [111] preferred orientation (2-2), and crystallite size (2-3) with
Ge-incorporation level.

There is not any peak found corresponding to Ge or
its oxide phase in the XRD patterns of Ge-doped CdO.
This implies that Ge ions were dissolved in the lattice
of CdO. There are several possibilities for Ge ions to be
incorporated in the host CdO crystalline lattice structure;
they could occupy structural interstitial positions, occupy
empty locations of Cd ions, or replace Cd ions. The real dop-
ing by replacement of Cd2+ ions with Ge4+ ions forming
substitutional solid solution (SSS) needs several conditions to
be fulfilled. The Shannon ionic radius difference of Cd2+ and
Ge4+ is 44% [14], which is much larger than 15% necessary
for the formation of SSS, according to the well-knownHume-
Rothery rules. Furthermore, Ge-oxide crystalline structure
(hexagonal) is different from that of CdO (cubic), which
supports the un-favourability of Ge oxide to form an SSS with
CdO. However, the close electronegativities (1.7 and 1.8 Pau
forCd andGe, resp.) support the favourability of forming SSS.
Thus, the occupation of locations in the structural interstitial
positions of CdO lattice with Ge4+ (Gei) ions is most likely
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Figure 3: SEM micrographs of (a) undoped CdO, (b) 0.1% Ge-doped CdO, (c) 0.19% Ge-doped CdO, and (d) 0.25% Ge-doped CdO films.

to happen at incorporation. Such incorporation disturbs
the charge balance of the unit cell that can be settled by
creation of Cd2+ ion vacancies (𝑉cd) and/or formation of
interstitial oxygen (Oi). These variations cause decrease in
lattice parameter since Ge4+ ion is smaller than Cd2+ ion.
Furthermore, some of the Ge4+ ions that occupy interstitial
positions might move by the thermal motion, small size, and
high diffusivity and occupy Cd2+-ion vacancies (𝑉cd) making
real (or SSS-type) doping.

The mean X-ray crystallite size (CS) was estimated from
the intensive (111) reflection by using Scherrer equation
[18]: CS = 0.9𝜆/𝛽 cos 𝜃, where 𝜆 is the X-ray wavelength
(0.1540 nm), 𝛽 is the full-width at half maximum (FWHM)
of the diffraction peak (in radian), and 𝜃 corresponds to the
peak position. The CS was 35 nm for undoped CdO film
that slightly increases with Ge incorporation to 38–42 nm,
as shown in Figures 2 and 3. In general, this implies that the
present samples are nanocrystallites. Furthermore, as the CS
is considered as a good tool to estimate the crystallinity of
the film, then the film crystallinity improves as Ge% content
increases up to 0.19% Ge. Then, for incorporation level of
more than 0.25%, the film gradually deteriorated.

The SEM study shows the morphological variations in
the CdO films because of Ge doping. Figure 3 shows the
SEM micrographs of undoped CdO (Figure 3(a)), 0.1% Ge-
doped (Figure 3(b)), 0.19 Ge-doped (Figure 3(c)), and 0.25%
Ge-doped (Figure 3(d)) CdO samples. It can be seen that
pure CdO and 0.1% Ge-doped CdO films have woolly shape

Table 1:Themeasured electrical parameters (resistivity (𝜌),mobility
(𝜇el), and carrier concentration (𝑁el)) and bandgap (𝐸𝑔) for pure and
Ge-incorporated CdO films grown on glass substrate.

Sample 𝜌

(×10−4Ω⋅cm)
𝜇el

(cm2/V⋅s)
𝑁el

(×1020 cm−3)
𝐸
𝑔

(eV)
CdO 201 7.03 0.44 2.3
0.10% Ge 20.7 18.97 1.58 2.38
0.19% Ge 4.53 37.37 3.68 2.33
0.25% Ge 2.76 90.70 2.49 2.32
0.27% Ge 6.06 91.5 1.13 2.34
0.31% Ge 33.9 26.4 0.69 2.44

microtopography. For more Ge content, this morphological
structure gradually converted to a granular in 0.19%, 0.25%,
and 0.31% Ge-doped films with almost round grains of
size (GS) 100–140 nm. Furthermore, the SEM study proved
uniform distribution of Ge ions in the films.

3.2. DC Electrical Properties. The electrical properties (con-
ductivity (𝜎), mobility (𝜇el), and carrier concentration (𝑁el))
were measured for pure and Ge-incorporated CdO films
grown on glass substrates by a standard Van der Pauw
method, and the average results are presented in Table 1
and Figure 4. The experimental error due to the Al-contact
spot size was estimated to be about 5%. The measurements
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Figure 4: Variation of resistivity (𝜌), carrier concentration (𝑁el),
and mobility (𝜇) with Ge-incorporation level of host CdO film
grown on glass substrates.

show that the pure and all Ge-incorporated CdO films
are n-type degenerate semiconductors. This means that Ge
doping to host CdO leads to that Fermi level lies in the
conduction band and doped CdO exhibits n-type character.
The conductivity of pure host CdO thin film (39.75 S/cm) was
initially found to increase rapidly to 783.1 S/cm with small
amount of 0.1%Ge incorporation and then getting the utmost
value (3.663 × 103 S/cm) for 0.25% Ge film, after which it
decreasedwith the increasing of theGe content. Similarly, the
carrier concentration of host CdO (4.4 × 1019 cm−3) was also
found to increase up to the utmost value (3.68 × 1020 cm−3)
for 0.19% Ge sample and then decrease with increasing
Gd incorporation. The mobility attained the utmost value
of about 91 cm2/Vs at 0.25–0.27% Ge concentration. The
increase in carrier concentration of host CdO film with
addition of small amount of Ge4+ ions indicates, in general,
that most of the incorporated Ge4+ ions act as donors.
However, higher Ge incorporation in CdO lattice results
in a gradual enhancement of certain carrier compensators
like defects. This results in a reduction of measured free
carrier concentration. Similar explanation was also adopted
and examined by X-ray photoelectron spectroscopy with
Cr-doped ZnO [19]. It is interesting to mention that the
obtained dependences shown in Figure 4 are similar in forms
to those obtained in [20] for doping of CdO with Al, of
6-CN ionic radius 2.32 × 10−2 nm, which may support the
vision given in the introduction. The enhancement followed
by reduction of conductivity and mobility of carriers in
CdO :Ge (Figure 4) could be explained in conjunction with
the structural variations due to Ge incorporation by the
following model. With Ge4+ doping, two oppositely compet-
itive effects emerged, by which the conduction-parameters
variation with Ge doping could be explained. Doping with
small concentration of Ge4+-donors improves all the con-
duction parameters especially the mobility by improving the
conduction provision of free carriers. For higher Ge-doping
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Figure 5: Spectral normal transmittance and reflectance of the pure
and Ge-incorporated CdO films deposited on glass substrates.

level, the created Cd vacancies (𝑉Cd) and oxygen interstitials
(Oi) increased. These p-type defects can gradually compen-
sate and consequently reduce conduction electron density in
addition to inhibiting them, which reduces their mobility. In
the result, all electrical properties reduced, as observed for
Ge-doping level of larger than 0.25–0.27%. This means that
there is a critical concentration, at which the doped CdO
reaches the greatest conductivity andmobility. In comparison
with CdO doped with ions of “much” smaller size than that
of Cd2+, the mobility attained 85.2 cm2/V⋅s for 1.3% Cr-
doped CdO, 39.0 cm2/V⋅s for 0.1% W-doped CdO, and 45–
47 cm2/V⋅s for 6–8%B-dopedCdO [11–13], whichmeans that
doping with 0.25–0.27% Ge ions leads to a better value of
mobility, from TCO point of view.

The carrier mean free path (mfp) is defined as [21, 22]
mfp = (ℎ/2𝑒)(3𝑁el/𝜋)

1/3
𝜇, where ℎ is the Planck constant

and 𝑒 is the electronic charge.Thehighest value ofmfp among
the studied samples was 11.6 nm for 0.25% Ge. This value is
much smaller than CS and GS. Thus, the carrier scattering
by phonons, Ge impurities, and lattice defects has the major
contribution compared to scattering by crystallite and grain
boundaries. This conclusion is supported by the theoretical
work of Zhang and Ma [22], in which they have concluded
that for the degenerate polycrystalline TCO films with rela-
tively large crystallite sizes and high carrier concentrations
(higher than 5 × 1018 cm−3), the grain boundary scattering
on electrical carriers makes a small contribution to limit the
mobility of the films, and themain scatteringmechanisms are
ionized impurity scattering and lattice phonons.

3.3. Optoelectronic Properties. The spectral normal trans-
mittance 𝑇(𝜆) and reflectance 𝑅(𝜆) of the prepared Ge-
incorporated CdO films grown on corning glass substrate
in the UV-VIS-NIR region (300–3000 nm) are depicted in
Figure 5.Themaxima (𝜆

𝑚
) of the transmittance 𝑇(𝜆) spectra
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Figure 6: Tauc plot for Ge-doped CdO films. The inset shows Tauc
plot for undoped CdO and Ge-oxide films.

are in the NIR region; that is, the better spectral transparent
region (𝑇 > 70%) of the films is the NIR region of 𝜆 >
750 nm. In addition, the high-wavelength side of the trans-
mittance curves 𝑇(𝜆) of the doped CdO samples shows a
clear damping due to the high density of free electrons. The
absorbance 𝐴(𝜆) that can be calculated by 𝐴(𝜆) = ln[(1 −
𝑅)/𝑇] [23] is used to evaluate the direct optical bandgap 𝐸

𝑔

by Tauc method [24]:

𝐴𝐸 = 𝐵op(𝐸 − 𝐸𝑔)
0.5

, (1)

where 𝐵op is the film’s constant. The extrapolation of the
(𝐴𝐸)
2 versus 𝐸 plot for any film, as shown in Figure 6, gives

the direct bandgap value (Table 1).The inset of Figure 6 shows
the Tauc plot for pure Ge-oxide (GeO

𝑥
) film prepared by

thermal oxidation (400∘C/1 h) in air of evaporated Ge film;
the bandgap was 4.6 eV, which is close to 4.3 eV found in
[25]. For undoped CdO film, the bandgap obtained is in
the range (2.2 eV–2.6 eV), which is known for CdO films
prepared by different techniques [2].The bandgap varies with
Ge incorporation as shown in Figure 7; it shrinks by ∼6%
with light (0.1%) doping and reaches a minimum value of
2.32 eV with 0.25% Ge-doping level. Thus, bandgap can be
engineered with Ge% doping.

The variation of bandgap with Ge incorporation has
two components: the bandgap widening (BGW) [26] and
bandgap narrowing (BGN) [27].Thus, phenomenologically it
is possible to correlate the bandgap variations with the carrier
concentration by considering both BGW and BGN. The
BGW is given by BGW = 𝑆BGW𝑁

2/3

el , where 𝑆thBGW = 1.348 ×

10
−18 eV⋅m2 [26]. The BGN is given by BGN = (𝑆(1)BGN𝑁

2/3

el +

𝑆
(2)

BGN𝑁
1/3

BGN), where 𝑆
(1)

BGN = 𝑆
th
BGW/3 and 𝑆

(2)

BGN = 2.836×10
−9
/

𝜀
𝑟
[28]. The effective dielectric constant 𝜀

𝑟
is considered as
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long-wavelength dielectric constant (𝜀
∞
), which is equal to

about 𝜀
∞
= 𝑛
2
= 1.6
2 for pure CdO. Thus,

Δ𝐸
𝑔
= 𝐸
𝑔
− 𝐸
𝑔0
= BGW − BGN

= 𝑆BGW,BGN𝑁
2/3

el − 𝑆
(2)

BGN𝑁
1/3

el + 𝐶𝑓,
(2)

where 𝐶
𝑓
is a fitting parameter and 𝑆BGW,BGN = 𝑆BGW −

𝑆
(1)

BGN = 8.98 × 10
−19 eV⋅m2. Straight line was obtained

by plotting optoelectronic function (OEF): OEF = (𝐸
𝑔
−

𝑆BGW,BGN𝑁
1/3

el ) versus𝑁
1/3

el , as shown in the inset of Figure 7,
which gives 𝑆(2)BGN = 1.4 × 10

−9 eV⋅m that is very close to the
theoretical values 1.10 × 10−9 eV⋅m.

4. Conclusions

The structural study shows that the included Ge4+ ions were
dissolved in the crystalline lattice of CdO. The incorporated
Ge4+ ions disturb the charge balance of the unit cell that
can be settled by creation of Cd2+ ion vacancies (𝑉Cd)
and/or insertion of interstitial oxygen (Oi). The incorporated
dopant Ge4+ ions behave as donors while the (𝑉Cd and
Oi) species behave like p-type defects. The competition of
these two opposite influence doers controls the conduction
parameters of Ge-content CdO films. The carrier mobility
varies with Ge-incorporation level attaining utmost value of
about 91 cm2/V⋅s with 0.25–0.27% Ge concentration while
maintaining the electrical resistivity at 2.73 × 10−4Ω⋅cm.
This value is higher than that found with Cr-, W-, and
B-incorporated CdO films prepared by the same method
and conditions and thus considered as one of the highest
values found for doped CdO grown on glass substrate. The
improvement of the mobility was observed, accompanied
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with improving of crystallinity and crystalline [111] orienta-
tion. From infrared-transparent-conducting oxide (IR-TCO)
point of view, germanium is sufficiently effective for CdO
light doping. The doping creates structural and electronic
energy spectrum variations that consequently shrink the
bandgap. The variation of the bandgap with doping level was
calculated in the framework of the available models.
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