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Abstract Gd-doped CdO thin films with various Gd
concentrations have been prepared on glass and Si wafer
substrates using sol gel technique. The films were charac-
terised by X-ray fluorescence (XRF), X-ray diffraction
(XRD), optical absorption spectroscopy, and dc-electrical
measurements. XRF method was used to determine the
9%Gd content in the films while XRD was used to study the
influence of Gd doping on the detailed crystalline structure.
Experimental data indicate that Gd** doping with level of
less than 2.4% slightly enlarge the CdO crystalline unit
cell. The bandgap (E,) of Gd-doped CdO suffers narrowing
by about 13% due to a small (0.2%) doping level but with
%Gd doping level larger than 2.4%, E, becomes wider than
that of undoped CdO. The electrical behaviours of the
Gd-doped CdO films show that they are degenerate semi-
conductors. The 2% Gd-doped CdO film shows increase in
its mobility by about 92%, conductivity by 320%, and
carrier concentration by 127%, relative to undoped CdO
film. From transparent-conducting-oxide point of view, the
Gd doping of CdO by sol gel method is not effective.
Finally, the absorption in the NIR spectral region was
investigated to be due to the free electrons.
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1 Introduction

Cadmium oxide CdO semiconductor has attracted consid-
erable attention in recent years owing to its electrical and
optical properties. It has many applications in field of
optoelectronics like transparent conducting oxide (TCO),
solar cells, flat panel display, optical communications,
photo-transistors, as well as other type of applications like
gas sensors, low-emissive windows, thin-film resistors...
etc [1-5]. The nonstoichiometric CdO thin films has unique
physical properties such as n-type degenerate semicon-
ducting properties with relatively high electrical conduc-
tivity (10°-10* S/cm) mainly due to oxygen vacancies and
Cd interstitials, and transparency in visible and NIR
spectral regions with a direct bandgap of 2.2-2.7 eV
[1, 6-10]. The optical and electrical properties of CdO can
be modified by doping with different metallic ions like In,
Sn, Al, Sc, Y, TI, etc, which improves its TCO properties
[1,5, 11-16]. Moreover, doping of CdO with magnetic ions
like Fe [17] or rare-earth 4f-ions like Sm and Dy [18, 19]
might combine some magnetic properties with its opto-
electronic properties for different applications. In general,
it was observed that when the dopant ions have radius
smaller than that of Cd*" then the conductivity of the
doped CdO increases and the lattice unit cell compresses.
CdO crystallises in a cubic structure of Fm3m space group
of 6-coordination [20]. The 6-coordination ionic radius of
Cd*" is 0.095 nm. The ionic radius of Gd*>* is 0.0938 nm
when it occupies a 6-coordination position like lattice
positions in CdO structure [21], but the standard ionic
radius of Gd*" is 0.1078 nm [22], which is slightly larger
than that of 6-coordination Cd**.

Doping of CdO with different ions can be realised by
several well-known methods and the sol-gel method is one
of them. The present work reports the electrical and optical
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properties of Gd-doped CdO prepared by sol-gel method
with different doping levels. It must be mentioned that, the
doping of CdO with Gd ions by sol gel method, to our best
knowledge, is absent from the literature.

2 Experimental

Undoped and Gadolinium-doped CdO films were prepared
on glass substrates by sol-gel method using a spin-coating
technique. Methanol (CH;0H), cadmium acetate dehydrate
(Cd(CH5C00),), glycerol (C3Hs5(OH)3), triethylamine
(N(CH,CH3;)3), and gadolinium acetylacetonate [Gd(CHj;
COCHCOCH3)5. xH,0] or Gd(acac); have been used as
starting precursors of analytical grade. The CdO precursor
is prepared from two solutions by the following procedure.
The first solution was made from total dissolving of 2.0 g
of cadmium acetate dehydrate in 3.5 ml of methanol with
constant magnetic stirring. Then, by slowly addition of
0.11 ml of glycerol under constant stirring, a transparent
solution will be obtained. The second solution has been
obtained separately dissolving 0.52 ml of triethylamine in
3.5 ml of methanol. This solution was then slowly added to
the first one. All the procedure was done at room temper-
ature without water being involved. The resulting solution
was completely transparent and only turbidity was
observed 12 days after preparation. For doping of Gd, an
appropriate quantity of Gd acetylacetonate was added to
the first solution. The final solution that contains Gd ace-
tylacetonate was slightly yellow.

The glass slide substrates were cleaned subsequently
with acetone and methanol each for five min, deionised
water, dilute HCI solution for 10 min, and finally rinsed
with deionised water and dried under nitrogen gas flow.
The coating solution was dropped on the glass slide and
then rotated at 2,000 rpm for 1 min using a spin coater.
After the spin coating, the film was dried in oven prepared
at 200 °C for 10 min in a furnace in order to evaporate the
solvent. The temperature was chosen in order to obtain
final dense and good adherence to the substrate film. This
procedure was repeated five times before the film was
finally inserted inside the furnace prepared at 400 °C for
1 h annealing in air followed by slowly cooling with the
furnace. The deposited film thickness was measured after
annealing by an MP100-M spectrometer (Mission Peak
Optics Inc., USA) to be in the range 0.15-0.25 pm. The
structure of the prepared films was studied by the X-ray
diffraction (XRD) method using a Philips PW 1710 6-20
system with a Cu K, radiation (0.15406 nm) and a step of
0.02°. The energy dispersion X-ray fluorescence (EDX)
method was used to determine the relative weight ratio
Gd to Cd (r) in the studied films. The spectral optical
transmittance T(/) was measured at normal incidence in

UV-VIS-NIR spectral region (300-3,000 nm) with a Shi-
madzu UV-3600 double beam spectrophotometer. The
electrical measurements were carried out with a standard
Van-der-Pauw method with aluminium dot contacts in a
magnetic field of about 1 T and using a Keithley 195A
digital multimeter and a Keithley 225 current source.

3 Results and discussion
3.1 Characterisation by X-rays

The energy-dispersive X-ray fluorescence (EDX) spec-
trums of the prepared undoped and Gd-doped CdO film are
presented in Fig. 1. The spectrum shows the Cd L-spec-
trum (3.13-3.53 keV) and Gd L, signal (6.05 keV) with
the exciting Cu K, signal. The ratio of integral intensity of
Gd L,-signal, Igq to that of Cd L-spectrum, Icq or (Iga/Icq)
was used to determine the fractional weight ratio of Gd to
Cd in a film sample. For that purpose, the known method of
micro radiographic analysis was used [23]. The reference
samples were pure Gd,O3 and CdO thin films. The result
was 0.2, 0.7, 2.0, 2.4, and 3.2% (wt).

Figure 2a shows the X-ray diffraction (XRD) patterns of
the prepared undoped and Gd-doped CdO films. The pat-
terns reveal that all the investigated films are polycrystal-
line with the cubic Fm3m CdO structure [20]. The usually
energetically favourable (111) preferred orientation growth
of CdO films, prepared by different techniques [24-27],
is studied here through the texture coefficient (TC). It
is defined [28] as, TC(hkl) = [nl,(hkl) /Ly (hkl)]/[> i_;
I1¥(hkl) /I, (hkl)], where I.(hkl) is the relative intensity of
reflection from a given (hkl) plane, I, (hkl) is the relative
intensity of the reflection from the same plane as indicated

(1) Undoped CdO
(2) Gd-doped cdO

CukK,
Exciting radiation

12

Intensity ( arb units )

2 3 4 5 6 7 8 9 10
Energy (keV)
Fig. 1 X-ray fluorescence of undoped and Gd-doped CdO films

grown on Si substrate. The exciting radiation was Cu K,
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in a standard sample (ref. [20]), and 7 is the total number of
reflections observed, which are four: 111, 200, 220, and
311. The calculated values of TC are given in Table 1. In
general the values of TC shows that all the films are close
to be pure polycrystalline, for which TC = 1. The mean
X-ray grain size (GS) was estimated by using Scherrer’s
relation [29]. The results reveal that doping with Gd did not
show any appreciable effect on the GS, which was
22-23 nm i.e. the samples were nano crystalline films. It
would be expected that a slight shift in reflections from
Gd-doped CdO relative to the corresponding reflections
from undoped CdO film. This must happen due to a slight
difference in ionic sizes of the dopant Gd*>" ions and the
medium Cd*" ions. Therefore, such doping must creates a
structural strain that causes the angular distance between
(111) and (200) reflections [A(20°)] of Gd-doped CdO
films to be changed relative to that of undoped CdO. The
angular distance [A(20°)] is inversely proportional to the
lattice parameter (a). Table 1 shows the difference,
AQ20°) = 2(0¢111) — B200)) and volume of the unit cell
(Vuni) for undoped and Gd-doped CdO. (It was used the
followings quite good approximation: sin~'(i/a) =
(Ma) + (M”16 and sin~'(3Y* J2a) = (3" J2a) +
(3" /22”16 for Ala < 1. The obtained third order alge-
braic equation was solved by Cardano’s method). One can
observe a canonical dependence of v, on %Gd doping
level (Fig. 2b) such that the v,,; increases by the doping
with Gd** of ionic standard radius (0.1078 nm) larger than
that of Cd*". This increasing becomes the largest with
2.4%Gd referring to the largest possibility of Gd ion dop-
ing by using the present sol gel method.

3.2 DC-electrical properties

The room temperature electrical resistivity (p), mobility
(Mer), and carrier concentration (N,;) were measured by a
standard Van-der-Pauw method and the results are
presented in Table 2 and Fig. 3. The main source of
experimental error is being due to the sample size and
circular-aluminium contact spot size, which was estimated
to be about 5%. The electrical measurements show that all
Gd-doped CdO films are n-type semiconductors. Compared
with previous investigations [1, 30-35], the conductivity of
undoped CdO is smaller than previously mentioned values
(6 ~ 10°-10* S/cm) due to different procedure of prepa-
ration. In addition, the measured carrier concentration in
the present work is larger than the known values (~ 10"7—
10%° cm™?) for undoped CdO. This high carrier concen-
tration contributed by shallow donors resulting from non-
stoichiometry. The high carrier concentration of undoped
CdO found in the present work strongly reduces the carrier
mobility. The present results show that CdO doping
with Gd ions changes all its electrical parameters in a

@ Springer

a 16
(1) CdO, (2) 0.2%Gd, (3) 0.7%Gd, (4) 2%Gd
1 (5) 2.4%Gd, (6) 3.2%Gd
222
. (111 1200 - (222)
-
2 (6) 20 @1
s 1
. (5)  n
. M
g (4)
s N
2 J
g 4 A
[~
= HJ\\_]L (2) M A
|
0 (1) A
—
20 30 40 50 60 70
2 Theta
b
10.4 {
ﬂ—\
g 103 -
X P
~
* 1024 /% }
®
g 101
S
S
S 100 4
9.9
T T T T T r T M T T T T T

05 00 05 10 15 20 25 30 35
Gd/Cd%

Fig. 2 a X-ray diffraction patterns from undoped and Gd-doped CdO
films prepared at different Gd% dopant levels. The used radiation was
Cu K,- line. b Dependence of the volume of unit cell of Gd-doped
CdO on the Gd% doping level with estimated error bars

Table 1 The Bragg angle difference [A(20°)], the volume of unit cell
(Vuniv)> and the texture coefficient [TC(111)] for the prepared undoped
and Gd-doped CdO films on glass substrates

Sample A(20°) Vanie (#1072 nm?) TC(111)
CdOsolgel 5.355 9.925 1.30
0.2%Gd 5.305 10.184 1.00
0.7%Gd 5.300 10.211 1.25
2.0%Gd 5.290 10.264 1.06
2.4%Gd 5.265 10.398 1.38
3.2%Gd 5.305 10.184 1.22

complicated manner, as shown in Fig. 3. The carrier con-
centration decreases at the low Gd% loading. It reaches
some lower value at 0.7%Gd, then it suddenly increases by
about 4.6 times at 2.0%Gd, where the resistivity reaches its
lowest value. The mobility, as resultant of the resistivity
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and carrier concentration f,; = (epNg,)_l, gets its higher
value for 0.7%Gd film, then strongly reduces with 2%Gd
film accompanied by a strong increase of carrier concen-
tration. Identical behaviour of variation of ., and TC with
the %Gd doping level was observed. This means that the
grain boundary scattering plays an important role for the
scattering in addition to carrier concentration effect. The
process of doping with Gd ions includes many routes: the
replacements of Cd*" ions by Gd** ions, the insertion of
Gd** ions in interstitials, and the dispersing on CdO
nanoparticles in form of small Gd-oxide cluster (i.e. grain
boundary (GB) accumulation effect). The resultant of all
these processes controls the data of Fig. 3. The GB accu-
mulation effect at concentrations larger than 2.4% appears
predominately over the other two mechanisms. From TCO
point of view, Gd doping of less than 2.0% can be used to
increase the conductivity and mobility relative to undoped sol-
gel CdO. However, this improvement cannot emulate those
films prepared by other methods of preparation. In a summary,
the present work proves that low doping with Gd improves the
dc-conduction parameters of CdO, so that the 2.0% Gd-doped
CdO film shows an increase in its mobility by about 2 times,
conductivity by 4 times, and carrier concentration by 2.3
times in comparison with undoped CdO film.

3.3 Optoelectronic properties

The spectral optical absorption measurements are used to
study the optical properties of the prepared undoped and
Gd-doped CdO films grown on corning glass substrates.
The experimentally corrected normal spectral absorbance
A(A) in the UV-VIS-NIR region (300-3,000 nm) are pre-
sented in Fig. 4 as absorption coefficient o(4), where
o(2) = A(A)/d and d is the film thickness. Any special
absorption peak or feature in the wavelength range studied
that is related to 4f electrons (like 4f—5d transition) was not
observed. The spectra show that the minima of the spectral
absorbance for all the investigated films are being in the
NIR region. In addition, at NIR region for 4 > 2,500 nm,
the absorption curves show a clear growth with A, due to

Table 2 Summary of the measured electrical parameters [resistivity
(p), mobility (u,;,), and carrier concentration (N,;) ], and bandgap (E)
for undoped and Gd-doped CdO films on glass substrates

Sample P Hel Ne E,
(x1073Q%*cm)  (ecm*V*s) (10 em™)  (eV)
CdOsolgel  2.10 1.80 15.8 2.1
0.2%Gd 2.40 2.42 10.6 1.83
0.7%Gd 132 5.71 8.2 1.95
2.0%Gd 0.50 347 35.9 1.9
2.4%Gd 2.01 6.03 5.1 23
3.2%Gd 2.87 4.94 4.4 2.4
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Fig. 3 Variation of resistivity (p), carrier concentration (N,;), and
mobility (i) (inset) of undoped and Gd-doped CdO films prepared
on glass substrates with Gd% dopant level

the high density of free electrons. The inset of Fig. 4
demonstrating the dependence of « at 2,700 nm (NIR) on
Gd% content is totally agree with the dependence of N, on
Gd% content (Fig. 3). This agreement refers to the fact that
both dependences are related to the same conduction
electrons. This fact was known previously as that the
absorption in the NIR spectral region is mainly caused by
the free carriers according to classical Drude theory.

The optical direct bandgap E, is evaluated with the well-
known relationship [36, 37]:

AE = Bg,(E — E,)" (1)

where A is the film absorbance, E is the energy, By, is a
constant of the film and the exponent m is equal to 0.5 or 2
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Fig. 4 Spectral normal absorption coefficient o(4) in the UV-VIS-
NIR spectral regions for undoped and Gd-doped CdO films prepared
on glass substrates at different Gd% dopant levels. The inset shows
the dependence of o at 2,700 nm (NIR) on the Gd% dopant level
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for direct and indirect transitions, respectively. Thus, the
extrapolation of the plot of (AE)* versus E for any film
gives the value of direct bandgap. Figure 5 demonstrates
the bandgap plot for only three concentrations for better
clarity. The inset of Fig. 5 shows the variation of E, with
the %Gd doping level. With increasing the %Gd doping
level, the bandgap decreases till some lowest value before
increasing getting values larger than that of the undoped
Cdo.

The obtained bandgaps for undoped and Gd-doped CdO
films are given in Table 2. For undoped CdO, the bandgap
obtained is in the range (2.2-2.6 eV) that is known for
undoped CdO films prepared by different techniques [1, 38,
39]. It is obvious that the bandgaps of Gd-doped CdO films
with doping levels up to 2% are narrower than that of
undoped CdO film. For example, doping of CdO with
0.2%Gd narrows the bandgap by about 13%. The bandgap
narrowing can be explained by the joining of impurity
levels in the bandgap with the bottom of the conduction
band. However, to analyse such behaviour, we combine
several phenomenological models in order to relate the
bandgap variations to the carrier concentration. The BGW
is given by the following relation [12, 13]: AESM =
SzewN. /, where Sgew = (h*/2ym,) (31> )2/3, h 1s the
Plank’s constant and y = m,/m, is the ratio for of reduced
effective mass to free-electron mass, which is equal to
0.274 for undoped CdO [38-40]; thus S’ sow = 1.348 x
10718V x m?. The BGN consists of two parts. The first
part arises due to the electron-impurity interaction and is
given by the following relation [40, 41]: AE,, = ,(BG)NNE/ )
where  SU = (1/3)Sggw = 4.49 x 1071%V + m?. The

200

150

(AE)* (eV?)

50

E(eV)

Fig. 5 Calculated (points) spectral optical absorbance A(4) is plotted
as (AE)? versus photon energy (E) for undoped and Gd-doped CdO:
2%Gd, and 2.4%Gd films. The direct bandgap is determined by the
shown extrapolation. The inset shows the dependence of found
bandgap on the Gd% dopant level

@ Springer

second part of BGN results from the Columbic interaction
(C—int) between the carriers, and is given by [42, 43]
AEc_in = SgG)N :/3, where SgG)N = (e/2n806,)(3/7r)1/3, €
is the permittivity of free space, e is the electronic charge,
and for the dielectric constant ¢, it is possible to use &,

thus S, = 2.836 x 10~ /¢,. Therefore, the total BGN is

BGN = (Sgg;NNz/ : +S§33NN '3} and the overall bandgap
shift is given by;
AE, = E, — Ey = BGW — BGN

2/3 2/3

1 3
—fééN P+ ¢
1
— SNy + ¢ 2)

— ShewN;
2/3

= SpewN,;

= Spow BN N,

where Cy is the fitting parameter and Spew oy = Spow
—St)y = 8.98 x 1071%V * m? In the present work, a good
straight line was obtained by considering the plot of
[E *SBGWBGNNS/ ] vs. Ng/, as shown in Fig. 6, with
SB%N =25x%x 10"V * m This value is close to the the-
oretical one [1, 42] SBGN(th) = 1.107 x 10~%eV % m; the
slight difference might come from the non-parabolic band

effects.

4 Conclusions

We report on the structural, optical, and dc-electrical
properties of Gd-doped CdO films prepared by sol gel
technique. From structural side, Gd doping with level less
than 2.4% slightly expands the unit cell due to the inserting
of Gd>" ions into the crystalline structure. These Gd** ions
do not occupying the 6-coordination positions of the CdO
structure. For doping level more than 2.4%, the Gd ions
accumulate on the grain boundaries in form of oxide
clusters. From optical side, it was observed that the low

2.0 4 Saomson = 9-0X107° eV * m’

=25x10%eV*m

S @

1.6 BoN

1.2

0.8

0.4 4

23
(Eg - SBGW,BGN Nel ) (eV)

0.0 4

O
06 07 08 09 10 11 12 13 14 15 16
13, -1
N, ~(m")
Fig. 6 Dependence of optoelectromc function (E, — Sgew BGNNF/ )
on the carrier concentration N . The straight line represents the best
fit in accordance with Eq. 2 w1th the estimated error bars
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doping with Gd>" ions (0.2%) shrinks the bandgap of the
host CdO by about 13% but with %Gd doping level larger
than 2%, E, becomes wider than that of undoped CdO. The
electrical behaviours of the Gd-doped CdO films show that
they are degenerate semiconductors. The 2% Gd-doped
CdO film shows an increase in its mobility by about 92%,
conductivity by 320%, and carrier concentration by 127%,
in comparison with undoped CdO film. However, this
improvement cannot emulate those films prepared by other
methods.
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