
Vol:.(1234567890)

Journal of Electronic Materials (2024) 53:188–195
https://doi.org/10.1007/s11664-023-10761-8

1 3

ORIGINAL RESEARCH ARTICLE

Ultrahigh Thermoelectric Performance of ZnO‑CdO Thin Films

Al Momin Md. Tanveer Karim1,2   · M. Rumana Islam3 · Halima Khatun4 · M. Khalilur Rahman Khan3 · 
M. Mozibur Rahman3 · Md. Shahjahan4 · Md. Faruk Hossain2 · E. M. H. Arif1 · Sheik Md Kazi Nazrul‑Islam1,5

Received: 26 April 2023 / Accepted: 27 September 2023 / Published online: 18 October 2023 
© The Author(s) 2023

Abstract
Zinc oxide (ZnO) is emerging as a promising n-type thermoelectric material (TE) for power harvesting due to its high melting 
point and large Seebeck coefficient. However, the TE performance of ZnO is limited by high thermal conductivity and low 
carrier mobility. Adding or doping a divalent element such as cadmium oxide (CdO) can lower the thermal conductivity and 
enhance the carrier concentration of ZnO. In this paper, the thermoelectric transport properties of ZnO-CdO nanocrystalline 
thin films are investigated by varying the Zn/Cd ratio at temperatures ranging from room temperature (RT) to 423 K. The 
electrical conductivity, carrier concentration and mobility of ZnO were enhanced by increasing the Cd concentration. The 
maximum power factor of 2.75 × 10−4 W m−1 K−2 was obtained at 423 K for the Zn/Cd = 1:3 sample. The thermal conduc-
tivity was dominated by lattice thermal conductivity in which Umklapp scattering occurs between anharmonic phonons. 
The thermal conductivity of ZnO decreased significantly with increasing Cd concentration. The highest estimated  figure of 
merit (ZT) of 0.59 was found at 413 K for the Zn/Cd = 1:3 sample, which is 223 times greater than for ZnO, indicating that 
the film is efficient in energy generation.
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Introduction

In recent years, serious concern has arisen regarding energy 
consumption and pollution. Thermoelectric (TE) materials 
have received much attention because they are capable of 
converting waste heat into energy. Thermoelectric materials 
can convert thermal energy to electrical energy without mov-
ing parts. Therefore, researchers across the world are looking 
for efficient thermoelectric materials. There are three major 

obstacles to the wide dissemination of TE harvesters: toxic-
ity and scarcity of elements constituting TE materials, low 
conversion efficiency, and low stability of thermoelectric 
materials. Commercial materials for thermoelectric power 
generation include Pb, Hg, and Se, which are toxic,1–3 and 
Te and Bi which are expensive.4,5 Oxide materials are an 
environmentally friendly and cost-effective alternative for 
practical applications of thermoelectric power generation, 
and the development of improved oxide materials remains 
the most important issue.

Binary oxide semiconductors have attracted considerable 
attention due to their unique properties and potential use 
in energy storage, photodetector, photocatalyst, electrocata-
lyst and gas sensing applications.6,7 The transport properties 
of binary nanocomposites such as ZnO-CdO, ZnO-MgO, 
ZrO2-Y2O3 and SnO2-TiO2 have garnered the attention of the 
TE community due to their excellent stability at higher tem-
peratures in an oxidizing atmosphere which is useful for fab-
ricating various electronic devices.8–11 Many research groups 
have investigated various properties of ZnO-CdO composite 
films. These films display very high optical conductivity on 
the order of ~ 1014, a tunable band gap, high photosensitiv-
ity and semiconducting behavior.12–14 Generally, ZnO and 
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CdO are both n-type semiconductor material.14 In the vis-
ible region, ZnO thin film is highly transparent, while the 
transparency of CdO thin film is low.12–14 On the other hand, 
the electrical conductivity of ZnO thin film is low, while the 
electrical conductivity of CdO thin film is high. ZnO has 
a large band gap of 3.10 eV to 3.37 eV15 while CdO has a 
band gap ranging from 2.20 eV to 2.50 eV.16 Thus, the band 
gap can be reduced by incorporating an appropriate amount 
of CdO into ZnO, making the composition suitable for the 
fabrication of heterojunctions in optoelectronic devices, and 
therefore the ability to convert thermal energy into electri-
cal energy. As a result, the binary ZnO-CdO system may be 
considered a promising alternative for the synthesis of high-
quality, conductive thermoelectric materials. Recent studies 
also report the suitability of ZnO-CdO for thermoelectric 
applications.17–19

A variety of physical and chemical deposition techniques 
have been reported for the preparation of ZnO-CdO compos-
ite thin films including screen-printing,20 pulsed laser dep-
osition,21 molecular beam epitaxy,22 sol–gel processing,23 
RF-magnetron sputtering24 and spray pyrolysis.25 Among 
these techniques, spray pyrolysis has the greatest advantages 
owing to its simplicity and cost-effectiveness. It is also suit-
able for large-area and nano-structured film deposition and 
offers ease of handling.

In the present work, the impact of the Zn/Cd ratio on 
the morphology and thermo-transport properties of ZnO 
and ZnO-CdO (Zn/Cd = 3:1, Zn/Cd = 1:1 and Zn/Cd = 1:3) 
thin films prepared by spray pyrolysis is investigated. Elec-
tronic transport properties including thermoelectric power, 
electrical resistivity and carrier concentration are measured 
experimentally. The total thermal conductivity is combined 
with the lattice thermal conductivity, estimated theoreti-
cally using the Slack model,26,27 and electronic thermal con-
ductivity, calculated from the Wiedemann-Franz law. The 
results show that the estimated figure of merit ZT increases 
remarkably for Zn/Cd = 1:3 samples due to higher electrical 
conductivity.

Experimental

ZnO and ZnO-CdO thin films were deposited on glass sub-
strate using spray pyrolysis in an air atmosphere. The spray 
solutions were prepared by mixing 0.1 M of zinc acetate 
dihydrate [Zn(COOCH3)2·2H2O] and cadmium acetate dihy-
drate [Cd(COOCH3)2·2H2O] in ethanol and deionized water 
in a 1:1 ratio. Then the ratio of Zn/Cd was varied at 1:0, 3:1, 
1:1 and 1:3 to obtain ZnO and ZnO-CdO thin films. In gen-
eral, the spray pyrolysis unit used to deposit thin films con-
sists of an atomized spray solution and a substrate heater. To 
prepare the ZnO and ZnO-CdO thin films, 100 mL of spray 
solution was placed in a beaker fitted with a spray nozzle. 

A clean glass substrate with a suitable mask was put on the 
subsector of the heater. The distance between the tip of the 
nozzle and surface of the substrate heater was maintained 
at 21 cm. The spraying of solutions was initiated after the 
glass substrate reached the requisite temperature of 360 °C. 
The temperature was controlled using a Variac transformer 
and measured using a copper-constantan thermocouple. The 
spraying time was 20 min, and the solution flow rate and 
gas pressure were maintained at 1.0 ml/min and 105 N/m2, 
respectively. All the parameters were maintained to produce 
ZnO and ZnO-CdO thin films of almost equal thicknesses. 
The thickness of thin films was 180 ± 20 nm as determined 
using Newton’s rings. The details of film thickness meas-
urement using Newton’s rings are reported in our previous 
works.28

The surface morphology of all samples was studied using 
a Hitachi S-3400N scanning electron microscope. The tem-
perature-dependent resistivity was determined by the Van 
der Pauw method with a four-probe configuration in ambient 
air using a Keithley electrometer. Electrical conductivity was 
calculated using the resistivity data. The Hall voltage of all 
samples was measured at a constant magnetic field of 9.815 
kilogauss (kG) using the conventional Van der Pauw method. 
Electromagnets (Newport Instruments Ltd., UK) were used 
to produce the magnetic field for the Hall effect study. The 
magnetic pole pieces were placed 2 cm apart. Current and 
voltage were measured by a digital electrometer and a digi-
tal multi-meter, respectively. A voltage stabilizer was used 
so that a steady supply of current without fluctuation was 
maintained through the magnet. The circuit arrangement and 
detailed description of the Hall effect measurement is dis-
cussed elsewhere.29 The thermoelectric study of all samples 
was carried out by the integral method.30,31 The schematic of 
the thermoelectric measurement using the integral method is 
shown in Fig. 1. For the thermoelectric power measurement 
of ZnO-CdO thin films, one end of the sample was placed 
in an ice bath (273 K) and the other end was heated from 
room temperature (RT) to 423 K. Samples were covered 

Fig. 1   The schematic diagram of the thermoelectric measurement 
setup.
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with a mica sheet during the thermoelectric measurement. 
The variation in temperature at the hot end is controlled by 
regulating the heater voltage. The temperature of both hot 
and cold junctions was monitored using a chromel-alumel 
thermocouple connected to separate digital multi-meters 
(KTI, KT 105), with accuracy of ±5°C. The generated ther-
mal emf is measured using another digital multi-meter (KTI, 
KT 105). The standard deviation of emf is maintained within 
±5 μV in the total temperature range. The lattice thermal 
conductivity of all samples was estimated by a theoretical 
approach using the Slack model.26,27

Results and Discussion

ZnO-CdO samples are polycrystalline in nature as con-
firmed by X-ray diffraction (XRD) study and reported 
elsewhere.12–14 It was found that ZnO possess a hexagonal 
(wurtzite) structure, whereas, Zn/Cd = 3:1, Zn/Cd = 1:1 and 
Zn/Cd = 1:3 possess a hexagonal-cubic structure. The sur-
face morphology of the ZnO-CdO thin films was character-
ized by SEM in nanoscale range as shown in Fig. 2a–d.

Analysis of SEM images reveals that the shape of the 
grains is transformed from nano-polyhedrons to nano-fiber- 
or tissue-like, and then to nano-flake-like structures depend-
ing on the ratio of Zn/Cd. The larger ionic radius of Cd2+ 
(0.096 nm) compared to Zn2+ (0.074 nm) and structural 
phase transition from wurtzite to cubic with the change in 
Zn/Cd ratio alters the surface morphology of the samples. 
This structural phase transition is also supported by XRD 
study reported previously.12–14

The temperature-dependent electrical conductivity of 
ZnO and dual phases of ZnO-CdO (Zn/Cd = 3:1, 1:1 and 
1:3) thin films is shown in Fig. 3a. The variation in electrical 
conductivity is non-linear and increases with increasing Cd 
content. This can be attributed to the increase of the free car-
rier concentration. The carrier concentration is directly asso-
ciated with the conductivity of the material and is in good 
agreement with the classical Drude theory.32 From the Hall 
effect measurement, samples are identified as n-type mate-
rial, with electrons as the predominant charge carriers. The 
n-type behavior is mainly due to the presence of intrinsic 
defects such as oxygen vacancies (Vo), Zn interstitials (Zni)33 
and Cd interstitials (Cdi)34 in ZnO and ZnO-CdO samples. 
The carrier concentration and Hall mobility measured at 

Fig. 2   SEM images of (a) ZnO, (b) Zn/Cd = 3:1, (c) Zn/Cd = 1:1 and (d) Zn/Cd = 1:3 thin films.
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room temperature are shown in Fig. 3b. Both the carrier 
concentration (left scale) and Hall mobility (right scale) are 
seen to increase with Cd ratio. However, the charge carrier 
concentration remains nearly constant when the Zn/Cd ratio 
changes from 1:0, 3:1 and 1:1, although the mobility shows 
a near linear rise. As the Zn/Cd ratio changes, the type and 
concentration of defects can vary. The presence of differ-
ent types of defects, such as Vo, Zni, and Cdi, can affect the 
overall carrier concentration. The influence of these defects 
on the carrier concentration may counterbalance the increase 
due to Cd doping, leading to the observed nearly constant 
carrier concentration. On the other hand, the near-linear 
rise in mobility is likely influenced by changes in crystal 
quality and scattering mechanisms. The specific behavior 
depends on the concentration of Cd, growth conditions, and 
the resulting defect landscape in the thin films.

The thermoelectric power (S) of all samples was cal-
culated using the equation S = ±ΔV

ΔT
 . The dependence of 

thermoelectric power (S) on ZnO with the addition of CdO 

is shown in the thermoelectric power versus temperature 
graph in Fig. 3c. The thermoelectric power of all samples 
decreases sharply up to ~ 328 K and decreases slowly or 
remains steady afterwards. The specific temperature at 
which S starts to decrease sharply is seen to shift from 
~ 313 K to ~ 328 K with the increase of Cd concentration 
in the films. It is also observed that the value of S increases 
for Zn-rich films. The decrease of S is due to higher carrier 
concentration of for Cd-rich films compared to Zn-rich 
films which is well consistent with the Hall effect study. 
The increase of Cd concentration enhances the carrier 
concentration of the Cd-rich film which causes a shift of 
Fermi level (EF) close to the conduction band (EF ≈ EC). 
This is because when Cd is added to ZnO as a dopant 
or alloying element, it introduces additional electrons 
into the material since CdO is an n-type semiconductor. 
These extra electrons act as charge carriers, increasing the 
electron concentration in the conduction band of the ZnO 
material. As a result, the Fermi level rises to approach the 

Fig. 3   Graphs of (a) temperature-dependent electrical conductivity, 
(b) the carrier concentration and mobility with changing Zn/Cd ratio, 
(c) thermoelectric power versus temperature, and (d) power factor as 

a function of temperature for ZnO, Zn/Cd = 3:1, Zn/Cd = 1:1 and Zn/
Cd = 1:3 thin films.
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energy level of the conduction band (EF ≈ EC). The shift 
of Fermi level in ZnO due to doping was reported previ-
ously.35,36 Therefore, the behavior of the Cd-rich sample 
becomes metal-like and S decreases as a consequence.

The power factor (PF) of ZnO-CdO samples is cal-
culated from the formula PF = S2/ρ. The temperature-
dependent power factor is shown in Fig. 3d. The power 
factor of all samples is seen to increase with temperature, 
whereas the PF of Cd-rich samples increases remarka-
bly due to the higher conductivity of the Cd-rich sample 
compared to Zn-rich samples. The highest power factor 
is found to be 2.75 × 10−4 W m−1 K−2 for the Zn/Cd = 1:3 
sample.

The thermal conductivity of a material is the material's 
capacity to conduct heat. A good thermoelectric material 
must possess high electrical conductivity while maintain-
ing low thermal conductivity. In general, the thermal con-
ductivity is the sum of the lattice thermal conductivity and 
the electronic thermal conductivity. The lattice thermal 
conductivity of ZnO and ZnO-CdO is calculated using the 
Slack equation.

where M is the atomic mass of the atom, θD is the Debye 
temperature, δ is the volume per atom, the constant A is 
calculated using the equation A = 2.43×10−8�2

�2−0.514�+0.228

37 and n is the 
number of atoms per unit cell. In our work, the theoretical 
values of A, θD and γ are taken from first-principles 
calculations38,39 at zero pressure and room temperature 
which are tabulated in Table I. The Slack equation is an 
effective tool for calculating the lattice thermal conductivity 
of various crystalline solids near the Debye temperature 
depending on the values of θD and γ.26,27 Theoretical calcula-
tions show that the variation in θD and γ is almost constant 
with temperature ranging from 0 to 900 K.38 Since the lattice 
thermal conductivity is calculated within the temperature 
range from RT to 423 K, negligible error is considered as we 
use constant values (room temperature) of the parameters.

The electronic thermal conductivity was calculated 
using the Wiedemann-Franz law:

(1)�
lat

= A
M�3

D
�

�2Tn2∕3

where L = 2.44 × 10−8 WΩK−2 and is known as the Lorenz 
number.

Figure 4a–c shows the variation in thermal conductivity 
with temperature for the ZnO-CdO samples. From Fig. 4a, 
it is observed that κlat decreases from 0.42 W m−1 K−1 to 
0.15 W m−1 K−1 with the increase in temperature and Cd 
alloying indicating that the thermal transport is dominated 
by Umklapp scattering between anharmonic phonons.40,41 
The difference in ionic radius between Zn and Cd may intro-
duce some lattice point defects, suppressing the heat transfer 
of the short wavelength phonons and enhancing the scat-
tering process. Moreover, the increase in grain boundaries 
may effectively enhance the scattering for long-wavelength 
phonons. The values of κlat are found to be lower for Cd-
rich samples. The increase in atomic mass with the higher 
Debye temperature and lattice strain fluctuations due to the 
addition of Cd concentration impede the propagation of 
phonons, which leads to a decrease in the lattice thermal 
conductivity for Cd-rich samples.42 On the other hand, κel 
increases from 1.64 × 10−5 W m−1 K−1 to 0.039 W m−1 K−1 
with the increase in Cd concentration as shown in Fig. 4b. 
The values of κel are highly dependent on the electrical con-
ductivity of the samples. The total thermal conductivity (κ) 
of ZnO and ZnO-CdO is shown in Fig. 4c. The total thermal 
conductivity of all samples is dominated by lattice thermal 
conductivity and decreases from 0.40 W m−1 K−1 to 0.168 
W m−1 K−1 with the increase in Cd concentration. It is seen 
that κ is lower for Cd-rich samples. The figure of merit of 
a thermoelectric device is a measure of its thermoelectric 
performance. It is defined as ZT = S2/ρκ, where S is the See-
beck coefficient, ρ is the resistivity and κ is the thermal con-
ductivity. The variations in ZT values with temperature are 
shown in Fig. 4d. The estimated ZT values increase with 
increasing Cd content, whereas ZT increases remarkably for 
Cd-rich samples. The highest value of ZT is estimated at 
0.59 at 413 K for the Zn/Cd = 1:3 sample, which is 223 times 
higher than for ZnO. A comparison of the thermoelectric 
data values with reported ZnO, doped ZnO and ZnO-CdO 
is shown in Table II.

Conclusions

ZnO-CdO nano-crystalline thin films with different ratios of 
Zn/Cd = 1:0, 3:1, 1:1 and 1:3 were deposited on glass sub-
strates by spray pyrolysis under optimized deposition condi-
tions. The surface morphology and thermoelectric transport 
properties were investigated with the variation in the Zn/
Cd ratio. Scanning electron microscopy (SEM) showed that 
the presence of nano-grains depend on the Zn/Cd ratio. The 
electrical conductivity, carrier concentration and mobility 

(2)�
el
= LT�

Table I   Theoretical values of the atomic mass of the atom ( M ), 
Debye temperature (θD), a constant (A) dependent on the Grüneisen 
parameter (γ) and the number of atoms per unit cell (n)

Compound M(amu) A × 10-8 θD (K) γ n

ZnO 81.379 3.00 545.6 2.14 4
Zn/Cd = 3:1 91.136 2.99 464.3 2.18 4
Zn/Cd = 1:1 104.894 2.98 423.7 2.21 4
Zn/Cd = 1:3 116.652 2.98 392.9 2.23 4
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of the ZnO-CdO samples were increased by increasing the 
Cd concentration. Both the Hall effect and thermoelectric 
power measurement confirmed that ZnO-CdO is an n-type 

material. The thermoelectric power varied from −270 to 
−650 µV K−1 depending on the temperature and the amount 
of Cd. The maximum power factor of 2.75 × 10−4 W m−1 

Fig. 4   Thermal conductivity and figure of merit (ZT) as a function of temperature for ZnO, ZnO-CdO and CdO thin films, (a) lattice thermal 
conductivity, (b) electronic thermal conductivity, (c) total thermal conductivity and (d) estimated ZT values.

Table II   Thermoelectric 
properties of ZnO, doped ZnO 
and ZnO-CdO thin films and 
bulk reported in the literature 
compared to ZnO-CdO thin film

Composition System PF (μW m−1 K−2) κ (W m−1 K−2) ZT Temp. (K) References

ZnO Thin film 180  ~ 3.60 ∼0.017 333 43
ZnO Thin film 111 3.80 0.009 300 44
ZnO Thin film 330 4.60 0.003 300 45
ZnO/Si Thin film 49.5 4.70 0.004 283 46
ZnO:Al Thin film 80 0.23 0.11 300 47
ZnO:Al Thin film 200 0.608 0.121 320 48
ZnO:(Ga,In) Thin film 309 0.95 0.186 573 49
ZnO:Al/Silica Thin film 110 4.89 0.007 300 50
ZnAlCdO Bulk  ~ 1090  ~ 5.17 0.18 1173 17
Sc:ZnCdO Bulk 710 2.50 0.30 1173 18
Cd1 − xZnxO Bulk 1150  ~ 2.00 0.52 1000 19
ZnO-CdO Thin film 273 0.17 0.59 413 This work



194	 A. M. M. T. Karim et al.

1 3

K−2 was obtained for the Zn/Cd = 1:3 sample, mainly due to 
the low resistivity of the sample. The total thermal conduc-
tivity decreased with the addition of Cd and was dominated 
by lattice thermal conductivity. The highest estimated ZT 
value was 0.59 at 413 K for the Zn/Cd = 1:3 sample, which is 
223 times greater than that for ZnO. Considering the above 
features, ZnO-CdO thin films have potential as novel ther-
moelectric materials for thermoelectric applications.
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