
PHYSICAL SCIENCES | PHYSICS, CHEMISTRY, ENGINEERING

13MARCH 2026 • VOLUME 68 NUMBER 1

1. Introduction

The global energy conservation and pollution crisis is 
compelling the industry to seek methods for harvesting 
and conserving energy. TE materials can significantly 
contribute to addressing these issues by converting waste 
heat into electricity based on the Seebeck effect. The power 
generation capability of a TE material depends on the PF, 
defined as PF=S2σ, where S is the Seebeck coefficient and 
σ is the electrical conductivity [1, 2]. High-performance 
traditional semiconducting TE materials, such as bismuth 
telluride and lead chalcogenides, are often associated with 
superior TE properties. However, their toxicity and high 
cost limit their widespread application [3, 4]. Consequently, 
the development of non-toxic and environmentally friendly 
materials has become essential for TE applications. 

Microfabrication methods of ZnO thin films also play a 
crucial role in affecting TE performance. Known techniques 
such as sol-gel [5], pulsed laser deposition (PLD) [6], 
and electrochemical deposition [7] have been studied. 
Additionally, RF magnetron sputtering, with its high 
deposition rate and good uniformity, can effectively control 
the structural, morphological, and TE properties of thin-
film materials. Some works using RF magnetron sputtering 
have reported on the TE properties of ZnO-based films [8, 
9]. For instance, doping 1% Bi could remarkably reduce 
the thermal conductivity of ZnO thin films from 6.0 to 
3.4 W/mK [9].

ZnO has emerged as a promising alternative due to 
its unique properties, including abundance, low cost, and 
high thermal stability [10, 11]. Despite these advantages, 
ZnO typically exhibits poor electrical properties and high 
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thermal conductivity, resulting in a low PF value [12, 13]. 
This limitation hinders its potential for conventional TE 
applications. Therefore, many strategies have been explored 
to enhance ZnO’s TE performance, such as single and co-
doping with foreign atoms or controlling grain boundaries 
via nanostructuring [14, 15]. For n-type doped ZnO thin 
films, several studies have focused on group III elements 
like Al and Ga, resulting in desirable TE properties based 
on ZnO films [5, 7]. Another study investigated Al-doped 
ZnO thin films deposited by pulsed laser deposition at 
temperatures ranging from 300 to 600°C. As a result, the 
sample deposited at 300°C exhibited the highest PF of 0.55 
μW/mK² at 600 K [6]. Meanwhile, several previous reports 
have mentioned the crucial role of Bi impurity in improving 
the optical, structural, and photoelectrochemical properties 
of Bi-doped ZnO films [16, 17]. Only a few studies have 
investigated Bi-doped ZnO films deposited using magnetron 
sputtering. In our previous study, the incorporation of Bi 
into ZnO ceramics led to decreased carrier concentration 
and lowered electrical conductivity [18]. However, the 
effect of Bi-doping on the TE properties of ZnO films, 
specifically deposited by RF magnetron sputtering, has been 
limitedly studied. Thus, this work focuses on the deposition 
of undoped ZnO and 1% Bi-doped ZnO thin films using the 
RF sputtering method. The TE and structural properties of 
these films are presented and discussed.

2. Materials and methods

Pure ZnO and 1% at Bi-doped ZnO thin films were 
deposited on glass substrates with a film thickness of ~600 
nm using RF magnetron sputtering (Leybold Univex-450). 
The two-inch sputtering targets were homemade from 
commercial powders, including ZnO (99.9%, Merck) and 
Bi₂O₃ (99.995%, Alfa Aesar). For the Bi-doped ZnO target, 
the powders were mixed at an atomic ratio of Bi:Zn = 1:99, 
corresponding to 1% Bi doping. The powder mixture was 
then wet ball-milled with distilled water for five hours using 
alumina grinding media. Subsequently, the mixture was 
dried at 120°C for 24 hours to remove residual moisture, 
followed by a cold-pressing and sintering process at 1400°C 
in air for three hours. Finally, the sintered targets were 
polished and cleaned to prepare for the sputtering process. 
The substrate-target distance was fixed at 5 cm. The base 
and working pressures were set at 4×10-6 Torr and 3.5 
mTorr, respectively. The sputtering power was maintained at 
120 W, and the substrate temperature was controlled at 
200°C during the deposition process. 

The crystalline structure of the films was analysed 
by X-ray diffraction (XRD) measurements (Bruker D8-
Advance). A Linseis LSR-3 apparatus was employed to 
measure the temperature-dependent Seebeck coefficient 
and electrical conductivity of the films. Raman scattering 
microscopy (Horiba XploRa Plus) with a 532-nm excitation 
source and a resolution of 3 cm-1 was utilised to examine 
chemical bonds in the samples.

3. Results and discussion

The XRD patterns of the pure ZnO and 1% Bi-doped 
ZnO thin films with the 2θ scanning angle of 25-40° are 
shown in Fig. 1. The films are identified as polycrystalline 
with a hexagonal structure of ZnO [19]. From the results, 
the pure ZnO film exhibits crystal planes (100), (002), 
and (101) located at approximately 31.6, 34.3, and 36.1° 
respectively, which are well-matched with the Joint 
Committee on Powder Diffraction Standards (JCPDS) 036-
1451 database [20].

Fig. 1. X-ray diffraction patterns of pure ZnO and 1% at 
Bi-doped ZnO thin films. Source: Authors' calculation.

No secondary phases were observed in either film, 
indicating that Bi impurities are effectively incorporated 
into the ZnO lattice. Both samples show a strong intensity 
of the diffraction peak (002); with the addition of Bi content, 
there is an increase in intensity and the disappearance of the 
(100) and (101) peaks in the Bi-doped sample. This suggests 
that the doping process enhances crystallinity and promotes 
a stronger preferred orientation along the c-axis, which is 
perpendicular to the substrate. 
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The crystallite size of both films was calculated using 
Scherrer’s formula [21]:
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where D is the average crystalline size of the crystal, λ is the 
X-ray wavelength that the source used (0.154 nm), β is the 
full width at half maximum, and θ is the Bragg angle of the 
(002) peak. 

Additionally, to clearly understand the change in structural 
properties, the lattice constant c of the samples was evaluated 
using the formula for hexagonal structures [22]:
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where c is the lattice parameter of the strained films 
estimated from the XRD data above; co is the unstrained 
lattice parameter of ZnO powder (0.52066 nm); Cij are 
the bulk ZnO elastic stiffness constants (C11=208.8 GPa, 
C12=119.7 GPa, C13=104.2 GPa, and C33=213.8 GPa).

Table 1. Crystallite size, lattice parameter c, and residual stress 
ε along the (002) plane between pure and Bi-doped samples.

Samples Crystallite size (nm) c (nm) ε (GPa)

ZnO 25.49 0.523 -1.00

1% Bi-doped ZnO 27.72 0.521 -0.36

The calculated values for crystallite size, lattice constant 
c, and residual stress of ZnO and Bi-doped ZnO films are 
shown in Table 1. Upon doping with Bi, the crystallite 
size increases from 25.49 to 27.72 nm, indicating the 
incorporation of Bi into the ZnO lattice. Moreover, the 
lattice parameter c of both films is higher than that of 
ZnO powder (0.52066 nm) [24], which could suggest the 
development of compressive stress in the films. It should be 
noted that doping with impurities with a larger ionic radius 
than the host ion usually leads to lattice compressive stress. 
However, in this case, the ionic radius of Bi3+ (0.103 nm) 
is larger than that of Zn2+ (0.074 nm), giving the opposite 
trend. Therefore, the finding in our study could be due to 
the mismatch between the radii of foreign and host atoms 
[25]. A similar effect has been observed in studies of ZnO 
doped with elements having larger ionic radii, where the 
substitution of dopant into host ions results in more oxygen 
vacancies in the lattice [26, 27].

(A)	        (B) 

Fig. 2. Raman spectra of pure ZnO and Bi-doped ZnO 
thin films: (A) survey spectra, (B) deconvolution spectra 
in the wavelength number of 150-500 cm-1. Source: Authors' 
calculation.

For wurtzite ZnO, group theoretical analysis reveals the 
nature of the optical phonon modes at the Γ point, which 
arise from the crystal’s symmetry. These modes can be 
classified as below [28]:

Γ = A1 + 2B1 + E1 + 2E2

where the A1 and E1 modes are polar and split into transverse 
optical (TO) and longitudinal optical (LO) phonons, both of 
which are Raman and infrared active. The E2 modes are non-
polar and active, comprising two components: E2 (high) and 
E2 (low). The B1 mode is Raman inactive (silent modes) [29]. 
The room temperature micro-Raman spectra of pure ZnO 
and Bi-doped ZnO films recorded in the spectral region 
from 50 to 700 cm-1 are presented in Fig. 2A. It is observed 
that both ZnO and Bi-doped ZnO films exhibit two distinct 
peaks at 90 and 560 cm-1. The sharp and intense peak at 
around 90 cm-1 is assigned to the E2 (low) mode, which 
represents vibrations of the zinc atom in the lattice [30]. The 
Raman band at 560 cm-1 can be attributed to the formation 
of defects such as zinc interstitials and oxygen vacancies. 
In comparison with the pristine sample, the band shows a 
slightly higher intensity when doped, indicating a higher 
concentration of defects [31]. This result is consistent with 
the XRD results showing the reduction of compressive 
stress in Bi-doped ZnO films. Additionally, both films 
exhibited a broad spectral peak, which may be the overlap 
of multiple peaks oscillating in the range of 150 to 500 cm-1. 
The spectral deconvolution of the ZnO and Bi-doped ZnO 
films was performed as shown in Fig. 2B. The peak at 448 
cm-1 corresponds to a non-polar optical phonon E2 (high), 
which depicts the vibration of oxygen atoms in the lattice 
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and is the characteristic peak of wurtzite ZnO, while the 
peak at 345 cm-1 is assigned to the E2H-E2L multi-phonon 
process [32, 33]. The broad peak related to 265 cm-1 can 
be assigned to anomalous modes (AM), where the AM has 
been stated as originating from host-lattice defects that 
naturally arise concerning the doping [29, 34].

Combining the Raman and XRD results, the formation 
of oxygen vacancies in the Bi-doped ZnO film is predicted. 
This observation can be explained by the incorporation of 
Bi into the ZnO lattice, which induces structural distortion 
due to the substitution of Zn²⁺ by larger Bi3+ ions. Hence, 
to stabilise the lattice structure, the formation of vacancy-
related defects can be dominant. Additionally, because Bi³⁺ 
has a higher charge than Zn²⁺, a charge imbalance arises. 
Thus, the formation of oxygen vacancies releases free 
electrons, leading to charge compensation for maintaining 
charge neutrality [35]. Another reason can originate from the 
difference in coordination sites of Bi3+ and Zn2+. Specifically, 
Zn2+ is mainly located at tetrahedral [ZnO4] sites, whereas 
Bi3+ is situated at octahedral [BiO6] sites. Therefore, the 
substitution of Zn2+ by Bi3+ leads to a transfer from [BiO6] 
sites to [BiO4] sites, thus increasing oxygen vacancies in the 
Bi-doped ZnO film. This effect is similar to the substitution 
of Zn2+ by Ga3+ in the ZnO lattice, as demonstrated in our 
previous study [36]. However, the substitution of Zn2+ by 
Bi3+ will be investigated in the next study.

The temperature dependence of electrical conductivity 
(σ) for both pristine and 1% Bi-doped ZnO films is shown 
in Fig. 3A. It can be observed that both samples exhibit 
increased electrical conductivity across the entire measured 
temperature range, from room temperature (RT) to 773 K, 
indicating clear semiconducting behaviour. At the highest 
measured temperature (773 K), the conductivity of the 
pristine ZnO film reaches approximately 179.2 S/cm, 
whereas the Bi-doped ZnO film shows a fourfold increase in 
σ to 776.3 S/cm. The superior conductivity of Bi-doped ZnO 
compared to ZnO is attributed to additional charge carriers 
introduced through Bi substitution in the ZnO structure [37]. 
The Seebeck coefficient (S) of the samples as a function of 
temperature is shown in Fig. 3B. The negative values along 
the S-axis indicate the n-type conduction behaviour of the 
material. Throughout the entire temperature range, the 
absolute value of S for the pristine ZnO film is significantly 
higher than that of the Bi-doped sample, primarily due to 
the lower carrier concentration in the undoped ZnO [38]. 
At 773 K, the absolute Seebeck coefficient reaches 
approximately 132.5 μV/K for pristine ZnO and 77.3 μV/K 
for the Bi-doped ZnO film. The temperature dependence 
of the PF for the thin films is shown in Fig. 3C. Despite 

the typical trade-off between electrical conductivity and 
the Seebeck coefficient, the PF values of the Bi-doped ZnO 
sample remain consistently higher than those of the undoped 
ZnO over the entire temperature range. The pure ZnO film 
exhibits a PF value of 314.8 μW/mK², while the Bi-doped 
ZnO film achieves a significantly higher maximum PF of 
463.8 μW/mK² at 773 K. This improvement is attributed 
to the significantly higher electrical conductivity in the 
Bi-doped ZnO, which plays a key role in enhancing the 
PF, leading to a monotonic increase in PF values as the 
temperature rises. This result highlights the effectiveness 
of Bi doping in improving the TE performance of ZnO 
thin films. Notably, this PF value surpasses those reported 
for Al-doped ZnO nanopowder synthesised by RF plasma 
(PF~400 μW/mK² at 1073 K) and for a 5% Ga-doped ZnO 
thin film (PF~440 μW/mK² at 573 K) [39, 40].

Fig. 3. Temperature-dependent (A) electrical conductivity; 
(B) Seebeck coefficient; and (C) power factor of pure ZnO 
and Bi-doped ZnO thin films.
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4. Conclusions
In this study, Bi-doped ZnO thin films were successfully 

deposited using RF sputtering, and their structural and 
TE properties were systematically investigated. XRD 
analysis confirmed the stress relaxation with a reduction 
in compressive stress. Raman spectroscopy revealed an 
increase in defect-related vibrational modes, indicating the 
formation of oxygen vacancies due to Bi incorporation. 
The oxygen vacancies contributed to an increased carrier 
concentration, which significantly influenced the electrical 
and TE performance of the films. Although the Seebeck 
coefficient of the Bi-doped ZnO film remained low, the 
electrical conductivity of the doped film was fourfold higher 
than that of pure ZnO, leading to a substantial improvement 
in PF. The maximum power factor of the Bi-doped ZnO film 
was 463.8 μW/mK² at 773 K, compared to 314.8 μW/mK² 
for pristine ZnO under the same conditions. These results 
demonstrate that Bi doping effectively enhances the TE 
performance of ZnO thin films, with electrical conductivity 
playing a dominant role in power factor enhancement.
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