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Abstract 

Developing thermoelectric films without substrates—free-standing films—eliminates substrate-

induced effects on performance and meets the flexibility requirements of emerging wearable 

thermoelectric applications. This study investigates Gallium-doped Zinc Oxide (GZO), composed 

of abundant and non-toxic elements, to fabricate a substrate-free GZO film via 3D printing and 

compares its structural, chemical, and thermoelectric properties with those of a substrate-

constrained GZO film produced through chemical deposition. Both films exhibited uniform crystal 

structures and phase purity; however, the substrate-constrained film displayed additional 

diffraction peaks, suggesting potential substrate interactions. The 3D-printed free-standing film 

effectively eliminated the tensile stresses observed in the substrate-constrained film. FE-STEM 

analysis revealed nanostructures with homogeneous elemental distribution in both films, though 

the substrate-constrained film showed discontinuities, such as pores, likely caused by post-

deposition annealing treatment. XPS analysis highlighted differences in chemical states and 
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elemental compositions between the films, influenced by fabrication methods, substrate-induced 

stresses, and surface energy mismatches. The free-standing GZO film developed through 3D 

printing exhibited a more balanced incorporation of Zn and O, as it was not subject to substrate or 

post-deposition annealing constraints. Consequently, it demonstrated a 14% increase in electrical 

conductivity and a 91% improvement in the Seebeck coefficient compared to the substrate-

constrained film, resulting in a higher room-temperature power factor of 261 nW/m·K². These 

findings underscore the potential of 3D-printed free-standing GZO films to advance thermoelectric 

applications, offering a promising alternative to overcome the challenges of substrate-constrained 

films and further drive innovation in the field. 

 

Keywords: Thermoelectric; Nanostructured; Ga-ZnO; Film; Free-standing; Substrate- 

constrained. 
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Rapid industrialization and urbanization have significantly increased global energy consumption 

and environmental concerns [1]. Renewable and pollution-free ambient energy sources can reduce 

carbon dioxide (CO2) emissions by 1.2% for every 1% increase in renewable energy use [1]. 

Thermoelectric (TE) technology, which converts low-grade thermal energy into high-grade 

electrical energy, holds great promise for sustainable energy harvesting and supporting a carbon-

free economy [1]. TE technology is valued for its reliability, solid-state nature, noiseless operation, 

long lifespan, low maintenance, rapid response, and suitability for miniaturization [1–3].  

TE materials generate an electric voltage in response to a temperature gradient and vice versa 

through the Seebeck and Peltier effects, respectively [3]. Various strategies have been developed 

to enhance the performance of TE materials, including minority charge carrier filtering, quantum 

confinement, and strengthening phonon scattering [4,5]. Metal oxide-based TE films provide a 

low-cost, efficient, and environmentally friendly platform for developing advanced TE materials 

comparable to conventional bulk single crystals [6]. These films are promising for applications in 

power generators, miniaturized electronics, and wearable sensors for the Internet of Things (IoT) 

[6,7]. 

Zinc oxide (ZnO), an n-type semiconducting metal oxide, is notable for its abundance, non-

toxicity, broad operating temperature range, excellent oxidation resistance, and ease of processing 

[8,9]. These properties make ZnO a strong candidate to address the limitations of conventional TE 

materials such as Bi₂Te₃, PbTe, SnO₂, and SiGe [6,8]. ZnO's high lattice thermal conductivity can 

be reduced through nanostructuring, enhancing its TE performance by refining grain size and 

increasing phonon scattering at grain boundaries [10].  

Doping ZnO with suitable elements further optimizes charge transport and improves its TE 

properties [11–13]. Among various dopants, Gallium (Ga) is the most efficient for ZnO due to its 

Jo
urn

al 
Pre-

pro
of



____________________________________________________________________________4 

 
 

unique properties, including low reactivity, high oxidation resistance, and minimal lattice 

distortion [11]. Ga doping improves stress relaxation and enhances electrical conductivity, while 

its surfactant effect results in smoother film surfaces [11]. Ga³⁺ ions, with an ionic radius of 0.62 

Å, closely match the ionic radius of Zn²⁺ (0.60 Å), allowing for easy substitution in the ZnO lattice 

without significantly distorting the crystal structure [14]. The stability of the Ga/Zn solid solution 

also reduces the possibility of impurity formation, making Ga an ideal dopant for improving the 

thermoelectric performance of ZnO films [14]. There has been considerable interest recently in 

developing ZnO films either constrained by a substrate or as free-standing [15]. 

Substrate-constrained ZnO films are often fabricated using physical vapor deposition (PVD) and 

chemical vapor deposition (CVD) methods [16–18]. Sputtering, a widely used PVD method, has 

been demonstrated as an effective technique for fabricating ZnO thin films, as reported by Murmu 

et al. [19]. However, these deposition methods often require harsh processing conditions, which 

can limit material compatibility and substrate options [20]. Alternatively, Munaga et al. introduced 

a simpler, low-cost chemical solution deposition (CSD) method to develop uniform TE films on 

glass substrates using spin-coating [21]. Nonetheless, substrate properties can constrain the 

mechanical and thermoelectric properties of ZnO films [21]. For instance, Diestel et al. found that 

the high heat capacity of the substrate, compared to the film, reduces the usable temperature 

differential, thereby lowering the efficiency [22]. Furthermore, Alvarez-Quintana et al. 

demonstrated that substrate properties, including the film-to-substrate thickness ratio, significantly 

affect the thermoelectric efficiency of bismuth (Bi) films[23]. Simunkova et al. also emphasized 

the importance of adhesive and cohesive behavior on the mechanical properties of the film-on-

substrate system [24]. 
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Developing free-standing TE films, which eliminate substrate-induced constraints, is desirable for 

improving TE performance and achieving flexibility in applications such as wearable devices [25]. 

Additive manufacturing, particularly 3D printing, has emerged as a promising method for 

producing free-standing TE films. This technique enables the rapid, cost-effective, and 

reproducible fabrication of films with complex designs based on computer-aided design (CAD) 

models [26]. By removing substrate constraints, 3D printing can overcome the scalability and 

design challenges associated with conventional film-on-substrate processes [27,28]. For example, 

Zhang et al. developed 3D-printed TE films based on bismuth telluride (Bi₂Te₃) with enhanced TE 

properties [28]. However, tellurium (Te)-based compounds are limited by their brittleness, 

toxicity, and scarcity, making them less suitable for widespread application [6,28]. Therefore, 

developing alternative TE films based on earth-abundant, non-toxic materials like ZnO is critical 

for advancing TE technologies [6]. Additive manufacturing of such TE films will also enhance the 

development of next-generation TE modules with better sustainability and performance, enabling 

novel applications [29]. 

The structure and thermoelectric behavior of TE films could be influenced by the presence or 

absence of a substrate, which has not yet been thoroughly investigated for TE films based on earth-

abundant and safe elements. In the present work, free-standing and substrate-constrained Ga-doped 

ZnO (GZO) films will be developed from different formulated inks and processing routes, as 

shown in Figure 1. 3D printing will be used to produce substrate-free GZO films from an ink of 

photocurable resin and GZO nanoparticle additives. Substrate-constrained GZO films will be 

deposited through spin-coating a formulated ink of GZO nanoparticles with a polymer binder and 

volatile solvents onto a soda lime glass substrate, followed by post-treatment with annealing to 

burn out the binder and consolidate the film. This work will experimentally analyze the structural, 

Jo
urn

al 
Pre-

pro
of



____________________________________________________________________________6 

 
 

chemical, and thermoelectric properties of the developed free-standing and substrate-constrained 

GZO films using various characterization techniques, including XRD, FE-STEM, XPS, C-AFM, 

and TE measurements.  

 

Figure 1: Schematic of the experimental processes for developing free-standing and substrate-

constrained GZO films. 

 

2 Experimental 

2.1 Materials 

GZO nanopowder was supplied by Nanochemazone with 99% purity and an average particle size 

of 50–60 nm. Photocurable LCD-C resin was provided by SparkMaker, with a liquid density of 

1.10 g/cm³ and UV curing in the range of 355–420 nm. Polyethylene oxide (PEO) powder, with 

a molecular weight of 600,000–1,000,000 g/mol, was obtained from Acros Organics. All 

materials were utilized as received without further purification. 

2.2 Methods 
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2.2.1 Free-standing GZO Films  

GZO nanopowder was added to the photocurable LCD-C resin in equivalent weight fractions and 

homogenized through overnight magnetic stirring. Prolonged stirring times have been employed 

in the literature to ensure thorough dispersion of nanoparticles and to prevent the formation of 

agglomerates, which can negatively affect both the structural integrity and thermoelectric 

performance of the films [30–32]. CHITUBOX software was used to slice a 3D CAD model for 

printing, with parameters set at a 120-second exposure time and a lift speed of 60 mm/min. A 

Phrozen Sonic Mini Resin 3D Printer, operating at a 405 nm photocuring wavelength, printed a 50 

µm layer of the photocurable resin-GZO nanocomposite, as demonstrated in Figure 1. Free-

standing GZO films were immersed in isopropyl alcohol to remove uncured resin and then dried 

at room temperature for a clean, smooth surface finish. 

2.2.2 Substrate-Constrained GZO Films  

GZO nanopowder was mixed with a PEO binder dissolved in a 1:1 (v/v) ratio of distilled water 

(dH₂O) and ethanol (EtOH) to achieve a GZO concentration of 1.24 M [33]. The resulting 

GZO/PEO ink underwent 30 minutes of ultrasonication followed by overnight magnetic stirring 

to ensure homogenization. Soda-lime glass (SLG) slides having 1.1mm thickness, used as 

substrates, were ultrasonically cleaned for 10mins in a mixture of Acetone, dH2O, and Hellmanex 

III, followed by Methanol and Isopropyl Alcohol, consecutively to remove contaminants and then 

dried in an oven at 80°C for 15min to enhance the wettability. The GZO/PEO ink was deposited 

onto the pre-cleaned SLG substrates using a micropipette with a 500 µL volume and spin-coated 

at 3000 rpm for 60 seconds with an Ossila spin coater (L2001A3-E461, UK). Substrate-constrained 

GZO films were then annealed in an inert argon (Ar) atmosphere using a tube furnace (SYN-

1200CFTB, Henan Synthe, China) at a uniform temperature of 200 °C, with a constant 
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heating/cooling rate of 10 °C/min and a dwell time of 30 minutes, as shown in Figure 1. The 

annealing temperature of 200 °C was maintained to facilitate the removal of the low-content 

insulating PEO binder and to promote adequate connectivity among the GZO nanoparticles, 

consolidating the film with minimal structural deformation [33]. 

2.3 Characterizations 

2.3.1 Structure and Morphology 

Phase identification and grain size of the free-standing and substrate-constrained GZO films were 

determined using an X-ray diffractometer (XRD; PANalytical EMPYREAN, UK) equipped with 

a Cu/Kα radiation source (λ = 1.54 Å). Microstructural features and elemental distribution of the 

GZO films were investigated via analytical field emission scanning transmission electron 

microscopy (FE-STEM; Thermo Fisher Scientific Talos F200X, USA) in conjunction with energy 

dispersive X-ray spectroscopy (EDS). TEM samples were prepared as TEM lamellae using 

focused ion beam scanning electron microscopy (FIB/SEM; Thermo Fisher Scientific Versa 3D 

Dual Beam, USA). The chemical state and elemental composition of the GZO films were analyzed 

using X-ray photoelectron spectroscopy (XPS; Kratos AXIS Ultra DLD, USA). Surface 

topography and electrical characteristics of the GZO films were examined using conductive atomic 

force microscopy (C-AFM; Asylum Research MFP-3D, USA) with an ORCA probe. 

2.3.2 Thermoelectric Properties  

The electrical conductivity and Seebeck coefficient of free-standing and substrate-constrained 

GZO films were measured at room temperature using the experimental setup developed by Hasan 

et al. [34]. The setup consisted of an infrared thermometer (RayTemp 8, UK), hot plate, and source 

measure unit (SMU; Keithley 2400, USA). Electrodes were created on both ends of the free-

standing GZO film using conductive silver paste (Sigma-Aldrich). An interdigitated ITO substrate 
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(S162) served as the electrodes for substrate-constrained GZO film. The SMU instrument was used 

to measure resistance and evaluate the electrical conductivity of the films. To determine the 

Seebeck coefficient, a hot plate was used to heat one side of the film and create a temperature 

gradient (ΔT), generating a thermoelectric voltage (ΔV) measured with the SMU instrument. The 

slope technique was then used to determine the Seebeck coefficient (S=ΔV/ΔT) values from the 

generated thermoelectric voltage as a function of the temperature gradient on free-standing and 

substrate-constrained GZO films. 

3 Results and Discussions 

3.1 Structure and Morphology 

3.1.1 Crystallinity and crystallographic characteristics 

The crystallinity, microstructure features, and surface morphology of free-standing and substrate-

constrained GZO films were analyzed using XRD, FE-STEM, XPS, and AFM. Figure 2(a) shows 

the XRD patterns of polycrystalline GZO films developed from substrate-free and substrate-

constrained models, featuring sharp and narrow peaks that coincide with the standard ZnO 

hexagonal wurtzite structure peaks (JCPDS: 36-1451) [35]. This good agreement in peak positions 

and intensities for GZO films confirms their phase purity and uniform crystal structure. Figure 

2(b) illustrates the standard hexagonal wurtzite structure of GZO, depicting atomic configurations 

in indexed crystallographic planes such as (010), (002), and (101). These characteristic peaks are 

prominently observed with strong intensities at low Bragg angles (2θ) of 31.8°, 34.4°, and 36.3° 

in the XRD profiles of GZO films. Additional low-intensity diffraction peaks, marked with 

asterisks at 18.8°, 43.8°, and 58.9°, are observed in the XRD pattern of the substrate-constrained 

GZO film. These peaks may be attributed to reflections from the substrate, indicating potential 

interactions between the film and the substrate [29]. 
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Figure 2: (a) XRD patterns of free-standing and substrate-constrained GZO films. (b) Crystal 

structure of GZO with atomic configurations in the intense (010), (002), and (101) planes. 

 

The texture coefficient (TC) for a specific crystallographic plane (hkl) represents the degree of 

texture on that plane, with any deviation from the standard reference indicating a preferred growth 

orientation [36]. It is quantified as follows [37]: 

𝑇𝐶(ℎ𝑘𝑙) =
𝐼(ℎ𝑘𝑙) 𝐼𝑜(ℎ𝑘𝑙)⁄

𝑁−1 ∑ 𝐼(ℎ𝑘𝑙) 𝐼𝑜(ℎ𝑘𝑙)⁄𝑛
                                                                                                        (1) 

Where I(hkl) is the measured XRD intensity of the film, I₀(hkl) is the standard reference intensity, 

N is the number of reflections, and n is the number of diffraction peaks [37]. Table 1 presents the 

calculated TC values for the most intense peaks in the XRD patterns of GZO films. The (101) 

plane exhibits the highest TC, indicating a preferential orientation of GZO grains. This orientation 

correlates with the increased intensity of the (101) peak compared to the (010) and (002) peaks in 

the XRD patterns of GZO films. The processing route plays a key role in determining the degree 

of texture in polycrystalline films, contributing to the films' properties in line with the processing-

microstructure-texture-property relationship [38]. 
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Kennedy et al. demonstrated that the preferred orientation of ZnO films on SiO₂/Si substrates, 

prepared by ion beam sputtering, can be adjusted based on annealing conditions [39]. For instance, 

vacuum-annealed films exhibited (100) orientation, while air-annealed films showed (002) 

orientation [39]. Several factors influence preferential growth in polycrystalline films, including 

surface free energy, nucleation dynamics, surface diffusion, grain growth conditions, post-growth 

treatments, and film-substrate interactions [40]. Hu et al. reported that textured ZnO films with 

preferential (101)-oriented grains exhibit excellent light-trapping effects and electrical properties, 

making them suitable for transparent conducting electrodes [41]. 

Table 1  

XRD analysis of free-standing and substrate-constrained GZO films, showing the calculated 

texture coefficient (TC), crystallite size (D), microscopic lattice strain (ɛ), lattice parameters (a 

and c), unit cell volume (V), Zn–O bond length (L), density (ρ), out-of-plane strain (ɛzz), and in-

plane stress (σ). 

Sample 

TC (hkl)  

D 

(nm) 

 

ɛ 

(%) 

Lattice parameters 

ρ  

(g/cm3) 

 

ɛzz 

(%) 

 

σ 

(GPa) 
(010) (002) (101) 

a 

(Å) 

c 

(Å) 

V 

(Å3) 

L 

(Å) 

Free-standing GZO film 1.42 1.23 1.89 22.2 0.341 3.25 5.21 47.6 1.98 5.68 0.032 -0.075 

Substrate-constrained GZO film 1.51 1.20 1.84 24.8 0.089 3.26 5.23 48.1 1.99 5.62 0.442 -1.030 

 

The contribution of crystallite size (D) and microscopic lattice strain (ɛ) to the diffraction peak 

broadening profile in the XRD patterns of GZO films can be quantified using the Warren-

Averbach method as follows [42]: 

𝛽ℎ𝑘𝑙
2

tan2 𝜃
=

𝑙

𝐷
(

𝛽ℎ𝑘𝑙

tan 𝜃 sin 𝜃
) + 25 (𝜀2)                                                                                                         (2) 
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Where 𝛽ℎ𝑘𝑙 is the width of the (hkl) peak at half-maximum intensity in radians, λ is the wavelength 

of the X-ray beam, θ is the diffraction angle of the peak position in radians, D is the average grain 

size, and ε is the lattice strain [42]. Both GZO films exhibit a nanocrystalline structure, with the 

free-standing GZO film featuring finer crystallites (22 nm), as shown in Table 1. This finer 

structure might be attributed to the reduced clustering of GZO nanoparticles, hindered by 

interactions with polymeric chains from the photocurable resin matrix [43]. These interactions 

could also improve the dispersion of GZO nanoparticles, enhancing the interphase properties in 

free-standing GZO films [44]. The higher lattice strain in the free-standing GZO film (0.341%) 

may be due to localized structural distortions at the interfaces between GZO nanoparticles and the 

resin matrix [18]. Lou et al. proposed that engineering the lattice strain can significantly reduce 

lattice thermal conductivity, thereby enhancing the thermoelectric performance in polycrystalline 

films [45]. 

The microstructure data of ZnO films, including lattice constants (a, b, and c), can be calculated 

using the crystallographic plane indices (h, k, and l) as follows [46]: 

𝑑(ℎ𝑘𝑙) = [
4

3
(

ℎ2 + 𝑘2 + ℎ𝑘

𝑎2
)]

0

−0.5

                                                                                                             (3) 

Where d(hkl) is the inter-planar spacing derived from Bragg’s law and XRD patterns [46]. The 

lattice parameters of the standard reference ZnO are ao = bo = 3.25Å and co = 5.21Å [41]. Table 1 

shows that the substrate-constrained film exhibits higher lattice constants than the reference, which 

could be attributed to Ga doping, substrate interactions, or variations in synthesis parameters [47]. 

Ennaceri et al. reported that ZnO films with a higher c-lattice constant than strain-free ZnO bulk 

are subjected to tensile strain along the c-axis, perpendicular to the film’s substrate surface [48].  

The average uniform strain (ɛzz) in the lattice along the c-axis can be estimated from the lattice 

parameters using the following equation [49]: 
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𝜀𝑧𝑧 =
𝑐 − 𝑐𝑜

𝑐𝑜
∗ 100%                                                                                                                                   (4) 

The developed GZO films, as shown in Table 1, exhibit positive values for ɛzz, indicating the 

presence of tensile strain along the c-axis, with a more pronounced effect in the substrate-

constrained film, which correlates with the increase in its c-lattice constant. For the substrate-free 

GZO film, ɛzz is negligible, confirming the effective relaxation of its crystal structure. This 

relaxation may minimize surface energy and enhance the film's stability [50]. 

As a result of out-of-plane tensile strains, the unit cell may elongate along the c-axis, leading to 

changes in the volume (V) of the unit cell and the bond length (L) of Zn–O in the developed films. 

These changes can be calculated using the following relations [49,50]: 

𝑉 =
√3

2
𝑎2𝑐                                                                                                                                                    (5) 

𝐿 = √(
𝑎2

3
+ (

1

2
− 𝑢)

2

𝑐2)                                                                                                                        (6) 

where u is the internal parameter of the wurtzite-structured ZnO, estimated as follows [50]: 

𝑢 = (
1

3
) (

𝑎2

𝑐2
) +  

1

4
                                                                                                                                      (7) 

Table 1 shows that the substrate-constrained GZO film exhibits a higher unit cell volume of 48.1 

Å³ and bond length of 1.99 Å compared to the standard values of 47.5 Å³ and 1.98 Å, respectively 

[41]. Malek et al. correlated the increase in the a and c lattice parameters to a decreased electrostatic 

attraction between Zn²⁺ and O²⁻ ions in ZnO films deposited on glass substrates via the dip-coating 

technique [49]. A reduced electrostatic attraction between the zinc and oxygen ions results in 

inferior electrical transport, as the atoms are more distant due to the longer Zn–O bonds [51]. This 

may also weaken the Zn–O bond, reduce the dissociation energy required to break it, and 

subsequently lower the thermal stability of the GZO film [51]. 
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The tensile strain along the c-axis may also induce a compressive force in the plane of the deposited 

film, leading to increased compressive stress in the lateral direction [52]. The stress in the plane 

(σ) of GZO films can be determined using the following biaxial stress model expression [52]: 

𝜎 =
2𝐶13

2 − 𝐶33(𝐶11 + 𝐶12)

2𝐶13
∗ 𝜀𝑧𝑧                                                                                                              (8) 

where Cij are the bulk ZnO elastic stiffness constants: C11=208.8GPa, C12=119.7GPa, 

C13=104.2GPa, and C33=213.8GPa [49]. This equation gives the following numerical stress 

relationship: 

𝜎 = −233𝐺𝑃𝑎 ∗ 𝜀𝑧𝑧                                                                                                                                     (9) 

The negative sign of σ values in Table 1 indicates that the developed GZO films are under 

compressive stress. The substrate-free film shows minimal stress, with a magnitude of -0.075 GPa, 

approaching that of unstressed bulk ZnO, while the substrate-constrained film exhibits significant 

compressive stress, reaching -1.03 GPa. The total residual stress in the film typically consists of 

extrinsic and intrinsic stresses [49]. In the substrate-constrained model, the residual stress in the 

GZO film is mainly due to extrinsic factors, such as mismatches in lattice parameters and thermal 

expansion coefficients between the film and substrate [49]. In contrast, intrinsic stresses dominate 

the substrate-free GZO film, resulting in microstructural lattice strain, as evidenced by the high 

strain values in Table 1 [51]. Tuan Thanh Pham et al. observed that residual stresses significantly 

impact the thermoelectric performance of GZO films, with higher power factors found in films 

with lower compressive stress [51]. 

The theoretical density (𝜌) of the developed films can also be estimated from the lattice constants 

as follows [48]: 

𝜌 =
1.6609 ∗ 𝑀𝑊 ∗ 𝑛

𝑎2𝑐√3
4

                                                                                                                              (10) 
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where MW is the molecular weight of ZnO (81.41 g/mol), and n is the number of molecules per 

unit cell, which equals 2 [48]. The calculated density values in Table 1 show that the free-standing 

GZO film is close to 5.69 g/cm³, similar to bulk ZnO, while the substrate-constrained film has a 

lower density of 5.62 g/cm³. Saini et al. linked the decrease in density of ZnO films to a high 

degree of porosity, which degrades thermoelectric performance by causing film discontinuity, 

hindering intergranular electron transport, and reducing electrical conductivity [53]. 

3.1.2 Nanostructure features and elemental distribution 

The high-resolution bright-field STEM micrographs in Figures 3 (a) and (b) offer insights into the 

nanostructure of substrate-constrained and free-standing GZO films. These images reveal 

randomly oriented GZO nanoparticles forming interconnected networks through heterogeneous 

grain boundaries at various angles. Notably, the substrate-constrained film displays discontinuities 

attributed to pores formed during annealing, which removes the insulating binder, while the free-

standing film exhibits additional interfaces with the photocurable resin matrix during the 

photopolymerization process. Grain size distribution profiles obtained from BF-STEM images 

(Figures 3 (c) and (d)) indicate average sizes of 21.9 nm and 24.7 nm for free-standing and 

substrate-constrained films, respectively, consistent with XRD analysis. Additionally, the 

diffraction patterns (Figures 3 (e) and (f)) reveal polycrystalline structures for both films, with 

equiaxed grains in circular rings and random orientations, corresponding to various 

crystallographic planes observed in XRD patterns. 
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Figure 3: High-resolution FE-STEM analysis of free-standing (top row) and substrate-constrained 

(bottom row) GZO films, featuring: (a-b) Bright-field STEM images, (c-d) Grain size distribution, 

(e-f) Diffraction patterns, and (g-h) HR-STEM images with upper insets showing FFT patterns. 

 

In Figure 3 (h), the HR-STEM micrograph of the substrate-constrained GZO film illustrates 

interactions among randomly oriented GZO nanoparticles, suggesting improved connectivity post-

annealing. This enhancement may increase film conductivity and potentially induce structural 

disorder at grain boundaries, thereby increasing the film's Seebeck coefficient [44]. Similarly, 

Figure 3 (g) shows interactions among randomly oriented GZO nanoparticles and interfaces with 

the resin matrix in the free-standing GZO film, potentially enhancing the film's energy filtering 

effect and Seebeck coefficient. Figures 3 (g) and (h) also depict the interplanar spacings of the 

GZO nanoparticles corresponding to specific XRD diffraction planes. The upper insets in Figures 

3 (g) and (h) present the fast Fourier transform (FFT) patterns of the HR-STEM micrographs, 

confirming a hexagonal structure consistent with the standard ZnO lattice. This observation aligns 

with the crystallinity findings from the sharp and narrow XRD diffraction patterns. Figures 4 (a) 

Jo
urn

al 
Pre-

pro
of



____________________________________________________________________________17 

 
 

and (b) showcase high-angle annular dark-field scanning transmission electron microscopy 

(HAADF-STEM) images of both films, along with corresponding EDS elemental mapping 

images. These images reveal a uniform distribution of Ga, Zn, and O elements on the SLG 

substrate (Si) and within the resin matrix (C), suggesting potential enhancements in the films' 

thermoelectric properties [54]. 

 

Figure 4: HAADF-STEM images with corresponding EDS elemental mapping of C, Si, Ga, Zn, 

and O elements in (a) free-standing and (b) substrate-constrained GZO films. 

 

3.1.3 Chemical state and elemental composition 

XPS analysis examined the chemical composition and binding states of both substrate-constrained 

and free-standing GZO films. Figure 5 presents the full survey XPS spectra, highlighting the core 

levels of C 1s, O 1s, Zn 2p, and Ga 2p at various binding energies. These peaks correspond to 

GZO nanoparticles, the resin matrix in free-standing films, or the polymeric binder in substrate-

constrained films. The higher intensity of the C 1s core level in the free-standing film is attributed 

to the presence of the resin matrix, emphasizing the compositional differences between the two 

films. The increased intensity of the Zn 2p peak relative to the Ga 2p peak confirms the successful 

doping of Ga into the ZnO lattice. 
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Figure 5: Full survey XPS spectra of free-standing and substrate-constrained GZO films. 

 

Gaussian spectral fitting of the XPS data provides further insights into the binding states of the 

elements. Figures 6 (a) and (b) decompose the C 1s peak into C–O–C and H–C/C–C peaks, 

indicating the presence of a resin matrix in the free-standing film and binder residues in the 

substrate-constrained film. Figures 6 (c) and (d) fit the Ga 2p core level peaks, revealing Ga–O 

bonds and Ga 2p3/2 spin-orbit peaks with slight variations. This shift in peak positions suggests 

different chemical environments and substrate interactions, leading to high in-plane stresses, as 

observed from the XRD analysis [55]. The binding energy of the Ga 2p peaks typically occurs 

around 1115.1 eV and 1114.7 eV for the free-standing and substrate-constrained GZO films, 

respectively, further confirming the incorporation of Ga into the ZnO lattice, consistent with the 

literature [55]. 
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Figure 6: XPS spectra of (a-b) C 1s, (c-d) Ga 2p, (e-f) Zn 2p, and (g-h) O 1s core levels for free-

standing (top row) and substrate-constrained (bottom row) GZO films. 

 

Similarly, Figures 6 (e) and (f) show the Zn 2p core level spectra, attributed to Zn–O–Ga bonds 

and the spin-orbit splitting of Zn 2p1/2 and Zn 2p3/2, confirming the presence of Ga-doped ZnO 

nanoparticles in both films. The binding energies for the Zn 2p peaks are generally observed 

around 1017.9 eV (Zn 2p3/2) and 1040.8 eV (Zn 2p1/2), which confirms the oxidized state of Zn 

and supports the stability of the GZO films. Figures 6 (g) and (h) display the O 1s spectra peaks, 

confirming the presence of heterogeneous interfacial bonds and interdiffusion regions between the 

resin matrix and GZO nanoparticles in the free-standing film. These findings align with TEM and 

XRD analyses, indicating distinct chemical environments within the GZO films, which may 

influence their thermoelectric properties [21]. The O 1s peak intensities suggest that the Zn–O 

bond is dominant in the substrate-constrained film, implying low-density heterogeneous interfaces 

due to minimal binder residues following annealing. 

Table 2 presents the elemental compositions of both substrate-constrained and free-standing GZO 

films, confirming the presence of the Ga dopant, which indicates the formation of n-type Ga-doped 
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ZnO films. Variations in ink formulations and processing techniques result in differences in GZO 

film compositions, significantly affecting their properties [56]. In the free-standing film, the Zn 

and C contents are nearly equal. In contrast, Zn predominates over C in the substrate-constrained 

film, primarily due to the removal of binder material during annealing, leaving 6 wt% of residual 

binder. Table 2 also shows a higher Zn ratio in the substrate-constrained GZO film compared to 

the free-standing GZO film. This significant difference in Zn and O ratios can be attributed to 

several factors related to the manufacturing processes and material interactions. Higher 

temperatures and varying oxygen partial pressures during post-deposition annealing may enhance 

Zn incorporation in substrate-constrained films [57]. Additionally, substrate-induced stresses 

could affect oxygen diffusion and film growth kinetics, promoting Zn adsorption and leading to 

oxygen vacancies [58]. Raidou et al. found that the substrate’s nature influences the crystal 

structure and morphology of ZnO films, resulting in distinct XPS behaviors [58]. In contrast, free-

standing films developed through 3D printing exhibit a more balanced incorporation of Zn and O, 

as they are not subject to substrate or post-deposition annealing constraints. 

Table 2 

XPS analysis of the elemental composition in free-standing and substrate-constrained GZO films 

Sample 
Element (wt%) 

Ga Zn O C 

Free-standing GZO film 2.46 38.4 26.0 33.1 

Substrate-constrained GZO film 1.20 75.2 17.7 5.90 

 

3.1.4 Surface topography and electrical characteristics 

Figure 7 presents the C-AFM surface topography and current mapping images for free-standing 

and substrate-constrained GZO films. In Figures 7 (a) and (b), the AFM topography images reveal 

a fine granular structure for the developed GZO films, consistent with nanostructural observations 
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from XRD and TEM analyses. The interactions between GZO nanoparticles exhibit better 

interconnectivity in the free-standing GZO film, resulting in a surface roughness of 262 nm, 

compared to 148 nm for the substrate-constrained film. This difference is attributed to the dense 

structure formed from multiple nano-sized GZO particles dispersed homogeneously in the 

photocurable resin matrix, as observed in TEM and XPS analyses. This structure potentially 

enhances interfacial bonds and thermoelectric properties [42]. The development of a dense 

structure in the free-standing GZO film is also corroborated by TEM analysis, which shows a bulk-

like calculated density based on XRD analysis. Mousavi et al. reported that increased surface 

roughness decreases lattice thermal conductivity due to enhanced phonon-surface roughness 

scattering [59]. Similarly, Baghdadi et al. demonstrated that modifying the surface roughness of 

ZnO nanomaterials can improve thermoelectric properties by promoting significant phonon 

scattering in all directions [60]. 

 

Figure 7: C-AFM surface topography (a-b) and current mapping images (c-d) for free-standing 

(left-column) and substrate-constrained (right-column) GZO films. All measurements were 

obtained from a 5x5µm² surface area at a bias voltage of 10V. 
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In Figures 7 (c) and (d), the current mapping images and line profiles illustrate conductivity 

domains of 200 pA and 175 pA for free-standing and substrate-constrained GZO films, 

respectively. The conductive domain is recognized by high carrier delocalization, possibly due to 

the crystalline structure of the developed films, as revealed by XRD profiles, which enhances the 

mobility of charge carriers [61]. However, the current profile of the substrate-constrained GZO 

film reveals a non-uniform conductivity domain across the film compared to the more uniform 

free-standing model. The potential interactions between the film and substrate in the substrate-

constrained model may contribute to this non-uniformity, potentially leading to anisotropic 

electrical conductivity that varies depending on the location within the substrate-constrained GZO 

film [62]. The inhomogeneous conductivity domain may also be correlated with the evolution of 

a porous microstructure in the substrate-constrained GZO film, as observed in TEM analysis. 

These pores could disrupt the connectivity of GZO nanoparticles, impede electron transport, and 

hinder uniform current distribution throughout the film [63]. 

3.2 Thermoelectric Properties 

The analysis of thermoelectric properties in both substrate-constrained and free-standing GZO 

films can differ significantly due to variations in heat flow paths [22]. In substrate-constrained 

films, heat flows along two parallel paths—through the substrate and the film—while in free-

standing films, heat flows only through the film due to the absence of a substrate, as shown in 

Figures 8(a) and (b). In film-substrate systems, part of the heat current may dissipate into the 

substrate, potentially creating a thermal or electrical shunt for the thermoelectric film, depending 

on the electrical and thermal characteristics of the substrate [42]. Considering the electrical current 

flowing through parallel paths, the thermoelectric voltage (Vth) depends on the electrical 

conductivities of both the substrate (σs) and the film (σf), as well as the thickness of the film (tf) 
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and the substrate (ts), thereby affecting the system's thermoelectric performance [23]. Alvarez-

Quintana et al. noted that when heat flows cross-plane in the substrate-film system, the heat 

distribution in each material is similar [23]. Consequently, an increase in the substrate's 

temperature reduces the total temperature rise in the film, thereby affecting its thermoelectric 

performance [24]. 

 

Figure 8: Thermoelectric analysis of (a) free-standing and (b) substrate-constrained GZO films. 

(c-d) Room-temperature thermoelectric properties of GZO films in the present work compared to 

other thermoelectric films [64–75]. 

 

The free-standing GZO film demonstrates a 14% enhancement in room-temperature electrical 

conductivity compared to the substrate-constrained GZO film, as shown in Figure 8(c). This 

improvement is directly attributed to the low-stress crystalline structure and densely packed 

microstructure observed in the free-standing GZO film, as confirmed by XRD and TEM analyses. 
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In contrast, the XRD analysis of the substrate-constrained film revealed significant lattice strain 

and compressive stress, which likely strengthen electron-lattice interactions, reduce the mean free 

path of electrons, and increase electron scattering, thereby lowering the electrical conductivity 

[76]. These findings align with the decrease in calculated density from XRD analysis of the 

substrate-constrained GZO film, which correlates with the high porosity observed via TEM 

analysis, indicating a lack of continuity in the structure and contributing to reduced intergranular 

electron transport [77]. Additionally, film-substrate interactions may affect the electrical 

conductivity of the substrate-constrained GZO film, potentially creating a non-uniform 

conductivity domain, as identified via XPS and C-AFM analyses. 

The Seebeck coefficient values for the developed GZO films are negative, indicating typical n-

type conductivity behavior, where electrons are the major charge carriers [21]. Compared to the 

substrate-constrained film, the free-standing film exhibits a remarkable 91% improvement in the 

room-temperature Seebeck coefficient, as shown in Figure 8(c). This significant enhancement is 

attributed to nanostructure evolution in the free-standing film, which features refined grains and 

heterogeneous grain boundaries. These structures enhance the energy-filtering effect, selectively 

scattering low-energy electrons and increasing the magnitude of the Seebeck coefficient [78]. The 

thickness ratio between the substrate and the film, denoted as X = ts/tf, may also play a crucial role 

in inducing Vth in response to temperature differences across the film-substrate system [23]. TEM 

analysis revealed a thickness of 477 nm for the substrate-constrained GZO film compared to 1.1 

mm for the SLG substrate. This results in a high thickness ratio of 2306, indicating substrate 

dominance, thereby behaving as a non-thermoelectric system. The challenges of substrate-

constrained films in thermoelectric applications, especially at nanoscale thicknesses, emphasize 

the importance of utilizing free-standing films, which eliminate substrate interference [22]. 
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Figure 8(d) compares the room-temperature power factor (PF) of the developed GZO films with 

other thermoelectric films, calculated as follows [6]: 

𝑃𝐹 =  𝜎 ∗ 𝑆2                                                                                                                                               (11) 

where σ is the electrical conductivity, and S is the Seebeck coefficient [6]. According to the Mott 

relation, a decrease in electrical conductivity typically leads to an increase in the Seebeck 

coefficient, while the Wiedemann–Franz law correlates higher electrical conductivity with 

increased thermal conductivity [79]. These physical constraints limit thermoelectric efficiency, 

complicating the optimization of the power factor. The free-standing GZO nanocomposite film 

exhibits a PF of 261 nW/m·K² at room temperature, representing a 70% increase compared to a 

MoS2/CNT composite film (160 nW/m·K²) on a PET substrate (via the doctor blade method), and 

an 89% improvement compared to a ZnO film (60 nW/m·K²) on a Kapton substrate (via the SILAR 

method) [66,70]. Furthermore, the PF demonstrates a 94% enhancement over an Al-doped ZnO 

film (32 nW/m·K²) on a quartz substrate (via thermal oxidation) and an 80% improvement over 

the PVA-doped SWCNT flexible film (110 nW/m·K²) produced via inkjet printing [64,68]. 

This clearly demonstrates the effectiveness of the proposed growth methodology in improving 

thermoelectric performance, driven primarily by the elimination of substrate constraints and the 

optimization of the crystalline microstructure through 3D printing technology. By removing the 

substrate, variations in structure and composition can influence localized stresses and enhance the 

thermoelectric properties of the developed GZO films [23]. Through 3D printing technology, 

tensile stresses in substrate-constrained films are effectively eliminated. While the PF of the 

developed GZO films still requires further improvement to exceed those achieved in high-

performance GZO films using complex, high-cost deposition techniques, the proposed 

methodology enhances scalability, simplifies the fabrication process, and offers potential for 
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further development using 3D printing technology [80–82]. These advancements could promote 

further utilization of this inexpensive, abundant, and environmentally friendly thermoelectric 

material in sustainable, tellurium-free thermoelectric devices [1,6]. 

4 Conclusions  

This research investigated Ga-doped ZnO (GZO) films, composed of safe and abundant elements, 

comparing free-standing GZO films produced via 3D printing with substrate-constrained GZO 

films developed using conventional chemical methods. The study focused on analyzing their 

structural, chemical, and thermoelectric properties. XRD patterns revealed uniform crystal 

structures and phase purity in both films; however, additional peaks in the substrate-constrained 

film suggested interactions with the substrate. FE-STEM micrographs showed granular 

nanostructures in both films, with the substrate-constrained film exhibiting discontinuities, likely 

due to annealing-induced pores. XPS analysis highlighted compositional differences, particularly 

in zinc and carbon content, resulting from the different fabrication methods. C-AFM analysis 

revealed variations in surface morphology and conductivity profiles, with the free-standing film 

demonstrating a more uniform conductivity domain. The free-standing GZO film exhibited 

superior electrical conductivity and a significantly enhanced Seebeck coefficient, leading to a 

higher power factor at room temperature. This study underscores the potential of 3D-printed, free-

standing GZO films to advance thermoelectric applications by addressing the limitations of 

substrate-constrained films. Future research should explore performance at higher temperatures, 

examine thermal conductivity, and investigate the incorporation of multidimensional fillers to 

further enhance thermoelectric properties. These future directions will deepen the understanding 

of GZO films and pave the way for practical applications in sustainable energy harvesting. 
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Highlights: 

• Free-standing and substrate-constrained Ga-doped ZnO (GZO) films are produced using 

3D printing and conventional chemical deposition, respectively. 

• GZO films exhibited crystallinity and phase purity, with additional peaks in substrate-

constrained films indicating substrate interactions. 

• Nanostructures were present in both films, with the substrate-constrained film showing 

discontinuities, possibly due to annealing-induced pores. 

• Free-standing GZO film demonstrated a remarkable improvement in power factor at room 

temperature. 

• ANSYS modeling highlights the substrate's impact on supported film performance and 

emphasizes optimizing properties and thickness in film-substrate systems. 

• Findings suggest the potential of 3D-printed free-standing GZO films to advance 

thermoelectric applications and provide an alternative to substrate-constrained films. 
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