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CONTROLLABLE GROWTH OF TELLURIUM-BASED FILMS BY 
ELECTROCHEMICAL DEPOSITION TECHNIQUE 

ABSTRACT 

Thermoelectric devices are composed of n-type and p-type materials. The purpose 

of this research was to study the controllability of tellurium (p-type) thin films. As 

for thin films, although the films are fabricated via many techniques, 

electrochemical deposition as one of many methods has some advantages, which 

can accurately control deposition parameters to obtain the corresponding film 

morphology and grain size. On the premise of being a material for thermoelectric 

microdevices, this work is aimed at growing a dense and homogeneous tellurium 

film in an atmospheric environment by electrodeposition at 300K. This study 

found that the CV curve shifts in the positive direction with increasing deposition 

time. Based on the findings, we set up the initial potential and the stabilized 

potential to study the tellurium film. In addition, three different additives (tartaric 

acid, polyvinyl alcohol, and sodium lignosulfonate) have been used and the pH 

was adjusted to optimize the morphology of tellurium films.  

 

Keywords: Tellurium, Electrodeposition, Additives, Optimal morphology  
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PERTUMBUHAN FILEM BERASASKAN TELURIUM YANG 

TERKAWAL OLEH TEKNIK PEMENDAPAN ELEKTROKIMIA 

ABSTRAK 

Peranti termoelektrik terdiri daripada bahan jenis-n dan jenis-p. Tujuan 

penyelidikan ini adalah untuk mengkaji kebolehkawalan pembuatan filem nipis 

tellurium (jenis-p). Bagi filem nipis, walaupun filem dibuat melalui pelbagai 

teknik, pemendapan elektrokimia sebagai salah satu daripada banyak kaedah 

mempunyai beberapa kelebihan, antaranya boleh mengawal parameter 

pemendapan dengan tepat untuk mendapatkan morfologi filem dan saiz butiran 

yang sepadan. Atas premis sebagai bahan untuk peranti mikro termoelektrik, kerja 

ini bertujuan untuk menghasilkan filem tellurium yang padat dan homogen dalam 

persekitaran atmosfera melalui elektrodeposisi pada 300K. Kajian ini mendapati 

bahawa keluk CV beralih ke arah positif dengan peningkatan masa pemendapan. 

Berdasarkan penemuan, kami menetapkan potensi voltan awal dan potensi voltan 

stabil untuk mengkaji filem telurium. Di samping itu, tiga bahan tambahan yang 

berbeza (asid tartarik, polivinil alkohol, dan natrium lignosulfonat) telah 

digunakan dan pH telah diselaraskan untuk mengoptimumkan morfologi filem 

tellurium.  

 

Kata kunci: Tellurium, pemendapan eletrokimia, bahan tambahan, 

pengoptimuman morfologi 
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CHAPTER 1: INTRODUCTION 

1.1 Overview 

Thermoelectricity was first mentioned and researched in the mid-twentieth 

century as a new method to solve excess energy waste heat. The temperature 

difference between the cold and hot ends of a thermoelectric device generates 

electric power, which is widely used in refrigeration and power generation in the 

21st century. Thermoelectric materials were employed in the area of 

microelectronic fields (Li et al., 2018), sensors (Wang et al., 2022), refrigerators 

(Chen et al., 2022), air conditioning (Bakthavatchalam et al., 2022), transportation 

(Vale et al., 2017), aerospace (Janak et al., 2015). 

As for thermoelectric materials, the efficiency of TE material is governed by the 

figure of merit (ZT), which is defined as: ZT = S2𝜎T/𝜅, where S is the Seebeck 

coefficient, 𝜎 is the electrical conductivity, T is the absolute temperature and 𝜅 is 

the total thermal conductivity of the materials. The ZT value has increased from 

less than 1 in 2010 to nearly 2.0 in 2020 with the deepening research. (El-Makaty 

et al., 2021) The high ZT value guarantees the quality of materials and devices.  
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Figure 1.1 Development and application of thermoelectricity (Ref. El-
Makaty et al. 2021) 

 

The quality of thin film materials is one of the important indicators for high-

quality chip production. Up to date, many technologies are used to fabricate a 

variety of thin films for chips, such as molecular beam epitaxial (Kang et al., 2019) 

(MBE), chemical vapor deposition (Newbrook et al., 2020) (CVD), thermal 

evaporation (Hamdi-Mohammadabad et al., 2022), electron beam deposition 

(Sudarshan et al., 2020) (EBD), sputtering (Zheng et al., 2014), and 

electrochemical deposition (Manoharan et al., 2021) (ECD). The films with 

different morphologies and properties are applied to devices and applications. 

However, deposition techniques have difficulties in some fields, such as 

controlling morphology, enhancing properties, and efficiently producing thin 

films. Based on these problems, we chose the technique of electrochemical 

deposition (ECD) to try to solve the deposition problem of p-type semiconductor 

tellurium and n-type semiconductor thin films, because of its advantages of 

efficient control of parameters and simple experimental conditions.  
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Figure 1.2 Schematic of technique (a) Molecular beam epitaxial (Ref. 
AdNaNo-tek) (b) Chemical vapor deposition (Ref. Tang et al., 2021) (c) 

Sputtering (Ref. Davidsbn, 2015) (d) Electrodeposition (Ref. Vanalakar et 
al., 2018) 

 

1.2 Background  

Tellurium is a novel semiconductor material. Since the 20th century, there have 

been many researchers studying tellurium thin films or tellurium doping creating 

different structures to suit different application fields via different techniques, 

such as galvanic displacement (Rheem et al., 2010), thermal vacuum evaporation 

(Tsiulyanu et al., 2013), typical chemical (Choi et al., 2014), electrochemical 

technique (Abad et al., 2015), non-hydrolytic sol-gel process (Shen et al., 2016), 

solvothermal method (Li et al., 2017), vacuum-assisted filtration (Song et al., 

2017), hydrothermal method (Wang et al., 2018), Low-temperature chemical 

reduction approach (Tsao et al., 2019) water-based scalable synthetic method 

(Karalis et al., 2021), physical vapor deposition (PVD) (Yang et al., 2021), wet 
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chemical assisted synthesis (Saxena et al., 2021), chemical vapor transport (CVT) 

(Zhao et al., 2022). 

Tellurium, a narrow bandgap p-type semiconducting TE material, it has deserved 

wide attention because of its thermoelectric, photoconductive, piezoelectric, and 

optical properties. Low-dimensional Te-based nanomaterials show unique internal 

features, an elemental electrical switch was designed via phase-change memory 

(Shen et al., 2021). Apte et al. (2021) reported that two-dimensional 𝛼-Tellurium 

films have great piezo-response (piezoelectric coefficient 1pm/V). In addition, 

Raman spectroscopy under strain and magneto-transport has been shown by one-

dimensional van der Waal material Tellurium and recorded by Du et al. (2017). 

Table 1.1 shows the different types of tellurium materials and their performance.  

 
Table 1.1 Various types of tellurium and their various properties 

 

 
 

Tellurium plays an important role as the main component or as a dopant. Lai et al. 

(2020)  studied the enhancement of properties of thermoelectric Te films doped 

with Cu at different concentrations. Xin Bo et al. (2019) and Lim et al. (2009) 
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investigated Sb2Te3 in thermoelectric film fields. The morphology of Bi-Te alloy 

nanoparticles synthesized via electrodeposition was analyzed by Gan et al. (2010). 

Indium and tellurium co-doped bismuth selenide single crystals have been 

produced by melt growth technique by Hegde et al. (2021). Rudnik et al. (2013) 

used an electrochemical technique to study co-deposition of copper and tellurium. 

Tellurium copper compounds exhibit polycrystalline p-type semiconductors 

behavior.  

 

1.3 Problem statement 

Nowadays, film products are fabricated through different technologies and 

applied in various fields. Different film morphologies are required for applications 

with different properties. A systematic prediction is possible for the growth of 

various types of thin films, such as photocatalytic film (Cabrera et al., 2012), 

photo-response nanorods (Kang et al., 2019), photoelectrochemical films 

(Mohsen Momeni & Najafi, 2021), piezo-response films (Apte et al., 2021),  

piezoelectric film (Chuai et al., 2021), thermoelectric film (Van Toan et al., 2020).  

As for thermoelectric materials, the anisotropic structures have a huge impact on 

the characterization and properties of micro-thermoelectric devices. The dense 

thick films are favored in thermoelectric fields. Film morphology may affect 

material properties, thus, controlling the growth of the sample surface morphology 

is critical. Compared to other deposition methods, electrochemical deposition 

techniques have many advantages, which are fast sample deposition, sample 

purity and cost-effectiveness. It is necessary for easily adjusting the parameters to 
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control the sample morphology as much as possible during the experiment process. 

The study of growing films with specific morphologies is valuable. Glatz et al. 

(2008) reported the thick layers of Bi2+xTe3-x with controlled stoichiometry. Xin 

Bo et al. (2019) have researched on controllable electrochemistry and its 

mechanism. The mechanism of underpotential deposition is proposed by Santos 

et al. (2011). Electrodeposition method can easily control these parameters 

(potential, current, electrolyte concentration and deposition time) to achieve the 

mastery of thin film morphology.  

Most studies pay attention to the properties, with less discussion on morphology. 

As for films in the thermoelectric field, dense and thick morphology is critical. 

This study selected the optimized potential (stable potential) by CV curves and 

additives to improve the tellurium film morphology. The morphology of sample 

is indeed more optimized with stable potential, polyvinyl alcohol (PVA) additives 

(stable potential) and sodium lignosulfonate (SLS) additives (stable potential). 

Tellurium films are more homogeneous, reaching a thickness of 1-2𝜇m.  

 

1.4 Objectives of the study 

The objectives of the study are as follows: 

1. To preliminary explore the electrodeposition of tellurium film by comparing 

the chronoamperometry and fast pulse deposition methods.  

2. To study the Cyclic Voltammetry curve of tellurium and find out the optimized 

potential to control fabrication of density and homogeneity thin films.  

3. To improve tellurium morphologies by using surfactants/additives.  
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1.5 Scope of works  

In this study, firstly the cyclic voltammetry curve of Te will be analyzed. Based 

on the CV curve, the morphology of the tellurium films fabricated at both stable 

and initial potential was studied and compared. The effects of additives and the 

pH value of electrolytes on the morphology of tellurium films will be investigated 

in detail. Optimization of the morphology of tellurium films will be carried out at 

the final stage of this study.  
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CHAPTER 2: LITERATURE REVIEW 

2.1 Introduction 

This section aims to provide an overview of the literature on tellurium and its 

applications in different fields as the main component and doping. In addition, not 

only the properties of tellurium will be introduced, some literatures on the 

morphologies of tellurium will be also covered in this section.  

 

2.2 Modification of Tellurium  

Tellurium has made many advances in some fields in the last ten years, such as 

the performance optimization of thermoelectric materials, thermoelectric devices, 

gas sensors, optical absorption, and its response. Improvising of thermoelectric 

materials has long been the focus of attention in the world.  

In the fields of organic hybrid for tellurium materials, Choi et al. (2014) reported 

about their findings on tellurium nanowires (Te NWs) films hybridized with 

single-walled carbon nanotube (SWCNT) as a flexible thermoelectric material via 

the typical chemical procedure. The electrical conductivity and figure of merit 

(ZT) have significantly increased from 4 to 50 S∙m-1 and 0.05×10-2 to 0.45×10-2, 

respectively.  

Abad et al. (2015) reported about thermoelectric properties of tellurium films with 

sodium lignosulfonate (SLS) additive prepared by electrochemical deposition. Its 

power factors reached maximum values of 415 𝜇 W/m ∙ K2 without SLS and 
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110𝜇W/m∙K2 with SLS at 105℃.  

In the same year, Gao et al. prepared the water processable RGO/Te (reduced 

graphene oxide) nanowires (NWs) hybrid films. These hybrid films with 

maximum power factor (68.4μ W/mK2), electrical conductivity (633S∙ m-1) and 

Seebeck coefficient (382 μ V/K) have been enhanced better than before the 

modification.  

In addition, Wang et al. (2018) synthesized  ultra-fine Te NWs with a diameter of 

10-35nm by a hydrothermal route. The Seebeck coefficient of Te NWs films was 

as high as 551μV/K and the thermal conductivity was as low as 0.16Wm-1K-1. Its 

electrical conductivity and ZT values were 1.29S∙ m-1 and 0.72× 10-3 at room 

temperature. Te/PVDF (Te with polyvinylidene fluoride) films could be rolled up 

on a pencil to show good flexibility.  

Liu et al. (2020) successfully prepared the NaNbO3/Te-NRs (nanorods) 

composites via a hydrothermal method. The introduction of NaNbO3 effectively 

improves the environmental stability of Te-NRs. The electrical conductivity and 

Seebeck coefficient of NaNbO3/Te-NRs achieve increase simultaneously at room 

temperature, when the mass ratio of NaNbO3:TeO2 is 1:1, the highest PF value 

reach 43.5μWm-1K-2 and ZT is achieved for 0.081.  

Moreover, Ni et al. (2020) found that a unique free-standing flexible Te-coated 

PEDOT (Poly(3,4-ethylenedioxythiophene)) hybrid films could be prepared by 

electrodepositing Te nanostructures on PEDOT NW film. The hybrid films were 

optimized and achieved the maximum PF of 240.0 μ W-1K-2 and electrical 

conductivity of 561.4S∙cm-1 at room temperature. The Seebeck coefficient was 
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65.4 μ VK-1. Some researchers reported on TE performance of tellurium 

synthesized by different methods are shown in Table 2.1.  

 
Table 2.1 Synthesis of Te materials via different methods and their Te 

properties. 
 

 
 

As for TE devices, a thermoelectric film device was produced by Li et al. (2017). 

Bi2Te3 nanowires (NWs) as n-type leg and Te-PEDOT:PSS (Poly(3,4-

ethylenedioxythiophene) polystyrene sulfonate) as p-type leg. This film has 

shown a higher thermoelectric performance and better environmental stability. 

The thin-film device has a stable output voltage of 56mV and a high output power 

density value of 32μW∙cm-2 at a temperature difference of 60K.  

At the same time, Song et al. (2017) showed the fabrication of flexible 

PEDOT:PSS/PF-Te ((PEDOT:PSS) functionalized Te) nanorods by a vacuum-

assisted filtration process for the 8 single-leg flexible thermoelectric generators to 

generate an output voltage of 2.5mV at a 13.4K temperature difference between 

the human body and the enviroment.  
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Single-walled carbon nanotube (SWCNT)/PEDOT:PSS coated Te nanorod (PC-

Te) composite films were fabricated by a simple vacuum assisted filtration method 

by Meng et al. (2019). They were tested on pristine and H2SO4-treated composite 

films by XRD, SEM, FESEM (Field emission scanning electron microscopy), 

Raman spectra, XPS (X-ray photoelectron spectroscopy), and Temperature 

dependence. The open circuit voltage (OCV) and maximum output power were 

5.6mV and 53.6nW, respectively, at a temperature difference of 44K.  

In addition, a composite PEDOT:PSS/PVA10%/Te-NWs35% fiber was prepared and 

showed the best thermoelectric and mechanical properties, which had enhanced 

the electrical conductivity of 382.4S∙cm-1 and power factor of 8.5μW/mK2 by the 

ethylene glycol (EG) post processing. The as-fabricated fiber-based 

thermoelectric generator (FTEG) with ten legs of EG-PEDOT:PSS/PVA10%/Te-

NWs35% showed an acceptable output voltage of 5.03mV and power density of 

28.87μW cm−2 at a temperature difference of 60K (Yang et al., 2021).  

At the same time, PEDOT:PSS/tellurium nanowires organic/inorganic hybrid 

fibers were fabricated for flexible TE generator without substrates by Liu et al. 

(2021). A high power factor of 17.8𝜇W/mK2 was achieved for H2SO4 post-treated 

PEDOT:PSS/Te-NWs hybrid fiber with 50wt% Te-Nws, as a simple flexible TE 

generator of post-treated hybrid fibers with six pairs of p-n fiber legs.  

Additionally, a PEDOT:PSS/Te double-layer structured thin firm devices can 

greatly increase the conductivity up to 10-6S ∙ cm-1 and improve the Seebeck 

coefficient from 12μV/K to 650𝜇V/K. Among other results, the Fermi level of the 

PEDOT:PSS/Te interface approaches the conduction band with increasing 
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temperature, thereby increasing the effective carrier concentration (Liang et al., 

2021). Table 2.2 shows the TE properties and applications of Te.  

 
Table 2.2 Synthesis of Te materials, different routes, properties and their 

applications 
 

 

 

Several breakthroughs in the field of tellurium research have been reported on the 

optimization of thermoelectric properties and the fabrication of thermoelectric 

devices such as tellurium nanowires (Te NWs), nanorods (Te NRs) nanoparticle 

(Te NPs) and single crystals.  

Rheem et al. (2010) reported that one-dimensional (1D) nanostructures were 

found to decrease thermal conductivity via phonon scattering. They demonstrated 

for the first time the synthesis of Te nanotubes with controlled diameter (10nm) 

and wall thickness (15-30nm) from sacrificial Co nanowires (NWs) by galvanic 

displacement reaction (GDR) at room temperature.  

In the same year, the uniform Te nanoflakes (2D) were synthesized at 440℃ and 

d ≈ 490nm via pyrolyzing a single-source molecular precursor 

diethyldithiocarbamates tellurium (TDEC) by Wang et al. (2010). Their team 
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realized TDEC film with the thickness of 490nm, 6.4 𝜇 m and 13.8 𝜇 m, 

respectively.   

 

 
 
Figure 2.1 TEM images and selected area electron diffraction pattern of (a) 
electrodeposited cobalt nanowires and (b) tellurium nanotube (Ref. Rheem 

et al., 2010) SEM images of the Te films prepared by pyrolysis of 6.4 𝝁m 
TDEC films (c) cross-section (d) surface (Ref. Wang et al., 2010) 

 

In the fields of tellurium nanomaterials, Wu et al. (2014) comprehensively 

demonstrated Te heterostructures, including 1-D (nanowires) and 3-D (branched 

nanorods), synthesized by galvanic displacement reaction using zinc foils as 

sacrificial materials in alkaline baths. Te nanowires (Te NWs) were fabricated 

from 4 to 50℃, showing increasing diameters from 49nm to 200nm. The branched 
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nanostructures and glass-like morphology appeared in the surface.  

Ge et al. (2017) successfully grow single-crystalline Te microtube and rods, by 

controlling NaOH content using a hydrothermal reduction method.  

 

 
 
Figure 2.2 Images of the Te branched nanostructures synthesized at 10 mM 

with a fixed pH of 13.1 at 23℃  (a) SEM (b) TEM (Ref. Wu et al., 2014) 
SEM images of Te powders after hydrothermal reaction with 0.5g NaOH (c) 

Te microtubes obtained with 1g NaOH (d) (Ref. Ge et al., 2017) 
 

It is worth mentioning that Saxena et al. (2021) found a new route to synthesize 

the Te nanoparticles (Te NPs) rapidly. The hexagonal phase of Te crystal grains 

was observed. This approach prepared the Te NPs by wet chemical method using 

DEG (Diethylene glycol) and HH (Hydrazine hydrate) in 10 min without 

templates, surfactants, high temperature and pressure for reaction.  

The latest research showed that Te nanoflakes with high quality was synthesis in 

one step via chemical vapor transport (CVT). By adjusting the temperature to tune 
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the growth kinetics, Te nanoflakes with a lateral size of 45𝜇m and a thickness of 

approximately 70 nm can be obtained. The fabricated 2D Te nanoflakes showed 

excellent electrical properties and a high mobility of 379cm2 V−1 s−1. (Zhao et al., 

2022) Specific details of low dimensional structure were summarized in Table 2.3.  

 

 
 
Figure 2.3 FESEM image of Te nanoparticles with solvents (a) Te powder + 
HH + DEG (b) Te powder + HH + DEG + 120℃ (c) K2TeO3 + HH + DEG + 

120℃ (Ref. Saxena et al., 2021) SEM image of Te with different 
morphologies were obtained at (D) 330℃, (E) 350℃, and (F) 420℃ (Ref. 

Zhao et al., 2022) 

 

Table 2.3 Morphology of 1-3D Te nanostructure by different methods. 
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In recent years, some progress has been made in tellurium practical applications, 

together with continuous efforts of researchers in the development and exploration 

of tellurium materials. Gas sensors, optical absorption, wearable devices, and fiber 

thermoelectric generators were fabricated and received high attention. Even some 

aspects of potential applications have been compared with conventional aspects, 

which will begin to pass into the production stage. Several application scenarios 

are introduced in the following Figure 2.4.  

 

 
 

Figure 2.4 Potential applications for tellurium materials (a) gas sensor (Ref. 
Apogeeweb, 2021) (b) optical absorber (Ref. Liu et al., Guest Editors) (c) 
wearable device (Ref. Fahad, 2020) (d) flexible thermoelectric generators 

(FTEG) (Ref. Sugahara et al., 2019) 
 

In the decade of literature review for potential application, especially, in the field 

of gas sensors, Tsiulyanu et al. (2013) demonstrated that the tellurium films 

prepared via thermal vacuum evaporation have shown high sensitivity to low 
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concentrations of NO2 at room temperature with considerably short response time. 

The Te thin films have a thickness of 110nm and 30nm, and the surfaces of these 

films are smooth.  

 

 
 

Figure 2.5 SEM images of Te (a) thin 110nm and (b) ultrathin 30nm (Ref. 
Tsiulyanu et al., 2013) TEM images of Te and Au@Te. (c) Te nanobelt 
(SAED pattern) (d) Au@Te (SAED pattern) (Ref. Yuan et al., 2022) 

 

The latest research by Yuan et al. (2022) which successfully fabricated the 18nm 

Te nanobelts and flower-like Au nanoparticles with a diameter of 50–200nm 

synthesized through a one-pot hydrothermal process. Subsequently, they used the 

fabricated Au-Te materials to produce an Au@Te sensor, which shows sensitivity 

of 0.028ppb-1 (0–50ppb), a limit of detection with ppt-level (~83ppt), rapid 
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response (11.3s towards 5ppm), good repeatability and selectivity.  

In addition, H2O2 sensor performance of Te nanoparticles (Te NPs) modified 

glassy carbon electrode exhibited high sensitivity of 0.83mA∙mM-1∙cm-2 with a 

correlation coefficient of 0.995 in the range of 0.67 to 8.04𝜇M. Manikandan et al. 

(2017) reported that Te nanoparticles (Te NPs) synthesized by wet chemical 

method have a hexagonal phase with spherical morphology (307 nm).  

Waldiya et al. (2019) proposed a novel non-enzymatic and low-cost sensor based 

on tellurium nanoparticles (Te NPs) for the analytical determination of H2O2. Te 

NPs/FTO (Fluorine-doped tin oxide) fabricated at applied potential of −1.40 V 

showed excellent electrocatalytic activity for H2O2 reduction and produced 

densely packed nanoparticles with high surface energy. The proposed Te NPs/FTO 

sensor shows an excellent sensitivity of 757µAmM−1cm−2. The sensor possesses 

good selectivity and stability with an excellent response time of about 5s in 

amperometry. 

Moreover, TeO2 thin films exhibited reversible and quick response to ethanol gas 

at range of 125-225℃  and ethanol concentration of 100-1000ppm. The peak 

response was 9.5 at 200℃  with the 1000ppm ethanol gas. Shen et al. (2016) 

synthesized Te thin films with tetragonal structures with a diameter of 80-350nm 

and a length of 250-900nm prepared by non-hydrolytic sol-gel process.  
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Figure 2.6 (a) SEM images of Te NPs synthesized by wet chemical method 
(Ref. Manikandan et al., 2017) (b) FESEM images of TeNPs 

electrochemically deposited at -1.30 V onto FTO substrate using 
[BMIM][Ac] at 90 °C (Ref. Waldiya et al., 2019) (c) High magnification 
FESEM image of TeO2 thin films synthesized by non-hydrolytic sol-gel 

process (Ref. Shen et al., 2016) (d) FE-SEM images of rice-like Te thin films 
grown by galvanic displacement reaction on the Si wafer in 30 minutes. 

(Ref. Hwang et al., 2019) SEM images of Te NWs before (e) and after (f) the 
detection of 1𝝁M Hg2+ ions (Ref. Tsao et al., 2019) 

 

Additionally,  a study on rice-like tellurium films using a galvanic displacement 

reaction (GDR) on a silicon wafer and their response to hydrogen sulfide (H2S) 

gas at room temperature was conducted by Hwang et al. (2019) The rice-like Te 

films of 15-50nm was used as Te sensor materials which showed ultra-high 

sensing response to H2S (~1000% at 100ppm of H2S) an excellent response 

toward H2S gas (ranging from 15ppb to 90ppm).  

Not just in the gas sensing application, tellurium nanowires (Te NWs) could also 

as core material in thermoelectric nanosensor for the detection of mercury ions 

(Tsao et al., 2019). The Te NWs was growth by a low-temperature chemical 

reduction method. The device can provide high sensitivity (LOD of 1.7nM) and 
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good linear range (from 10nM to 1𝜇 M) of mercury ion detection. Tellurium 

nanowires with 1𝜇M of mercury ion detected on the morphological surface are 

rougher than tellurium nanowires. In all, synthesis routes of Te materials and their 

application in the field of gas sensors are summarized in Table 2.4. 

 

Table 2.4 Synthesis of tellurium materials via different routes applied in the 
field of sensor. 

 

 
 

Not just the gas sensors, researchers have made significant progress in the study 

of tellurium thin films in photo response and saturable absorber (SA). Initially, 

The tellurium nanorods (Te NRs) were prepared by template and non-surfactant 

electrochemical technique from an aqueous solution at room temperature by Li et 

al. (2012), and the photo response test found out that tellurium nanorods (Te NRs) 

exhibited enhanced conductivity in illumination.  

Coscia et al. (2018) reported that tellurium nanopowders with average size of 

8.4±0.4nm were prepared by dry vibration milling technique followed by liquid 

phase sedimentation procedure. Its Photoconductivity measurements showed that 

responsivity is independent of the wavelength of the incident radiation and was 
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directly proportional to the optical absorbance.  

In the same year, a group of researchers demonstrated that ultra-long feather-like 

Te film can be obtained at − 0.31V for 300s on Ni substrate by electrodeposition 

without agent (Mu et al., 2018). The results revealed feather-like Te films with a 

preferred (110) orientation, which have hexagonal structures and strong light 

absorption in the visible range. The conductivity and photocurrent were 

20.63×10-5S/cm and 0.0170mA/cm2, respectively.  

 

 
 

Figure 2.7 (a) High-magnification SEM images of the electrochemically 
prepared sample (Ref. Li et al., 2012) (b) SEM micrograph of the “as 

received” tellurium powder (Ref. Coscia et al., 2018) (c) FESEM images of 
Te films electrodeposited at -0.31V for 300s (Ref. Mu et al., 2018) 

 

For laser modulation applications, Han et al. (2021) showed the passively Q-

switched Pr:YLF laser in the orange (605nm), red (639nm), deep red (721nm) 

spectral ranges with tellurium nanosheets as saturable absorber (SA). They 

successfully realized the passively Q-switched mode-locked laser at 639nm with 

the tellurium saturable absorber (SA).  

Furthermore, He et al. (2022) reported that tellurium nanowires (Te NWs) 

synthesized by the hydrothermal method could be used as the tellurium saturable 

absorber (Te-SA) to realize a femtosecond fiber laser. The saturable intensity and 

modulation depth were determined to be 8.9MW/cm2 and 27.0%, respectively. 
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Furthermore, an Er-doped mode-locked fiber laser with a pulse width of 621fs and 

an output power of 3.44mW was obtained.  

Meanwhile, TeO2 was prepared on glass and Si substrates through thermal 

evaporation by Hamdi-Mohammadabad et al. (2022). The TeO2 coated on glass 

or Si substrate absorbed in both UV (Ultraviolet) and visible regions. They found 

that absorption increased as the evaporation temperature increases. The 

morphology of SEM showed that the number of TeO2 sheets increases, TeO2 

particles decreases, and the thickness of the film increases with increasing growth 

temperature.  

 

 
 

Figure 2.8 (a) TEM images of Te nanosheets synthesized by liquid phase 
epitaxy and chemical method (Ref. Han et al., 2021) (b) High-magnification 
SEM images of Te NWs prepared by hydrothermal method (Ref. He et al., 

2022) (c) SEM images of TeO2 thin layers coated on glass substrate at 500℃ 
by evaporation method (Ref. Mohammadabad et al., 2022) 

 

Furthermore, Liu et al. (2021) explored the thermoelectric performance and 

feasibility of two-dimensional tellurene, which were used in wearable flexible 

thermoelectric generators for low-power wearable sensor systems, and power 

generation clothing. Amazingly, tellurene was found to have a possible ZTmax=2.9. 

Table 2.5 indicates the application of Te materials in photo response, light 

absorption, and saturable absorber (SA). 
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Table 2.5 Synthesis of tellurium materials via different routes applied in the 
field of optic. 

 

 
 

2.3 Summary and research gap 

Nowadays, many literatures introduced the enhancement of thermoelectric 

performance of Te doped with other metal elements or organic additives for 

modification and even realized TE generator/coolers, sensors, optical absorbers 

and wearable devices. In these studies, researchers found some factors that affect 

the thermoelectric properties of Te such as structural defect, carrier concentration, 

temperature dependence, environmental condition, reaction time. Detailed 

morphology studies are always neglected; however, actual sample morphology 

directly affects product performance and application compatibility. Although, 

sample morphology is dependent on basic parameters, preparation method, 

doping and additives directly or indirectly. Identical elements exhibit similar 

properties under similar morphologies regardless of the preparation process of the 

sample. The electrochemical deposition technique is easier to control its 

parameters so that we could observe the development of sample morphology in 

more detail. Therefore, we studied the CV curves of tellurium and morphology of 
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tellurium films under different conditions via electrodeposition.   
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CHAPTER 3: METHODOLOGY 

3.1 Introduction 

In this section, Te films will be synthesized by electrochemical deposition (ECD) 

technique. Due to most of the p-type materials such as Te has strong anisotropy in 

the sample growth process and the morphology of the tellurium film usually has 

branched structures and is relatively sparse. Thick and dense Te films suitable for 

thermoelectric devices will be studied to find out their relationship with ECD 

parameters. Although, some anisotropic structures of Te or Te with additives have 

a huge impact on the sample characteristics and the properties of thermoelectric 

devices. However, these structures have a good potential to be applied in optical 

fields or sensors.  

Cyclic voltammetry (CV) curves are widely studied in a variety of 

electrochemical experiments. As one of the unary p-type materials (tellurium) has 

good advantage whereby the deposition curve can be studied more clearly and 

carefully in order to optimize the morphology of the film. Additionally, three 

different additives were identified as polyvinyl alcohol (PVA), tartaric acid (TA) 

and sodium lignosulfonate (SLS) and will be adopted in this study to manipulate 

the morphology of as-deposited tellurium films. A rational route to deposit 

tellurium films with various morphologies will be established.  
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3.2 Synthesize and characterizations of Te films.  

Electrochemical experiments were performed by VersaSTAT3 electrochemical 

workstation (Princeton Applied Research, USA). Figure 3.1 (a) shows the 

schematic diagram of the electrochemical cell setup. Tellurium film depositions 

were performed using a three-electrode system with a platinum (Pt) foil as the 

counter electrode (CE) and an Ag/AgCl in saturated potassium chloride (KCl) as 

the reference electrode (RE). The working electrode (WE) consists of a Si 

substrate covered with a 150 nm thick Si3N4 layer and a 100 nm thick gold (Au) 

conductive layer. During the processing of samples, firstly, the substrates were 

soaked in a petri dish containing acetone solution for 30 minutes, and then rinsed 

them with isopropanol (C3H8O) or anhydrous ethanol (C2H6O) and deionized 

water (DI) in sequence. Cyclic voltammetry (CV) measurements were performed 

on the gold (Au) substrate at a scan rate of 0.1V/s.  

All tellurium films were synthesized by dissolving 10 mM TeO2 in an electrolyte 

consisting of 1 M nitric acid (HNO3) (6.5 mL) and 0.01 M sodium nitrate (NaNO3) 

(or additive) and 100mL deionized water (DI) at 60 ℃  for 1.5 hour with 

centrifugation. In this work, we have separately investigated the effects of three 

additives (0.01wt% polyvinyl alcohol (PVA), 0.01 M tartaric acid (TA) and 0.2 

g/L sodium lignosulfonate (SLS)) on pulse-deposited tellurium. The structural 

formulas of the additives used are shown in Figure 3.1 (b), (c) and (d). In detail, 

Table 3.1 shows the Te parameters of electrodeposition, additives dosage and 

deposition time.  
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Table 3.1 Te ECD parameters and additives dosage 
 

 
 

When the electrochemical deposition process was completed, the as-grown 

sample was immediately rinsed with deionized water (DI) to remove the residual 

electrolyte on the substrate for the subsequent characterization. The different 

potential samples produced in this study are summarized in Table 3.1. Cyclic 

voltammetry (CV) for each electrolyte solution (with or without additives) were 

performed at room temperature in the potential range of − 0.45V to 0.8V. The CV 

diagram depends strongly on the components of the electrolyte.  

The morphology of the electrodeposited tellurium thin films was observed using 

scanning electron microscopy (SEM) (Hitachi S8100) at a voltage of 10 kV. The 

crystal orientation of the electrodeposited films was studied using an X-ray 

diffraction system (XRD) (D2 PHASER). CV curves of tellurium and the 

fabrication of electrodeposited film were completed using electrochemical 

workstation (Princeton Applied Research, USA). 
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Figure 3.1 Electrochemical deposition of tellurium. (a) Schematic diagram 
of the three-electrode setup. The structural formula of three additives: (b) 
tartaric acid (TA). (c) polyvinyl alcohol (PVA). (d) sodium lignosulfonate 
(SLS). (e) CV curves of tellurium electrolytes with or without additives. 

 

3.3 Chronoamperometry and fast pulse potential method 

Chronoamperometry (CA) is to observe current-time dependence with fixed 

square-wave potential at the working electrode. Chronoamperometry (CA) 

experiments are commonly used to study electrocatalytic materials, observing the 

diffusion process occurring at the electrode as a function of analyte concentration.  

Pulse deposition method has been used to growth of thin films and functional 

coatings for several years. The method of bipotential fast pulse deposition is used 

to determine the initial reaction potential Von and the termination reaction 

potential Voff. The corresponding ton and toff are reaction time and resting time. 

Different from the continuous deposition of chronoamperometry, fast pulse 

deposition has a period of rest, which has a certain buffering effect on the diffusion 

process. Compared with the chronoamperometry’s fixed potential energy 

deposition method, the controllable and adjustable bipotential pulse deposition 

provides a wider and more flexible energy range.  
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3.4 Preparation of characterization sample  

Pretreatment of the deposited tellurium sample before characterization is an 

essential step. First, a tellurium sample with a smooth surface and metallic luster 

was selected from a group of samples deposited under the same conditions, as 

shown in Fig 3.2 (a). Next, as shown in Fig 3.2 (b), the sample was evenly divided 

into four parts using a silicon scribe, and Figure 3.2 (c) showed the section of 

sample after being divided. Two pieces of Figure 3.2 (b) were directly used for 

XRD characterization, and the remaining two pieces were prepared like Figure 

3.2 (d) and used for SEM characterization.  

 

 
 
Figure 3.2 Sample preparation and characterization flow chart (a). Overall 

sample view after electrochemical deposition (b). Split samples using 
silicone knives (c). Cross-sectional view of sample (d). Characterization 

sample preparation for SEM 
 
 
 

Univ
ers

iti 
Mala

ya



 

30 
 

Before SEM characterization, the two pieces of samples divided need to be 

adhered to both sides of the SEM special base with conductive carbon tape. It is 

worth mentioning that the sample on the upper side of the SEM special base is 

used to observe and characterize the surface morphology of the sample. The 

fixed sample position should be in the center of the SEM special base. The 

sample pated on the front of the SEM special base is used to observe the cross-

sectional morphology of the sample. It should be noted that the divided sample 

section needs to be consistent with the height of the SEM special base, so that 

the sample cross-section can be found when the electron microscope is rotated to 

search. This position does not require excessive adjustment of the electron 

microscope focus and is conducive to observation. The other two piece of 

divided samples can be directly used for XRD characterization, we place one of 

the divided samples into the X-ray cavity. Combing literature and previous 

experiments, the X-diffractometer was adjusted and determined the glancing 

angle 2𝜃=20°-60° with scanning for 10 minutes, and the scanning rate was 4 

degrees per minute. Then we use jade software to analyze and determine the 

consistency of diffraction peaks with sample elements.   
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CHAPTER 4: RESULTS AND DISCUSSION 

4.1 Introduction 

The results obtained from all analyses will be shown and discussed in this chapter, 

including ECD of Te, ECD of Te with additives and the effect of pH. Combined 

with electrochemical experimental data from Table 3.1, using origin plot to 

analyze experimental results. SEM was used to observe morphology of the 

samples and XRD are used to identify the elemental compositions of the samples.  

 

4.2 Electrochemical deposition of tellurium 

This part introduces preliminary exploration of ECD of tellurium film, analysis of 

CV curves for ECD of tellurium, ECD optimization for tellurium film and 

modification ECD of tellurium film by additives (TA, PVA, SLS) 

 

4.2.1 Preliminary exploration of deposition of tellurium film 

In this study, a preliminary investigation on the deposition of tellurium film has 

been carried out under electrodeposition, chronoamperometry (CA) method and 

fast pulse potential method. The results are shown and compared in this section. 

In the initial stage of the electrodeposition of tellurium, we picked out the 

deposition potential of − 0.075V and 0.174V. Open circuit voltage (OCV) was 

around 0.4-0.5V. These parameters are based on the literature. The reduction 

Univ
ers

iti 
Mala

ya



 

32 
 

reaction deposition time and static time were set as 10ms and 50ms respectively. 

Tellurium films were deposited at room temperature in acid solution for 10 

minutes, 20 minutes and 30 minutes via fast pulse potential method. The surface 

morphologies of these samples were found to be difference. The thickness of the 

tellurium film cross-sectional morphology was increased with the extension of 

deposition time. Many structures of branches are observed in the sectional 

morphology of tellurium film deposited at 10, 20, 30 minutes as can be seen in 

Figure 4.1 The surface deposited for 10 minutes is like a flower, the cross-section 

is only 200-300nm thickness. The growth orientation of crystal grains was 

anisotropic at 20 minutes. The surface of granular spherulites sample thickness 

was about 700nm and their average grain diameter is 500 nm. Particles of same 

sizes can be seen on the surface deposited for 30 minutes; the cross-section 

branches gradually disappear. The surface of the spherulites and the cross-section 

of the branched structure are clear under SEM images for 20 minutes. 
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Figure 4.1 Morphology images of electrodeposited tellurium sample at room 
temperature in 10 mins (a) surface (b) cross-section; 20 mins (c) surface (d) 

cross-section; 30 mins (e) surface (f) cross-section. 
 

In addition, chronoamperometry method is attempted for deposition of samples, 

which are grown at a potential of − 0.15V and a reaction time of 10 minutes. The 

surface morphology is looks like petals of a flower as shown in Figure 4.2. The 

cross-section of the film is irregular and rough with a thickness of about 200 nm. 

On top of that, another attempt has been made by using fast potential pulse method 

at a very small current of 1mA. The pulse time and static time are determined at 
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10ms and 50ms respectively in all the experiments. Because a pulse time of 10ms 

with a 1:5 on/off ratio is well-suited for electrodeposited thermoelectric films. 

(Schumacher et al., 2012) In the electrodeposition process, the cathodic current 

density is corresponding to the reduction processes of ions during ton and the 

anodic current density is approximately zero during toff, toff is the rest time for 

recovering the reactants ions diffusion near the electrode surface, reducing the 

concentration polarization near the cathode. (Esmailzadeh et al., 2021)  

 

 
 
Figure 4.2 Morphology images of chronoamperometry tellurium sample at 

room temperature in 10 mins (a) surface (b) cross-section 
 

Compared with the chronoamperometry and fast pulse potential method, thickness 

of sample cross-sections varies significantly. The cross-section of the sample has 

a thickness of 2-3𝜇m by fast pulse potential in Figure 4.1 and the cross-section of 

the sample has a thickness of 500nm by chronoamperometry. Here is an analysis 

of why there is such a big difference, the concentration of solution ions in the 

electrolyte decreases with the deposition time increases. It would require more 

energy for the current to carry the same amount of electrolyte as during the initial 

deposition. However, the potential (energy) is constant (chronoamperometry), on 

the one hand, the amount of electrolyte carried by the current will decreases due 
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to insufficient energy. On the other hand, with the reduction of metal ions, the 

conductivity of solution becomes worse and the current naturally decreases. 

Perhaps, the combination of these two aspects makes electrochemical deposition 

more difficult to occur. From the pulse deposition method, it can be concluded 

that the current gradually becomes smaller and basically reaches a stable state 

after 30 minutes of deposition. Fast pulse potential can provide energy more 

flexibly according to changes in current during the process. We can obtain the 

current changes during actual deposition under fast pulse potential. This may be 

one of the reasons why the film thickness is thicker compared with the 

chronoamperometry method at the same time (10 minutes). In terms of surface 

morphology, spherulites appear more frequently under fast pulse potential in 

Figure 4.1 (a), and petal-shaped ones appear more frequently under the 

chronoamperometry in Figure 4.2 (a). The thickness of deposited films by the 

different methods are different, as shown in Figure 4.1 (b) and Figure 4.2 (b). 

 

4.2.2 Analysis of CV curves for ECD of tellurium 

In general, CV curves are important research tools for observing and studying 

electrochemical deposition. In previous studies, researchers typically used the first 

three CV cycles to determine an appropriate deposition potential. (Schumacher, 

2012; & Schumacher, 2013) However, the deposition potential from the literature 

cannot achieve the ideal deposition morphology very well. We redesigned the 

experiment to observe the change of the tellurium CV curve with and without 
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additives via the fast pulse potential method. Figure 3.1 (e) shows the CV curves 

of tellurium with and without additives. As shown in Figure 3.1 (e), different 

additives produce different peak potentials and current densities. The peak 

potential of tellurium, tellurium with TA, tellurium with PVA and tellurium with 

SLS are − 0.19V, − 0.225V, − 0.2V and − 0.24V respectively. When the surfactants 

are added to the electrolyte, the current density decreases. This can be explained 

by the absorption of the surfactant molecules on the surface of the electrode, 

which decreases the current density. The part of organic molecules is adsorbed on 

the the metal electrode surface through spontaneous organization into monolayers 

(Aranzales et al., 2021), resulting in weaker ion migration, weaker current and 

more negative deposition potential.  

In order to investigate the evolving process of CV curves as functions of the 

deposition time, a reference experiment was designed and successfully completed 

to monitor the CV characteristics intermittently during the deposition process. For 

instance, for the tellurium electrolyte, we applied pulsed deposition parameters at 

Von = − 0.19V, ton = 10ms, Voff = 0.3V, toff = 50ms. In order to avoid the 

unnecessary dissolution of the deposited material, Von and Voff represent the 

reaction initiation and termination potentials, respectively. The CV curves of 

intermetallic compounds recorded in the negative potential direction from − 0.45V 

to 0.3V. As shown in Figure 4.3 (a), both the peak deposition potential and current 

decreases with the increase of deposition pulses. Figure 4.3 (b) shows the peak 

deposition potential as a function of pulse number. At the first 10000 pulses (10 

minutes), the peak deposition potential dropped rapidly. However, it was observed 
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that the number of pulses gradually saturated from 20000 to 60000 (20-60 

minutes). A series of experiments were performed on tellurium electrolytes with 

different additives, namely TA, PVA and SLS. As shown in Figure 4.3 (b), all three 

tellurium electrolytes exhibit similar phenomenon with the CV curves generally 

becoming stable after 10000 cycles. Herein, we define the peak potential obtained 

by the first three CV cycles as the “initial potential” and defined the saturated peak 

potential after a certain period of deposition as the “stabilized potential”. 

 

 
 
Figure 4.3 CV curves of tellurium with and without additives. (a) CV curves 

of tellurium without additives for different deposition pulse numbers; (b) 
Plot of peak deposition potential as functions of pulse numbers for 

tellurium with and without additives. 
 

This is an important finding because previously researchers only selected their 

deposition potentials based on the first three CV cycles. As shown in Figure 4.3, 

the deposition curve changes drastically with the increasing electrochemical 

deposition time in the tellurium system. Therefore, dynamical control of the 

deposition potential should be applied in the real electrochemical deposition 

process. A possible explanation for the different deposition potentials and currents 

are proposed as follows:  

Univ
ers

iti 
Mala

ya



 

38 
 

 

 
 
Figure 4.4 The relationship between deposition pulses and various 

potentials 
 

The conversion of energy throughout the system can be shown in Figure 4.4. The 

relationship between the multiple energy sources in the whole system is shown in 

the formula: EOCV + ER + EW = EReal, where EReal is the total amount of actual 

energy in the system, EOCV is the open circuit voltage (OCV) of Au surface, ER is 

the potential of the reference electrode (RE), EW is the applied potential of the 

working electrode (WE), and ETe is the electrochemical-reduction potential 

required for the tellurium reaction, which is typically in the range of 0.55V to 0.6V 

depending on the reference electrode (RE) (Abad et al., 2015).When the energy 

values of EReal and ETe coincide with or are close to each other, the electrochemical 

deposition of tellurium is more likely to be fully deposited. For tellurium 

electrolyte without additives, the EOCV is between 0.4V and 0.5V resulting from 

the difference between the ionic potential of the electrolyte solution and the work 
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function of gold relative to the Ag/AgCl reference electrode (RE). The Ag/AgCl 

electrode is 0.22V relative to the standard electrode. Therefore, the initial EW 

needs to be traced back to negative range potentials to achieve the tellurium 

deposition. After a period of deposition, on the one hand, the current transport 

through the substrate become weaker because the gold substrate is covered with a 

tellurium layer. On the other hand, the decrease in the concentration of the 

electrolyte solution and the decrease in ion concentration affect the conductivity 

of the solution, the conductivity becomes weaker and the current decreases. There 

is a high probability that they joint caused the decline of EOCV, but ETe required 

electrochemical-reduction potential of tellurium remains unchanged. Thus, EW 

requires more energy to satisfy the reduction potential of tellurium deposition, 

which is why it moves in the positive direction (EW). Finally, the energy required 

for the reaction tends to be stable when the tellurium completely covers the gold 

(Au) surface, and the applied potential (EW) remains basically unchanged after a 

period of deposition.   

 

4.2.3 Optimization ECD of tellurium film 

Since the deposition curves move to the positive direction during the long-term 

electrochemical reaction (Figure 4.3 (a)), the shift of the peak potential will affect 

the sample deposition process as the deposition time increases. As shown in 

Figure 4.3 (b), after a certain reaction time, the peak potential of the sediment 

stabilized, indicating that the electrochemical reaction is uniform and stable at this 
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potential. Therefore, it is hypothesized that tellurium film growth at this stable 

deposition potential should have thick and homogeneous morphology.  

In these experiments, we designed and applied a pulsed deposition protocol. 

During the preparation of thin films by galvanostatic and potentiostatic methods, 

the reducible species near the working electrode will be rapidly consumed. If the 

remaining reducible ions in the electrolyte cannot diffuse to the vicinity of the 

working electrode (WE) in time, this may lead to a porous and loose structure. In 

contrast, pulsed deposition can take advantage of the “off” time, during the closure 

period, target ions of interest diffuse to the working electrode (WE), thereby 

restoring the concentration of these ions. In the experiments, Von and Voff represent 

the reaction initiation and termination potentials, respectively, and ton and toff 

represent the duration. Von represents the deposition potential, and Voff is the static 

potential at which the current is approximately zero. ton and toff indicate the turn-

on and turn-off time of pulse deposition, they correspond to 10ms and 50ms, 

respectively. From the previous experiments, a pulse time of 10ms and an on/off 

ratio of 1:5 is well suited for electrodeposition of thermoelectric thin films. 

(Schumacher et al., 2012)  
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Figure 4.5 Morphology of tellurium deposited at the initial potential of - 
0.19V (a) surface (b) cross-section; at the stabilized potential of 0.05V (c) 

surface (d) cross-section. 
 

In order to observe the effect of different deposition potentials on the morphology 

of tellurium thin films, we compared the morphology of tellurium thin films (Von) 

fixed at the initial or stabilized potential. The comparison of the surface and cross-

sectional morphology of tellurium films prepared at initial potential (− 0.19V) and 

stable potential (0.05V) is shown in Figure 4.5. As shown in Figure 4.5, the 

surface of the tellurium samples has a metallic luster prepared by a stable potential. 

Combining Figure 4 (a) and (b), the morphology of tellurium films prepared at 

stable potential of 0.05V is denser than that deposited at an initial potential of − 

0.19V, as shown in Figure 4.5 (c) to (d).  
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The crystal nucleus grows rapidly due to sufficient energy, resulting in some 1-

4μm  large and branched crystal structures at the initial potential. The crystal 

nucleus grows strongly in all directions under the stimulation of energy, resulting 

in a sparse underlying film. Due to the influence of coarse crystals, the cross-

section shown in Figure 4.5 (b) is rough and wavy. However, relatively slow 

nucleation growth was observed for samples grown at a stable potential. This 

results in a flatter plane of smaller grain and a denser cross-sectional morphology. 

Figure 4.5 (c) shows only a few allotropic spherulites with a diameter of 2μm. 

During deposition, most spherulites have a diameter of 300-500nm at a steady 

potential. Depending on the sample morphology, it can be demonstrated that when 

using a selected stable potential, the deposited tellurium film can be thicker and 

more homogeneous than the initial potential. Therefore, based on the phenomenon 

that the CV curves shifts to right, this approach could help us obtain better sample 

morphology than the general way.  

 

4.2.4 Modification ECD of tellurium film by additives 

Although dense and compact tellurium films are a prerequisite for building up on-

chip integrated micro thermoelectric devices (Li et al., 2018), tellurium films with 

dendritic morphology might be very attractive in applications of piezo electronics 

(Apte et al., 2021), gas sensors (Yuan et al., 2022) or photodetectors (Khosravi-

Nejad et al., 2019). One of the strategies is that improving the morphology of 

tellurium films with the different additives during electrodeposition. Additives can 
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effectively control and increase the surface energy of specific crystal structures 

(Kondalkar, et al., 2014). In this work, we investigated the effect of three different 

additives, tartaric acid (TA), polyvinyl alcohol (PVA), and sodium lignosulfonate 

(SLS). In the previous studies done by other researchers, high concentrations of 

additives can easily change the CV curve of tellurium, so it is difficult to study 

the real effect of additives when the deposition potential is changed (Abad, 2015; 

Schoenleber, 2014; Sabran, 2019). To minimize the effect of this condition, a 

series of concentration screening experiments were performed. In the end, it was 

found that 0.01M tartaric acid (TA), 0.01wt% polyvinyl alcohol (PVA) and 0.2g/L 

sodium lignosulfonate (SLS) were the optimal additive concentrations for the 

deposition of tellurium system at room temperature.  

As shown in Figure 3.1 (b), the molecular structure of tartaric acid (TA) consists 

of hydroxyl groups. In this experiment, 0.01M tartaric acid (TA) was added to the 

tellurium electrolyte and the results were shown in Figure 4.6. Similar for the 

tellurium deposition, the sample with TA were electrodeposited at initial and 

stable potentials. Figure 4.6 (a) and (b) show the SEM images of the as-deposited 

tellurium films under the initial potential of − 0.225V, while Figure 4.6 (c) and (d) 

show the SEM images of the tellurium film at the steady potential of 0.07V. 

Compared with the morphology of initial potential (− 0.225V) in Figure 4.6 (a) 

and (b), the morphology of tellurium film with TA shown in Figure 4.6 (c) and (d) 

at a stable potential of 0.07V resulted in smaller crystal grains and a denser film. 

In Figure 4.6 (a), many anisotropic branched structures can be seen on the surface 

of the film, while in Figure 4.6 (c), cubic crystals and spherulites of 500-700nm 
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are the main structures. It can be seen from the cross-section that one or more 

layers of film are spread unevenly on the gold surface. The cubic crystals and 

spherulites produced by the stable potential are denser in cross-section than the 

grass-like structure of the initial potential from. Although, the grass-like structure 

in Figure 4.6 (b) has a negative impact on the thermoelectric performance. 

However, this grass-like morphology can be an effective structure for 

photodetectors (Khosravi-Nejad et al., 2019).  

 

 
 

Figure 4.6 Morphology of tellurium with TA deposited at the initial 
potential of − 0.225V (a) surface (b) cross-section; at the stabilized potential 

of 0.07V (c) surface (d) cross-section. 
 

Meanwhile, PVA is an organic additive due to the hydroxyl group in its chemical 

structure as shown in Figure 3.1 (c). The compound in the electrolyte dissociates 

stably and release metal cations at chemical equilibrium potential. The polar 

hydroxyl groups of the polymer chain form intermolecular and intramolecular 
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hydrogen bonds with transition metal ions. Therefore, the addition of PVA to 

tellurium electrolytes might result in microstructures with uniform grains 

(Tishkevich et al., 2018). The morphology results of tellurium films with PVA 

additives are shown in Figure 4.7. Figure 4.7 (a) and (b) show the results of 

tellurium film at the initial potential of − 0.2V, the cross section become thicker 

but not quite flat. Figure 4.7 (c) and (d) show the morphology under stabilized 

potential of − 0.14V, the film becomes thicker and uniform in the cross-section.  

As seen in Figure 4.7, the deposited tellurium films with PVA additives are more 

like mattress structures. Electrodeposition with PVA additives show smaller grains 

compared to the results with TA as the additives, and the cross-section view of the 

tellurium films shows colloidal structures. The colloidal structure might make up 

for the holes in the film to a certain extent, which is more conducive to making 

the film denser. The reason the film becomes thicker and denser is because the 

repeating structural units of the polar polymer form a regular structure, allowing 

the anions to be evenly distributed throughout the substrate.  
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Figure 4.7 Morphology of tellurium with PVA deposited at the initial 

potential of − 0.2V (a) surface (b) cross-section; at the stabilized potential of 
− 0.14V (c) surface (d) cross-section. 

 

Lastly, Sodium lignosulfonate (SLS) a natural polymer, is one of the anionic 

surfactants (Caballero-Calero et al., 2014),  and its structure is shown in Figure 

3.1 (d). Published reports of successful use of SLS as additive enhance film 

properties (Abad et al., 2015), improve morphology (Caballero-Calero et al., 2015) 

and optimize bath (Caballero-Calero et al., 2018) of the film. Hence, the idea arose 

to study the effect of SLS on the morphology of single electrodeposited tellurium 

films. It has strong dispersive adhesion and can adsorb solids on the surface. The 

metal tellurium ions in the compound can be exchanged with the hydrophilic 

group of sodium lignosulfonate (SLS). There are active groups (such as hydroxyl) 

inside its structures, which can form condensation or hydrogen bonds with other 
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compounds. As shown in Figure 4.8 (c) and (d), tellurium added with sodium 

lignosulfonate (SLS) at a stabilized potential (− 0.05V), a denser film with 

homogeneous surface was prepared compared to the film obtained with the initial 

potential (− 0.24V) as in Figure 4.8 (a) and (b). The morphology of the tellurium 

with SLS film produced at the initial potential is more like needle-like grass. 

Compared with the tellurium film without additives, the tellurium with SLS film 

at the stabilized potential will be thicker in cross-section.  

 

 
 

Figure 4.8 Morphology of tellurium with SLS deposited at the initial 
potential of − 0.24V (a) surface (b) cross-section; at the stabilized potential 

of − 0.05V (c) surface (d) cross-section. 
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The possible mechanism of the influence of three additives on the film 

morphology can be summarized. In general, the additives in the electrolyte have 

certain influence on ion diffusion, which also explains the relatively higher 

reduction potentials of the CV curves of the tellurium electrolytes with additives, 

as shown in Figure 3.1 (e) (Schoenleber et al., 2014). Therefore, tellurium thin 

films with additives are likely to grow in dendritic manners. In addition, the 

molecule structure of additives can also affect the film morphology, which will be 

further investigated in our future research.  

 

4.3 Effect of pH 

The electrolyte pH adjustment has been considered to improve the morphology of 

tellurium. Using ammonia-water (NH3 ∙ H2O) to adjust the pH value in the 

electrodeposition experiments. Peak deposition potential shift occurred when pH 

was adjusted, the current density drops, and pH value rises in Figure 4.9 (a) and 

(b). Poor deposition effect was obtained by changing pH value at the same 

deposition time with or without additive. When the pH value is adjusted to 1-2, 

the adhesiveness of the tellurium with PVA film get worse. The film is more likely 

to fall off and only the substrate is left, when the sample is taken out and rinsed 

by deionized water. The pH-adjusted tellurium films deposited with or without 

additives are very thin and poorly absorbent. The film surface no longer has a 

bright metallic luster and turns dark. Additionally, it is easy to observe under the 

same magnification in the SEM image of Te-PVA that the unadjusted pH sample 

has fewer and concentrated crystal bundles in Figure 4.9 (c), while the pH adjusted 
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sample has more surface crystal bundles in Figure 4.9 (d). Overall, changing the 

pH of electrolyte is not a good choice to optimize the film morphology of 

tellurium and tellurium with additives.  

 

 
 

Figure 4.9 CV and SEM images of pH-adjusted tellurium-added PVA (a). 
CV with unadjusted pH (b) CV with a pH adjustment of 1 (c). SEM image 

of unadjusted pH (d). SEM image of pH value adjusted to 1. 
 

4.4 XRD analysis 

Structural analysis of tellurium films was characterized by X-ray diffractometer 

(XRD), scanning at glancing angle of 2𝜃=20°− 60° for 10 minutes. Figure 4.10 

shows the X-ray diffraction (XRD) patterns of tellurium thin films with and 

without various additives at different potentials. Different diffraction peaks are 

observed, which were assigned as a reference (JCPDS 78-2312) for tellurium. The 

diffraction peak at 2𝜃=27.551° is due to the (101) tellurium crystal place. The 

second order diffraction peak at 2𝜃=45.878° and the (003) place also can be seen 
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in the diffraction pattern. Meanwhile, the diffraction peak observed for gold at 

(111) matches that of the reference (JCPDS 04-0784), due to the gold (Au) 

substrate are used in the electrodeposition. The diffraction peaks at (101) of the 

samples with additives at the stabilized potential are sharper than that at the initial 

potential from Figure 4.10 (a) and (b). Moreover, the addition of additives at the 

stabilized potential reduces the intensity of the diffraction peak at (003). This 

indicates that most grains grow along the (101) direction, especially at stable 

potential. The initial potentials are usually more negative than the stabilized 

potentials for both with and without additives, which might lead to anisotropic 

growth of tellurium films. In addition, the additives in the electrolytes could also 

be adsorbed on the surface of the tellurium layer, affecting the deposition current 

and potential, and eventually modifying morphology of the film. The stable 

deposition peak potentials are chosen when the reaction process tends to stabilize. 

Since the reactions are uniform and smooth at the stabilized potential, the grains 

tend to grow uniformly, and the films become denser as a result.  

 

 
 
Figure 4.10 XRD patterns of tellurium film produced with and without 

additives: (a) at initial potential, (b) at stabilized potential. 
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CHAPTER 5: CONCLUSION 

In this work, a study on the cyclic voltammetry (CV) of tellurium by 

electrochemical deposition (ECD) experiments was carried out to improve its film 

morphology. It was found that the CV curve shifted in the positive direction as the 

duration of tellurium electrodeposition increase. Based on this situation, the 

effects on the tellurium film morphology were investigated at the initial and 

stabilized deposition potential with or without the additives. According to the 

results obtained, the conclusions are described.  

Based on the CV curve, stabilized potential was used to deposit the sample, it was 

found by SEM that the sample morphology was improved compared to the initial 

potential. CV can record the deposition process very well. The initial potential is 

directly getting the initial grains deposited on the gold substrate, but as the grains 

are deposited layer by layer and deposition time increase, the change of deposition 

potential is visually seen on the CV curve. This is due to the reason why the 

particles are not directly deposited on the substrate but gradually deposited on the 

deposition layer. Finally, the potential is basically constant, and this potential is 

called a stable potential, which is the reason why it is more suitable for optimizing 

the morphology of long-term deposition sample. 

Different additives could produce different sample morphology. Some additives 

adsorbed on the electrode surface affect the sample morphology by affecting the 

deposition potential. In addition, additives also may directly replace or combine 

with the functional groups of the electrolyte, which will affect the sample 
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morphology. As far as the morphology is concerned, PVA additives have more 

advantages in sample morphology optimization, which are more uniform, 

homogeneous, and repeatable.  
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