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Abstract:



Complex materials have unique thermal and electron transport properties. In this work, a novel catalyst-assisted metal organic chemical vapor deposition approach was employed to make Bi-Te-Ni-Cu-Au complex materials on an anodic aluminum oxide nanoporous substrate. Nickel acetate, copper nitrate, bismuth acetate, and tellurium (IV) chloride dissolved in N,N-dimethylformamide (DMF) were used as the metal sources for Ni, Bi, Cu, and Te, respectively. Hydrogen was used as the carrier gas. The anodic aluminum oxide substrate sputter-coated on a thin gold coating and was kept at 500 °C in a quartz tube in the reaction chamber. The chemical vapor deposition time was two hours. Scanning electron microscopy was used to reveal the morphology of the deposited materials. Due to metal catalyst assisted growth, the Bi-Te-Ni-Cu-Au materials were self-assembled into islands distributed fairly uniformly on the substrate. The mechanism for the morphological development of the materials was investigated. It was found that the Au nanoparticles facilitated the formation of the complex Bi-Te-Al-Ni-Cu materials. The prepared nanostructure has the highest absolute Seekbeck coefficient value of 260 µV/K, which is more than twice the value obtained from the bulk material.
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1. Introduction


Chemical vapor deposition (CVD) has been considered as a standard industrial coating technique since the 1970s. During the last two decades, it was used effectively for making micro or nanoscale materials. Recently, CVD was proposed to prepare low-dimensional thermoelectric materials [1] for several reasons. First, the rate of CVD is controllable. For example, a high deposition rate was achieved to deposit n-type coating on sapphire substrate under a low pressure [2]. Another feature of CVD is that the structures of deposited materials may be enhanced by pre-patterned metal dot catalysts [3,4]. CVD has been used for depositing various thermoelectric materials including silicon nanowires [5,6], SiC [7,8], oxides [9], Ge nanocones [10], and Se-C films [11]. Metal-organic chemical vapor deposition (MOCVD) has received much attention for depositing Bi-Te and Sb-Te thermoelectric films [12,13,14]. It typically uses simple metal alkyl complexes as precursors.



The performance of thermoelectric materials can be evaluated by a material parameter called the figure of merit, z [15,16,17]. At a given temperature T, the energy conversion efficiency of thermoelectric materials may be correlated to the dimensionless figure of merit zT [18,19]. A zT value of 1 corresponds to 10% Carnot efficiency. A minimum zT value in the 3–4 range is needed for thermoelectrics to compete with current energy conversion technologies in terms of efficiency. To date, the best reported zT values are in the 2–3 range [20]. Since the zT value is proportional to the electrical conductivity and the square of the Seebeck coefficient [21], research efforts have been made to enhance the composition and structure of thermoelectric materials to improve their performance [22].



The concept of nanostructuring has been proposed to increase the energy conversion efficiency [23]. Creating nanostructures could be done by reducing the size of the material in one or more dimensions. Thin films and nanowires are typical examples of such nanostructures, which have shown unique and superior physical properties. Nanostructured thermoelectrics have become an active research field with the focus on understanding the fundamentals of electron and phonon transport in nanostructured materials [24]. Coatings of nanoscale thickness were used as model materials to tune the electrical and thermal conductivity of nanostructures [25].



Selection of the five elements (i.e., Bi, Te, Ni, Cu and Au) in this work can be justified as follows. Generally speaking, the alloy design using more than four elements can increase the complexity of the structure. Such a complex state allows significant phonon scattering. Another consideration is the electrical conductivity. An ideal thermoelectric material should be electrically conductive. Therefore, a thermoelectric alloy doped with transition metals and electrically conductive elements would be an excellent candidate. Bismuth (III) telluride is a semiconductor with a narrow band structure, and it exhibits a strong thermoelectric property. It has a trigonal crystal structure and cleaves easily along the trigonal axis due to relatively weak Van der Waals bonding between neighboring tellurium atoms, just like the exfoliation found in MoS2 [26].



Bi2Te3 is also considered as a topological insulator, and the physical properties are thickness-dependent. At highly reduced (quasi-two-dimensional) thicknesses, the insulating bulk is reduced and the conducting surface states dominate the electron transport behavior. It is known that a higher Seebeck coefficient is typically associated with a low carrier concentration and a low electrical conductivity [27]. By using a thin Bi-Te film, it is possible to reconcile the conflict between the Seebeck coefficient and the electrical conductivity. Transition metals such as Ni and Cu added into Bi-Te as dopants are able to change the structure of the compound and to improve its thermoelectric properties. As recently reported in [28], Cu atoms can be intercalated into interstitial sites along the c-axis of Bi-Te. This leads to expansion along the c-axis and an increase in the lattice constant. Consequently, both carrier concentration and phonon thermal conductivity decrease while carrier mobility increases. The zT value may be enhanced by about four times compared to that of the Cu-free sample.



Similar to the effect of copper addition into Bi-Te, the addition of the highly conductive element Au into the Bi-Te thermoelectric material is likely to improve the electrical conductivity and to increase the Seebeck coefficient so that the energy conversion efficiency could be enhanced. Gold can be coated on a nanoporous anodic aluminum oxide membrane with uniform separation by controlling the pore size of the oxide membrane [29]. The objective of this work is to make a Bi-Te-Ni-Cu-Au complex thermoelectric material on anodic aluminum oxide substrate by a metal organic chemical vapor deposition (MOCVD) process. The structure of the deposited film is then characterized by scanning electron microscopy. Based on the characterization results, the mechanism of the microstructure development is discussed.




2. Materials and Experimental Methods


The anodic aluminum oxide (AAO) template used in the experiment was purchased from Whatman Inc. (Piscataway, NJ, USA), and has a pore size of 0.2 μm and a diameter of 25 mm. Nickel acetate, bismuth acetate, iron (III) nitrate, tellurium (IV) chloride, and N,N-dimethylformamide (DMF) were purchased from Alfa Aesar. The precursor solution was made by dissolving nickel acetate, bismuth acetate, copper (II) nitrate, and tellurium (IV) chloride into N,N-dimethylformamide (DMF) in a 250 mL bottle. The nominal concentrations of nickel acetate, copper (II) nitrate, bismuth acetate, and tellurium (IV) chloride were 1.0 M, 0.50 M, 0.1 M, and 0.05 M, respectively. The solution was maintained at a constant temperature of 90 °C. Figure 1 shows the split furnace and CVD chamber used in the experiment as well as a schematic of the overall process. During the CVD, hydrogen was inducted into the solution to carry the volatiles into the quartz reaction chamber which houses the AAO ceramic template for film deposition. The size of the template substrate was 0.5 mm in thickness and 12.5 mm in diameter. The AAO was pre-coated with Au 4 nm thick using a model GSL-1100X-SPC12-LD mini plasma sputtering coater purchased from MTI Corporation, Richmond, CA, USA. The quartz tube was initially vacuumed at a pressure level of 10−2 Torr. During the deposition process, the check valve was open to supply hydrogen at a volumetric flow rate of 5 standard cubic centimeters per minute (sccm) in order to maintain a reducing environment. The furnace was heated up to 500 °C at a ramp rate of 5 °C/min using an MTI GSL-1100X-S50 split furnace (MTI Corporation, Richmond, CA, USA). It was held at 500 °C for 2 h. During the reaction, the exhaust gas was inducted into a container filled with icy water, which allowed the DMF vapor to condense. The by-products from the CVD reactions such as hydrogen chloride and nitrogen oxide were trapped in another container and neutralized by a sodium hydroxide solution with a concentration of 2.0 M. Any remaining hydrogen was burned in a torch. After the experiment, the system was shut down and the specimen was cooled down naturally.


Figure 1. The chemical vapor deposition set-up and the schematic of the chemical vapor deposition (CVD) process: (a) split furnace; (b) reaction chamber; (c) illustration of the chemical vapor deposition process. 1: precursor solution; 2: vacuum pump; 3: sealing flanges; 4: ceramic tube; 5: heating unit; 6: ceramic foam insulating block; 7: anodic aluminum oxide (AAO) substrate; 8: Bi-Te-Ni-Cu-Au coating; 9: cold trap; 10: sodium hydroxide solution; 11: gas torch; and 12: control unit.
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The microstructure of the CVD coating was characterized using a scanning electron microscope (SEM, JEOL JSM-6010PLUS/LA, Peabody, MA, USA). Secondary electron images (SEIs) and the backscattered electron composition (BES) images were taken. The SEIs were compared with the BES image to examine the composition distribution. Quantitative analysis of elements was carried out using energy dispersive X-ray spectroscopy (EDS, equipped with Silicon Drift Detector (SDD)—Model: X-MaxN, made by Oxford Instruments America, Inc., Concord, MA, USA).



The Seebeck coefficient measurement was performed using a self-built facility. In brief, it consisted of two functional units. One was the hot and cold temperature control unit. This unit was built based on two major components, an aluminum heating ring and a digital temperature controller, both purchased from Columbia International Technical Equipment & Supplies LLC, Irmo, SC, USA. The other unit was for open circuit voltage measurement. The voltage measurement unit was made of a model CHI440C Electrochemical Workstation (CH Instrument, Austin, TX, USA). The accessories were from CH Instrument Inc., Austin, TX, USA. During the measurement process, one end of both the nanostructure specimens and the bulk material (in the form of a thick coating) was attached to the aluminum heating ring. The other end of the specimens was exposed to the ambient temperature. The heating ring generated different temperature levels at the hot end of the specimens. The value of the Seebeck coefficient was calculated by the ratio of the voltage to the temperature difference between the hot end and the cold end of the specimens.



To examine the effect of composition, especially the Cu and Au elements on the thermoelectric property (the Seebeck coefficient), comparative studies were conducted by depositing Bi-Te-Ni-Fe film on insulating ceramic substrate. The same MOCVD conditions as described above were used. The chemicals used and the process control for the Bi-Te-Ni-Fe deposition can be found in earlier work [30].




3. Results and Discussion


3.1. Morphology and Composition of the Nanostructure


The microstructure of the anodic aluminum oxide was characterized by various imaging and surface analyses. Figure 2a shows a SEI of the nanoporous AAO. As can be seen, the pore size was around 200 nm. The wall thickness between the pores was also around 200 nm. The energy dispersive X-ray diffraction spectrum in Figure 2b revealed that Al and O were the major elements.


Figure 2. SEM image of AAO and composition profile: (a) secondary electron image (SEI) of the AAO; (b) energy dispersive X-ray spectroscopy (EDS) showing the qualitative results of Al and O elements.
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SEM analysis results of the microstructure and the composition of the deposited material are presented in Figure 3. A backscattered electron image for the deposited material is presented in Figure 3a where relatively heavy elements in the coating such as Te and Bi are shown in bright color. The light elements are shown in darker color. Several morphological features including pores, islands and clusters can be easily seen in Figure 3a, which implies a fast growing mechanism of the complex thermoelectric material. Figure 3b shows the locations for spot analysis. Four representative locations were selected.


Figure 3. Spot analysis results: (a) backscattered electron composition (BES) image of the deposited material on AAO; (b) BES image showing the locations for the EDS spot analysis; (c) EDS spectrum for Spot 001; (d) EDS for Spot 002; (e) EDS for Spot 003; (f) EDS for Spot 004.
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The qualitative results obtained from the four sites are presented in Figure 3c–f. The compositions in mass percentage for each element from the four spots are presented in Table 1. The spectra in all the four sub-figures illustrate the peaks from five common elements: C, O, Al, Cu, and Te. A carbon signal came from all four spots, indicating that carbon remained from the decomposition of DMF. The oxygen signal could have come from the template, AAO, and decomposition of the DMF.


Table 1. Mass percentage of elements at the four spots.





	Spot No.
	O
	Au
	C
	Mg
	Al
	Ni
	Cu
	Te
	Bi





	001
	16.1
	0.0
	58.5
	0.0
	23.7
	0.0
	0.6
	1.2
	0.0



	002
	12.6
	2.6
	51.6
	1.4
	18.9
	1.3
	1.1
	6.8
	3.7



	003
	17.6
	0.0
	47.3
	0.0
	33.0
	0.0
	0.6
	1.5
	0.0



	004
	12.2
	2.4
	54.5
	1.1
	16.8
	1.5
	1.0
	7.0
	3.4









At Spot 001, the highest peak of Al was observed because it was the major element from the AAO template; C was the second highest peak. They were followed by the O signal, indicating that the dark shaded region was rich in AAO. At Spot 002, Al still showed the highest peak, while Au, Bi, and Ni were observed. Evidently, Au nanoparticles facilitated the formation of the complex Bi-Te-Al-Ni-Cu material. In addition, some Mg impurity signal was revealed at spot site 002. At Spot 003, C, Al, and O appeared as the major elements, implying that the thermoelectric material had a very low growth rate in this region, which is similar to the observation at Spot 001.



To further validate the catalysis effect of the gold particle, Spot 004 with the similar morphological feature to that at Spot 002 was analyzed. Not surprisingly, Al element still showed the highest peak. Au, Bi, and Ni were also found. This indicates that Au nanoparticles facilitated the formation of the complex Bi-Te-Al-Ni-Cu material. Again, a very small amount of Mg as impurity was found at the location marked as Spot 004. It is well known that gold nanoparticles can be used as the seeds for the formation of nanostructures (e.g., growth of nanoporous Si via solution method and SiGe nanowires via VLS (vapor-liquid-solid) method). Therefore, the Au signal from the EDS analysis is expected to appear only at the sites of the nanostructures (Spots 002 and 004). In the MOCVD process, the Au film de-wets from the alumina surface to form particles and serves as the seeds for the Bi-Te-Ni-Cu growth. The experimental results from the EDS analysis exactly clarify the catalytic function of the gold because only at the sites of the nanostructures (Spots 002 and 004) were the Au peaks found, which is shown by the results in Figure 3d,f.



Quantitative results of mass percentages are listed in Table 1. For Spots 002 and 004, the data in the last two columns yield a relative atomic ratio of Bi to Te of about 2:3. This means that the deposited material was close to the stoichiometry of Bi2Te3 as made by physical vapor deposition reported in [31]. At some other locations, the Bi concentration could be very low. Such behavior was due to the low melting temperature of Bi. Bismuth evaporates faster than telluride does at temperatures above 250 °C, which could result in a Bi to Te ratio less than 2:3.




3.2. Nanostructure Growth Mechanism


Earlier work has proven that gold thin films on polymer substrates possess the tendency to self-assemble into nanoscale dot or particle patterns at elevated temperatures [32]. In this work, a similar temperature effect should exist for the thin gold coating, leading to the formation of gold nanoparticles on the top surface of the AAO. The gold nanoparticles have a high surface area and also a high activity, so they can become active centers for the growth of the complex thermoelectric coating material.



The mechanism of gold nanoparticle assisted catalytic growth is schematically shown in Figure 4. Figure 4a shows the porous AAO. Figure 4b shows the gold coating on it. When the coated AAO was set in the reaction chamber and heated up, the coating shrank due to thermal mechanical effects to form particles, as shown in Figure 4c. The gold nanoparticles then became the centers for the thermoelectric material growth, as illustrated in Figure 4d. As the processing time proceeded, more thermoelectric material was deposited at the interface, as presented in Figure 4e. Eventually, homogenization of the material occurred and the composition of the material became uniform through diffusion, as illustrated in Figure 4f.


Figure 4. Schematic showing the gold catalyst assisted chemical vapor deposition mechanism: (a) porous AAO; (b) AAO coated with Au layer; (c) self-assembling of Au layer into nanoparticles at elevated temperatures; (d) Bi-Te-Ni-Cu growth around Au; (e) reaction of Bi-Te-Ni-Cu with Au to form alloy; and (f) homogenization of the complex material to form island like feature. 1: AAO wall, 2: AAO pore, 3: gold layer, 4: gold nanoparticles, 5: interface layer of Bi-Te-Ni-Cu and Au, 6: fully homogenized Bi-Te-Ni-Cu-Au coating.
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Gold nanoparticles as the seeds for the formation of nanostructures should keep separation with the growing structures. For example, during the gold nanoparticle catalyst-assisted etching of Si for nanopore array formation, the gold nanoparticles are located at the bottom of the nanopores. In SiGe nanoscale pillar array growth via gold catalyst assisted VLS approach, the gold nanoparticles are always located on the top of the nanowires. Here, we found that gold was eventually merged into the Bi-Te alloy based coating. This is because the Bi-Te has a fairly open and easy exfoliating structure, which allows the gold to be intercalated into the layered structure of the Bi-Te compound.




3.3. Thermoelectric Responses of the Nanostructure vs. Bulk Material (Thick Film)


First, the Seebeck coefficient results of bulk Bi-Te-Ni-Cu-Au thick film material with a coating thickness of 200 nm are presented. The composition of the thick film was the same as for the nanostructure; however, the deposition time was longer to form a thick and continuous film. The hot-end and the cold-end temperature differences were controlled at six values, i.e., 5 °C, 6 °C, 7 °C, 8 °C, 10 °C and 15 °C. For each ΔT, 4000 data were recorded at the rate of 10 data/s. Then the value of Seebeck coefficient, S, was calculated by using the following equation:


[image: ]



(1)







The mean and standard deviation of the Seebeck coefficient under each ΔT is listed in Table 2. The final result was obtained as the average of values under different conditions, or Savg = 105.85 ± 10.88 µV/K. This result is comparable to or slightly higher than the currently reported Seebeck coefficient value for Bi-Te bulk material [33] or its composite material [34].


Table 2. Seebeck coefficient of Bi-Te-Ni-Cu-Au thick film measured at various hot-cold end temperature differences.





	
Test No.

	
ΔT (°C)

	
S (μV/K)

	
Standard Deviation (µV/K)






	
1

	
15

	
114

	
9




	
2

	
10

	
104

	
5




	
3

	
8

	
105

	
11




	
4

	
7

	
107

	
12




	
5

	
6

	
103

	
13




	
6

	
5

	
103

	
16




	
Savg = 106 ± 11 µV/K










Figure 5 shows three typical curves for the Seebeck coefficient measurement results. These curves provide the information of time-dependent thermoelectric responses of the thick coating at three different values of ΔT: 15 °C, 10 °C and 8 °C. All the plots reveal the relatively stable thermoelectric response of the bulk material.


Figure 5. Seebeck coefficient measurement results of the thick coating obtained from various hot-end to cold-end temperature difference conditions: (a) with ΔT = 15 °C; (b) with ΔT = 10 °C; (c) with ΔT = 8 °C.
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The results of the Seebeck effect tests on the nanostructure are summarized in Table 3. All the seven tests consistently delivered a Seebeck coefficient value greater than 200 µV/K. The average value, Savg = 237 ± 13 µV/K, is more than twice the value obtained from the thick film with the same composition.


Table 3. Seebeck coefficient of the Bi-Te-Ni-Cu-Au nanostructure.





	
Test No.

	
ΔT (°C)

	
S (µV/K)

	
Standard Deviation (µV/K)






	
1

	
15

	
216

	
11




	
2

	
10

	
223

	
13




	
3

	
8

	
234

	
20




	
4

	
7

	
262

	
8




	
5

	
6

	
249

	
7




	
6

	
5

	
239

	
9




	
7

	
4

	
237

	
22




	
Savg = 237 ± 13 µV/K










Figure 6 shows results of three specimens of the same nanostructured material at a fixed ΔT of 5 °C. These plots indicate that the thermoelectric response of the nanostructured material is repeatable and that the Seebeck coefficient stayed consistently in the range of 230 and 260 µV/K.


Figure 6. Time-dependent Seebeck coefficient results of the nanostructure obtained at ΔT = 5 °C to show the reproducible behavior of the nanostructure: (a) from specimen 1, (b) from specimen 2, (c) from specimen 3.
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The increase in the Seebeck coefficient of the nanostructured Bi-Te-Ni-Cu-Au thin film is similar to the case for Bi-Te nanoparticles sitting on the silicon nanofibers as shown in [35]. The enhanced Seebeck effect phenomenon can be explained by quantum confinement in the Bi-Te nanostructure. For such a low dimensional nanostructure, the Seebeck coefficient is estimated by the Culter-Mott formula [36]. Although this formula was initially developed for degenerated semiconductors, it may also be applicable for low dimensional structures as mentioned here for a preliminary evaluation. The Seebeck coefficient of the nanostructured Bi-Te-Ni-Cu-Au alloy, S, can be calculated based on the formula containing the Boltzmann constant, the electrical conductivity, the absolute value of the electron charge, the density of charge carriers, the scattering time, and the Fermi energy. The nanostructured particle/thin film materials as prepared in this work were in the one-dimensional (1D) and two-dimensional (2D) form (islands and thin film in a rough AAO plane). The carrier concentration per unit area can be estimated from the effective mass of the charge carriers, their energy levels, and the diameter of the nanoparticles or the thickness of thin film. It is predicted that the Seebeck coefficient should be improved by increasing the electrical conductivity and the scattering time. The finer the nanostructure, or the thinner the film, the higher is the absolute value of the Seebeck coefficient. Therefore, it is reasonable to see that the Bi-Te-Ni-Cu-Au nanostructure demonstrates a stronger Seebeck effect than did the bulk material. The Bi-Te-Ni-Cu-Au nanoscale islands are separated from each other on the surface of the AAO template, leading to reduced electron mobility. This is the mechanism for the enhancement of the Seebeck effect.



The porosity could be a key factor determining both electrical and thermal conductivity of a material. Based on the study of a ZrN material, Adachi et al. [37] found that the thermal conductivity of the porous ZrN, κ, can be calculated by
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(2)




where κ0 is the bulk conductivity, p the porosity, and β the constant number determined by the conditions of the pores. For spherical pores, β takes a value between 1 and 3 [38].



Obviously, the higher the porosity, the lower the thermal conductivity of the material. Since the thermoelectric figure of merit, zT, is inversely proportional to the thermal conductivity, the reduction in the κ value should be favorable for increasing the thermoelectric energy conversion efficiency. That is the rationale for making the porous film by MOCVD in this work. The implication of the research results in this work is that an inexpensive sensor may be built based on the highly sensitive thermoelectric responses of the Bi-Te-Ni-Cu-Au thin film nanomaterial.




3.4. Composition and Structure Effects on the Thermoelectric Responses


A comparison of Seebeck coefficients of thermoelectric materials with different additives and structures is shown in Table 4. It appears that adding carbon or organic semiconductor into the Bi-Te compound does not significantly increase the Seebeck coefficient of the material [39]. The Bi-Te polyaniline composite has a lowest Seebeck coefficient value of 31 µV/K [40]. The Bi/Bi-Te nanocomposite as shown in [41] demonstrates a Seebeck coefficient value of 185 µV/K, similar to that of the Bi-Te-Ni-Fe thin film, 179 µV/K. The Seebeck coefficient of Bi-Te-Ni-Cu-Au alloy prepared in this work, 237 µV/K, is slightly higher.


Table 4. Comparison on the absolute value of Seebeck coefficient, S.





	Bi-Te with Various Added Materials
	S (µV/K)
	Source





	Bi-Te-Ni-Fe
	179
	[30]



	Bi-Te Carbon Nanotube
	34
	[39]



	Bi-Te Polyaniline
	31
	[40]



	Bi/Bi-Te Nanocomposite
	185
	[41]



	Bi-Te-Ni-Cu-Au
	237
	This work









The work performed by Tan et al. showed that nanostructured Bi-Te thin film made by radio frequency magnetron sputtering could demonstrate an even higher Seebeck coefficient of 287 µV/K [42]. This again indicates that the charge mobility confinement in nanostructure improves the thermopower of the material. Regarding the role of the copper element, a recent study [43] revealed that it significantly enhances the electrical conductivity of Bi-Te due to carrier concentration. The Bi-Te bulk specimens prepared by the melting method have a smaller Seebeck coefficient. Based on this, the MOCVD Bi-Te-Ni-Cu-Au specimen in porous film form is expected to improve the electrical conductive behavior because the addition of Cu and Au overcomes the decrease in the thermopower of the material.





4. Conclusions


A Bi-Te-Ni-Cu-Au material has been successfully processed by a one-pot precursor approach. Nickel acetate, bismuth acetate, copper (II) nitrate, and tellurium (IV) chloride in N,N-dimethylformamide (DMF) were used as the metal sources for Ni, Bi, Cu, and Te. Hydrogen was used as the carrier gas to prevent oxidation of the Bi-Te-Ni-Cu-Au complex thermoelectric material. The microstructure of the deposited material showed pores and island-like features. The islands were shown in the initial stage of the deposition and such features were due to the existence of noble metal (Au) nanoparticles. The potential applications of the deposited material, including thermoelectric energy conversion and temperature sensing, were validated by the Seebeck coefficient measurements. The nanostructure showed a much greater value of the Seebeck coefficient than did the thick film and bulky material with a similar composition. The reason is the quantum confinement of the nanostructure.
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