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for the CV s obtained by depositing copper on TaN and it was found that these 

fluctuations are associated with the appearance of cracks in the deposited films25
• In 

sulfate/PEG solution, the copper deposition current becomes zero at about 0 V, several 

hundred milli- volts negative of the zero current potential on Pr5
. In sulfate/EDTA 

solution, the voltammogram shows almost the same behavior as that of sulfate/PEG 

solution except for current fluctuations which were not detected in the reverse scan. The 

small stripping peaks observed in the reverse scan of the two examined solutions suggest 

the formation of a Schottky junction at the tantalum oxide/copper interface. 

The deposition transients (i-t curves) of copper deposition on native tantalum 

oxide were analyzed to investigate the mechanism of nucleation and growth. In these 

experiments, the potential was stepped from a potential where no deposition is observed, 

typically the open circuit potential, to potentials in the region of the bulk deposition peak, 

as determined from the cyclic voltammograms. Figure 2.8 shows current transients for 

copper deposition from sulfate/PEG (a) and sulfate/EDTA (b) solutions on native 

tantalum oxide. The transients were characterized by a dramatic initial increase in current 

density due to nucleation and growth of three-dimensional (3D) copper clusters. At longer 

times the current increases slowly indicating the growth of copper nuclei but nucleation 

does not occur any more. 
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Figure 2.7. Cyclic voltammograms for electrodeposition of copper from (a) copper 
sulfate/PEG (pH 0.25), and (b) copper sulfate/EDT A (pH 13.5) solutions. 
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Figure 2.8. current transients curves for copper deposition from (a) sulfate/PEG, and 
(b) sulfate/EDT A solutions on native tantalum oxide. 
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Figure 2.9 shows a series of field emission scanning electron microscope (FE­

SEM) images of copper clusters deposited at -0.9 V, -1.0 V, and -1.1 V from copper 

sulfate/PEG solution. All images were recorded after 110 seconds of electrodeposition 

under a fixed potential. For all potentials, the clusters were randomly distributed on the 

surface. The images show that the cluster density increases with increasing deposition 

potential but they do not form a copper film on the substrate. This increases the chances 

of forming discontinuous patterns when this bath is used for selective electroplating. 

Copper deposition on native tantalum oxide from sulfate/EDTA solution was 

characterized by producing copper patches on the surface. An FE-SEM image of one of 

these copper patches is shown in figure 2.10(a). EDX analysis showed that the 

composition of the patch deposited from sulfate/EDT A bath is mainly copper with a 

significant percentage of potassium. The spectrum is shown in figure 2.1 O(b ). The 

sulfate/EDTA solution contains KOH in order to bring the pH to 13.5, causing the 

potassium peak in the spectrum. The oxygen peak in the EDX spectrum is a result of 

copper oxidation and tantalum oxide. 
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Figure 2.9. Series of plan view field emission scanning electron microscope (FE-SEM) 
images of copper clusters deposited at (a)-0.9, (b) -1.0, and (c) -1.1 V from copper 
sulfate/PEG solution. All images were recorded after 110 second of electrodeposition. 
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0 2 3 4 5 6 7 8 

Figure 2.10. (a) An FE-SEM image of copper deposited from CuS04/EDTA solution at-
1.5 Von native tantalum oxide. (b) EDX spectrum represents the whole area scanned in (a). 
Ta is represented on the spectrum as white circle, Cu as<ID , K as6, 0 as@, and Cas®. 
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Figures 2.11 (a, c) show FE-SEM images of copper clusters selectively 

electroplated from sulphate/EDT A solution on a pre-patterned tantalum oxide substrate. 

The images show that copper is only electrodeposited on the thinner tantalum oxide and 

no copper clusters were observed on the thicker oxide. Therefore the protocol of selective 

electrodeposition can work efficiently to form microstructures on pre-patterned tantalum 

oxide substrates. Figures 2.11 (b, d) show EDX copper maps of the FE-SEM images (a 

and c repectively). The EDX copper maps confirm the identity of the electrodeposited 

structure to be mainly copper. The discontinuity of copper lines is due to the relatively 

poor nucleation of copper on tantalum oxide18
• 
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C u Ka1 

Figure 2.11. (a and c) FE-SEM images of copper clusters selectively electroplated on 
a pre-patterned tantalum oxide substrate. (b and d) The corresponding EDX copper 
map ofFE-SEM images (a and c). 
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2.5 Conclusion 

Our study has shown that metals, copper in this work, can be electroplated on pre­

patterned tantalum oxide thin films of appropriate thickness. In the process of selective 

electrodeposition, a tantalum oxide thin film of 30 nm thick, insulating oxide acts as a 

mask while patterned oxide films --4 nm thick, n-type semiconductor, were successfully 

copper electroplated. The electrodeposited copper does not re-dissolve because of the 

Schottky junction formed at the Ta20s(< 15 nm thick)/Cu interface. 

The rectifYing behavior of the resulting Schottky junction was investigated by 

cyclic voltammetry for tantalum oxide films (thickness < 15 nm) in acidified copper 

sulfate solution. All the investigated systems showed cyclic voltammograms with either a 

very small anodic peak or no stripping peaks at all, along with large peaks for copper 

deposition (cathodic peaks). The ability to perform selective electrodeposition of metals 

on semiconductor substrate, such as Ta20s(< 15 nm thick), could enable the maskless 

fabrication of semiconductor devices. It can be also used for prototyping by building four 

point probe for instance, that can be used for in-situ electrical measurements of nanoscale 

objects. 
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CHAPTER3 

llighly ordered porous tantalum for nanofabrication, the first porous metal 
prepared by anodic oxidation 

Hany ElSayed, Mark Greiner, Sherdeep Singh, and Peter Kruse 

3.1 Abstract 

Synthetic strategies of nanoparticles have been developed, ranging from chemical 

preparation methods to lithographic techniques. The later methods offer very high control 

over the position, shapes and dimensions of the nanoparticles, however they lack to the 

materials versatility, simplicity and cost-efficiency in nanofabrication. Template-assisted 

nanofabrication that entails the synthesis of the desired nanostructure inside the pores of 

the nanoporous material has demonstrated successful control over size and shape of 

nanostructures. In this paper we report the synthesis of the first metallic nanoporous 

template by electrochemical oxidation. The template that has not only pores of high 

regularity and monodispersity but also highest hardness among other porous templates 

may be used for nanoparticles fabrication. The compatibility of the new porous tantalum 

template with semiconductor industry makes it a candidate for many potential 

technological applications. 
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3.2 Introduction 

The large interest in nanomaterials comes from their numerous potential 

applications in fields such as biomedical sciences, electronics, optics, magnetism, energy 

storage, materials and electrochemistry. Synthetic strategies of nanomaterials can be 

classified into two categories; bottom-up and top-down. The top-down approach involves 

reducing the size of a bulk material into nanoscale patterns, while the bottom-up approach 

refers to the build up of a material from the bottom, i.e. particle-by-particle. This particle 

maybe an atom, a molecule or even a cluster. Regardless the utilized approach, the main 

concern in fabricating nanostructures is the control of the fmal morphology of the 

product. This concern originates from the fact that nanostructures properties are size 

and/or shape dependent1
• One of the bottom-up methods recently demonstrated successful 

control over size and shape ofnanostructures is the template-assisted nanofabrication2
' 

3
. 

This method entails the synthesis of the desired nanostructure inside the pores of the 

nanoporous membrane. The most common templates used for nanostructures fabrication 

are ion-track etched membranes4 and porous alumina5
• However, there are a variety of 

other porous materials that could be used as templates. The ion-track etched membranes 

are prepared by bombarding a nanoporous sheet with nuclear fission fragments to create 

damage tracks in the material, and then chemically etching these tracks into pores2
• The 

result of this process is randomly distributed nanochannels of uniform diameter (as small 

as 10 nm). The other type of templates, porous alumina, is prepared by anodic oxidation 

of aluminum in acid solutions6
• Nanochannels of uniform diameter are formed normal to 

the surface of aluminum as a result of the anodic oxidation process. The dimensions of 
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the channels can be tuned by controlling the electrochemical conditions such as anodizing 

time, applied potential and electrolyte composition and concentration. The cylindrical 

pores of porous alumina have been used to grow nanoparticles, nanowires and nanotubes. 

The question now arises whether other metals of technological interest can also be used to 

grow nanoporous films that can be used for nanostructures fabrication. To date, however, 

titanium7
, niobium8

, tungsten9
, Zirconium10 and tantalum11 have been anodically oxidized 

under electrochemical conditions where they form pores. When Ti is anodized in fluoride 

ion containing phosphate electrolytes, self-organized titanium oxide nanotubes are 

formed7
• On the other hand irregular porous oxide films were obtained by anodic 

oxidation ofniobium8
' 

12
' 

13
, and tungsten9

• Recently, random porous tantalum oxide films 

with a wide pore size distribution were obtained by anodizing tantalum in dilute sulfuric 

acid solutions containing small quantities ofHF (0.5-3%)11
' 

14
• 

15
• 

It is known that tantalum can be anodized in almost any aqueous electrolyte 

except concentrated hydrofluoric to produce compact tantalum oxide16
• During 

anodization the electrostatic field E in the pre-existing oxide film (native oxide) causes 

metal ions to enter the oxide and travel through the oxide to the electrolyte where they 

react to produce more oxide. Oxygen in the electrolyte also migrates through the oxide 

under the effect of the electrostatic field to the metal where more oxide is also produced. 

Anodic oxidation of tantalum in concentrated acid solutions also leads to the 

growth of compact tantalum oxide films but these films have distinctly different physical 

and chemical properties from those formed in dilute solutions. Further, films formed in 

concentrated acid solutions show higher dissolution rates in HF than those formed in 
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dilute acid solutions 17
• These differences in the chemical and physical properties and 

dissolution rates arise from increased incorporation of electrolyte anions into the films 

formed into the concentrated solutions18
• 

In this research paper we report, for the first time, the fabrication of a highly 2D 

ordered porous tantalum by simple electrochemical oxidation. The porous tantalum is 

characterized by high pore diameter monodispersity. The anodization was conducted in a 

mixture of concentrated sulfuric acid and dilute hydrofluoric acid. The porous tantalum 

can be used as a template for nanoparticles fabrication. The high degree of pore diameter 

monodispersity will be reflected upon the nanostructures prepared in the pores of the new 

template. Given that tantalum has the third highest melting point among metals, the 

porous tantalum template can be safely used for nanostructures synthesis with high 

temperature deposition techniques. The compatibility with present semiconductor 

technology and simplicity of preparation make the porous tantalum a universal, practical 

template not only for nanoparticles fabrication for the semiconductor industry but also for 

the field of nanostructuring in general. 
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3.3 Experimental work 

Materials and surface preparation 

Prior to anodization, tantalum foil (Alfaaesar, 99.95%, 0.127 mm) was rinsed in 

acetone, isopropanol, and Millipore water (18.2 Millcm resistivity). No polishing process 

was adapted. Anodization was carried out in a stirred solution of concentrated H2S04 (95-

98%) and HF (48%) in a volume ratio 9:1. (This solution will be referred to below as 

"solution A.") The solutions were prepared from reagent-grade chemicals and Millipore 

water. 

Electrochemical experiments 

Anodization was conducted using a conventional two-electrode system connected 

to a power supply (Agilent E3615A). A PtJir wire was used as the counter-electrode 

(cathode). The working electrode (anode) was tantalum foil substrate connected with a 

copper wire to the power supply. The distance between the working and counter­

electrodes was kept at 1.5 em. During anodization, solution was stirred using a magnetic 

bar. All the experiments were performed at room temperature (approximately 20°C). 

Immediately after anodization, the sample was rinsed with deionized water. 

Scanning electron microscopy and Atomic force microscopy surface investigations 

The surface view of the anodized samples were acquired on a field emission 

scanning electron microscope (FE-SEM Jeol 7000F). The AFM used is Digital 

Instruments Nanoscope III system, a Multimode SPM. 
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Nuclear reaction analysis (NRA) measurements 

The 160(d,p)170 nuclear reaction was used to determine the absolute oxygen 

content ofthe anodized samples within ~0.5 !lin of the surface. The 160(d,p)170 reaction 

used an 972 Ke V deuterium beam as the primary beam. The incident beam is 

approximately lmm2 in area. The ion beam was incident on the samples along the surface 

normal and the detector was placed at 125° in the scattering plane which included the 

incident beam. The tantalum oxide thickness was estimated by comparing the number of 

protons emitted from the sample to those emitted from a reference Ta20 5 sample of 

known oxygen coverage and oxide thickness using the 160(d, p)170 reaction. The 

accuracy of this measurement is about ±5% if the sample and reference have similar 

geometry. More about the experimental setup of the NRA system can be found 

elsewhere19
• 
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3.4 Results and discussion 

Morphology: 

Figure 3.l(a) illustrates the surface view ofthe formed anodic porous tantalum by 

a field emission scanning electron microscope (FE-SEM). The anodization was conducted 

in "solution A" at 24°C at 20V for 15 minutes. The micrograph shows that in this specific 

sample the formed pores have an average diameter in the range 30-50 nm and they are 

symmetric and highly ordered. 

In contrast to porous anodic alumina, the first self-ordered nano-channel material 

formed by anodization, in which defects and dislocations accumulate at the grain 

boundaries20 and long range anodization is required to attain a defect-free porous surface, 

defects and dislocations in anodic porous tantalum do not concentrate at the grain 

boundaries between domains and the pores are oriented along the grain boundaries. 

Figure 3.1(b) shows an FE-SEM image of a tantalum sample anodized at the 

aforementioned H2SOJHF solution at 12V for 20 minutes. In this image the pores are 

well organized even along the grain boundaries and they are highly monodisperse having 

pore diameter in the range 27-30 nm. The few defects and imperfections shown in image 

( 1 b) are randomly distributed and they do not concentrate at the grain boundaries. 
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II 

Figure 3.1. SEM images of porous tantalum. a, anodized for 15 min at 20V. b, 

anodized for 20 min at 12V. c, anodized for 10 min at 15V. d, anodized for 10 min at 

12V. e, anodized for 10 min at 12V (two months old sample). f, AFM of porous 

tantalum anodized for 12 min at 15V, and g, 3D view AFM image and its 

corresponding cross section. (All the rod bars are 100 nm.) 
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Trying to find the optimum electrochemical conditions at which highly ordered 

porous tantalum of high monodisperse characters can be obtained, tantalum samples were 

anodized at different values of potential and anodizing time. It was observed that 

relatively short time anodization (5-60 min) at potentials in the range 10-20V produces 

highly ordered porous tantalum. Figure 3.1(c) shows an FE-SEM image of a tantalum 

sample after anodization in "solution A" at 15V for 10 minutes. In the shown FE-SEM 

image the pores look highly ordered and monodisperse in diameter, most of them have 

diameters in the range 35-37 nrn. Image (1d) shows the surface view of a tantalum sample 

anodized for 10 minutes at 12 V. The pores show high order and monodisperse character. 

It is worth mentioning that porous tantalum was also obtained at very short time of 

anodizing, as short as 5 minutes. 

The long term stability of the pores was studied by FE-SEM, where a sample was 

investigated once prepared and two month after preparation. Image 1 (e) shows the plane 

view of a two months old porous tantalum sample. The pores did not show any kind of 

deformation after two month left in air and they still show the high monodisperse 

character. 

To confirm our results, an atomic force microscope (AFM) was used in order to 

obtain real-space topographical images of the pores with nanometer resolution. The data 

obtained enabled us to determine the minimum pore depth, and the variation of the pore 

wall height. Non-contact mode AFM was used to avoid destruction of the pores. The 

images were obtained in ambient atmosphere using a Digital Instruments Nanoscope III 

system. Figure 3.1(f) shows an AFM image ofporous tantalum anodized at 15 V for 12 
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min. The AFM image ( 1 pm x 1 pm ) confirms the regular distribution of the pores on the 

surface. Figure 3.l(g) shows a 3D view of a smaller area (400 nm x 400 nm) of the 

scanned sample. A cross section of the 3D AFM image shows that the average pore wall 

to wall distance is ~90 run and the average pore depth appears to be at least 10 nm. 

The influence of anodizing potential on the pore diameter was investigated by 

using the optimized experimental conditions. The minimum and maximum observed pore 

diameter formed at each potential were drawn against the applied potential. Figure 3.2 

shows pore diameter ranges of the obtained porous tantalum vs. the applied potential. The 

graph shows that there is a trend of pore diameter increase as the applied potential 

increases. 

The effect of anodizing time on pore diameter of randomly distributed porous 

tantala grown in dilute sulfuric acid was studied by Schmoki et al group11
' 

14
• They have 

shown that the average pore diameter and the thickness of the porous tantalum oxide 

increase with anodization time. In contrast to their fmdings, it was found that when 

concentrated sulfuric acid is used, no significant change in the pore diameter with 

anodization time was observed. The effect of anodizing time on oxide thickness was 

studied by nuclear reaction analysis (NRA). 

NRA gives the total number of oxygen atoms in a given sample surface area and 

compare it to that of a flat tantalum oxide thin film of known thickness. Using NRA, it 

was found that the absolute thicknesses of tantalum oxide films on porous tantalum 

samples grown at different anodizing times are almost the same and the oxide thickness 
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does not depend on time of anodization. NRA measurements on the various porous 

tantalum samples are summarized in Table (1 ). 

The measured oxide thickness values are in the range 3.0-3.7 nm, i.e. slightly 

thicker than native tantalum oxide thickness (1-2nmi1
' 

22
• The measured values may be 

overestimated because of the incorporation of electrolyte anions into the oxide film 

during electrochemical oxidation. Tantalum oxide grown in concentrated sulfuric acid 

(95-98%) is characterized by electrolyte anion (Sol-) incorporation in the whole depth of 

the film18
• This is typically the case for tantalum oxide formed on top of porous tantalum. 

The overestimation of oxide thickness results from the excess oxygen incorporated in the 

oxide as sulphate ions. 

The formation of porous tantalum rather than porous tantala in concentrated 

sulfuric acid can be explained by the chronoamperometric curves obtained while etching 

the tantalum. 
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Figure 3.2. The minimum (lower end of the bar) and maximum (higher end of the 

bar) observed pore diameter of the obtained porous tantalum vs. the applied 

potential (15 min anodization). 

Table 3.1. NRA analysis 

Time of anodization (min) 10 20 30 40 50 60 

Oxide thickness (nm) 3.82 3.46 3.71 3.52 3.81 3.69 

Relative error (nm) 0.08 0.076 0.079 0.077 0.080 0.078 
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1/t curves 

Figure 3.3 shows the current density transient (chronoamperometry curve) 

recorded during anodization under a constant voltage of tantalum in "solution A". Such 

behavior is similar to that of the current density transient curves obtained on Al23
, Te4-27 

when self organized pore formation took place. The shape of the i-t curve obtained at 18V 

can be divided into multiple stages associated with three different stages of pore 

formation. In the first stage (1), by a high-field mechanism28
, a compact layer of tantalum 

oxide is formed through hydrolysis of tantalum at the electrolyte-metal interface 

according to equation (1 ). This oxide layer leads to a dramatic decrease in the recorded 

current density due to it's poor electrical conductivity8
• 

2Ta + 5 H20 ---. Ta20s+ lOW+ lOe- (1) 

Ta20s + 14F + 1 OW---. 2TaF7 
2-+ 5H20 (2) 

Due to the high solubility of the formed tantalum oxide in HF -containing solutions 

according to equation (2), pores start to grow and the current density increases gradually 

as the surface area increases. The origin of dissolving the tantalum oxide forming pores 

rather than uniform dissolution is not well known. At the beginning of stage (II) pores 

start to grow in a random manner where the degree of randomness depends on the 

electrochemical conditions. The pores continue to grow horizontally on the surface and 

the current consequently increases till the end point of stage (II) at which pores have the 

biggest possible diameter. At this point, the system starts to reach a steady state; stage 

(lll), in which pore formation reaches equilibrium with pore dissolution. 
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Figure 3.3. Chronoamperometric curve recorded while anodizing tantalum at 

18V 
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The current density transients show different behavior when samples are anodized 

at different potentials. Figure 3.4 shows the i-t curves at 10, 12, 14 and 16V, in which 

stage II was not observed. The absence of stage II in the i-t obtained at 1 OV indicates the 

start of pore formation earlier at the first stage. Pore formation starts early because the 

applied anodizing potential was not high enough to make oxide film formation 

predominates at the first stage. This behavior noted at 1 OV starts to fade as the potential 

increases. At the i-t curve obtained at 12V, slight oscillations start to occur at stage II 

indicating a competition between the growing oxide and the pore formation (oxide 

dissolution). As the potential increases, at 14 and 16V, the oscillations become larger in 

amplitude and small peaks representing stage II are observed at 80 and 70 second for i-t 

curves of 14 and 16V respectively. 

Fig. 5 shows the i-t curve at 20V at which a five times repetition of stage II 

(represented by the decaying five peaks) is observed at the first 135 seconds. It is believed 

that the occurrence of this kind of current oscillations is due to passivation and 

repassivation associated with the breakdown and healing of the oxide layer at relatively 

higher anodizing potentials. This oscillating behavior has been also reported for porous 

titanium oxide films29
• 
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Figure 3.5. Chronoamperometric curve recorded while anodizing tantalum at 20V 
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When the chronoamperometric curves obtained in "solution A" are compared to 

the those obtained at dilute sulfuric acid solutions containing small quantities of HF (0.5-

3%)14, it can be observed that the current densities of the former are much higher than 

those of the later. These high values of current densities obtained in our study suggest a 

higher rate of tantalum oxide dissolution when a high concentrated sulfuric acid is used. 

Tantalum oxide films are known to consist of two layers, an inner layer of pure tantalum 

oxide next to the metal, and an outer layer of tantalum oxide that has some incorporated 

anions from the anodizing solution. The quantity of the anions incorporated in the outer 

layer depends on the concentration of the anodizing electrolyte. The nature and quantity 

of the incorporating anions affect the physical properties of the formed oxide film. 

As early as 1954 Vermilyea17 demonstrated a difference in chemical reactivity in 

HF between tantalum oxide films formed in concentrated and dilute sulfuric acid 

solutions30
• The speed of chemical attack in HF solutions depends on the nature and 

concentration of the acid used for anodization. At 27.5°C it varies from 62±3 A/min for 

tantalum oxide films formed in dilute sulfuric acid solutions, to about 500 A/min for films 

formed in 95% H2S04• In general, the films formed in concentrated solutions dissolve 

more rapidly than those formed in dilute solutions28
• Therefore, it can be said that 

replacing dilute sulfuric acid, used in other studies to produce porous tantala, with 

concentrated sulfuric acid made a significant difference in the obtained porous structure. 

This simple change in the electrolyte made it possible to prepare the first metallic 

nanoporous tantalum by anodic oxidation. 
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3.5 Conclusion 

A highly regular porous tantalum was fabricated by electrochemical oxidation of 

tantalum. The pore diameter could be controlled by changing applied anodizing voltage. 

The reported process can be used for synthesis of tantalum nanoporous templates for 

nanoparticles fabrication. The new template is compatible with the instant semiconductor 

industry and that may help incorporate it in applications of technological interest. 
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CHAPTER4 

Highly ordered porous tantalum, a new nanotemplate prepared by anodic oxidation 

H. ElSayed, S. Singh, and P. Kruse 

4.1 Abstract: 

In this paper we study the electrochemical conditions that may affect porous tantalum 

formation. The highly ordered porous tantalum (HOPT) that we have previously reported 

for the first time was found to be affected by some electrochemical conditions such as 

solution aging and anodization potential. As a possible new template for nanofabrication, 

reproducibility of (HOPT) is very crucial. We have found that porous tantalum can be 

reproducibly prepared within the anodization potential range 10-20 V. Monodispersity of 

pore diameters was found to be the highest when 15 V is used for the anodic oxidation. 

The new template may find several potential technological applications for being made of 

metal that is already compatible with the semiconductor industry. 
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4.2 Introduction 

The scientific and technological importance of porous materials comes from their 

large surface area and ordered structure1
. The International Union of Pure and Applied 

Chemistry (IUP AC) classifies porous materials into three categories; micropores of less 

than 2 nm in diameter, mesopores between 2 and 50 nm, and macropores of greater than 

50 n2
• In general, nanoporous materials are defmed as porous materials with pore 

diameter less than 100 nm. 

While nanoporous materials are widely used as adsorbents, catalyst support, and 

membrane materials, there is a great demand for the use of high quality monodisperse 

nanoporous materials in a diversity of applications, such as high density storage media, 

chemical sensors of high sensitivity, nano-electronic devices, functional biochemical 

membranes and the fabrication of catalytic nanoparticles3
• 

The classical deposition of nanoparticles from solution 1s characterized by 

relatively poor particle size homogeneity and spatial particle distribution4
• Other 

nanofabrication strategies have been used such as optical lithography. Creating sub-100 

nm structures using optical lithography techniques, however, has been challenging and 

will require extensive equipment upgrades to employ short-wavelength light sources and 

optics5
• Lithographic techniques, such as focused ion beam (Fill) milling, electron-beam 

lithography (EBL ), and scanning probe microscopy (SPM) as direct write methods are 

capable of writing only small areas (hundreds of square micrometers) and they have low 

throughput6. 

73 



Hany ElSayed- M.Sc. Thesis McMaster University - Chemistry 

In conclusion, each of the aforementioned techniques has its own advantages and 

disadvantages, and challenges that can slow down nanofabrication progress can be 

summarized in the following: (i) expensive equipments, (ii) time consuming processes, 

(iii) impracticality with mass production, (iv) inadequate control over shape and size of 

nanostructures, and (v) inability to pattern large areas in short times5
• 

The ability to assemble nanoparticles into arrays, networks and circuits in an 

accurate and controlled manner and the same time having a control over their shape and 

size represents an important key to fabricate variety of nanodevices. Networks of metallic 

or semiconducting nanoparticles, or quantum dots, may find potential applications as 

nanometre scale sensors, advanced computer architectures, ultra-dense memories and 

quantum-information processing7
• One of the simple and easy to do methods recently 

demonstrated successful control over size and shape of nanoparticles is the template­

assisted nanofabrication8
• 

9
• This method involves the synthesis of the desired 

nanostructures inside the pores of the nanoporous membrane. Porous anodic alumina 

(P AA) is the most studied nanoporous membrane for nanostructure fabrication 1. 

The growth ofPAA on aluminum under anodic polarization in various electrolytes 

began in the mid-1900s when Keller10 et al. reported details on cell structure and anodic 

voltage dependence of the cell size3
, where a cell is the unit area containing a single 

nanohole, as they defmed it. Anodically oxidized alumina film consists of nanoholes that 

grow normal to the surface. Later several authors11
-
13 discussed the mechanism of 

nanohole formation by electrical field assisted dissolution. Recently Masuda et al.14
' 

15 

reported self-organized pore growth, leading to a densely packed hexagonal pore structure 
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for certain sets of parameters P AA has been widely used as a template for preparing 

nanostructures with a wide range of materials3
• 

16
• PAA has not been employed 

technologically because of the fragile nature of alumina, for e:xarnple, P AA can not be 

used in semiconductor industry because it does not resist mechanical stresses. 

Seeking for a new nanofabrication template that has enhanced properties, other 

metals such as Ti17
, Sn18

, Zr19
, Nb20

, W21 and Ta22
-
24 have been electrochemically treated 

to investigate the formation of self-organized pores. Anodic oxidation of Titanium in 

phosphate electrolytes containing small amounts of fluoride ions resulted in self-ordered 

titanium oxide nanotubes25
• On the other hand, irregular porous oxide films were obtained 

by anodic oxidation of niobium20
• 

26
• 

27
, and tungsten21

• Recently, randomly distributed 

pores of tantalum oxide with a wide pore distribution were obtained by electrochemical 

oxidation of tantalum in dilute sulfuric acid solutions containing small quantities of HF 

(0.5-3%i2
-
24

• 

In this paper we investigate in more depth the electrochemical conditions that can 

affect the formation of porous tantalum developed in our lab. We have previously 

reported the fabrication of 2D highly ordered porous tantalum28 that can be used as a 

nanofabrication template. The porous tantalum was prepared by direct and simple 

electrochemical anodization of tantalum in a mixture of a concentrated sulfuric acid and a 

dilute HF solution. The template has shown pore diameter tunability in the range 25-55 

nrn with changing the applied anodization potential. The compatibility of tantalum with 

present semiconductor industry makes the new template a candidate for potential 

technological applications. 
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4.3 Experimental work 

Materials and surface preparation 

Prior to anodization, tantalum foil (Alfaaesar, 99.95%, 0.127 rnrn) was rinsed in 

acetone, isopropanol, and Millipore water (18.2 MQ/crn resistively). No polishing process 

was adapted. Anodization was carried out in a stirred solution of concentrated H2S04 (95-

98%) and HF (48%) in a volume ratio 9:1. (This solution will be referred to below as 

"solution A.") The solutions were prepared from reagent-grade chemicals and Millipore 

water. 

Electrochemical experiments 

Anodization was conducted using a conventional two-electrode system connected 

to a power supply (Agilent E3615A). A PtJir wire was used as the counter-electrode 

(cathode). The working electrode (anode) was tantalum foil substrate connected with a 

copper wire to the power supply. The distance between the working and counter­

electrodes was kept at 1.5 ern. During anodization, solution was stirred using a magnetic 

bar. All the experiments were performed at room temperature (approximately 20°C). 

Immediately after anodization, the sample was rinsed with deionized water. 

Scanning electron microscopy and Atomic force microscopy surface investigations 

The surface view of the anodized samples were acquired on a field emission 

scanning electron microscope (FE-SEM Jeol 7000F). The AFM used is Digital 

Instruments Nanoscope III system, a Multirnode SPM. 
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Nuclear reaction analysis (NRA) measurements 

The 160(d,p)170 nuclear reaction was used to determine the absolute oxygen 

content of the anodized samples within ~0.5 j..I1Il of the surface. The 160(d,p)170 reaction 

used an 972 Ke V deuterium beam as the primary beam. The incident beam is 

approximately l:rnrif in area. The ion beam was incident on the samples along the surface 

normal and the detector was placed at 125° in the scattering plane which included the 

incident beam. The tantalum oxide thickness was estimated by comparing the number of 

protons emitted from the sample to those emitted from a reference Ta20s sample of 

known oxygen coverage and oxide thickness using the 160(d, p)170 reaction. The 

accuracy of this measurement is about ±5% if the sample and reference have similar 

geometry. More about the experimental setup of the NRA system can be found 

elsewhere29. 
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4.4 Results and Discussion: 

In our previous study28 we demonstrated for the first time the formation of 

highly ordered porous tantalwn (HOPT) by anodic oxidation. In this paper we show in 

more details the reproducibility of HOPT at different electrochemical conditions of 

anodization potential and anodizing time. We also show that large domains of pores can 

be obtained on the tantalwn surface. Table 1 shows different electrochemical conditions 

of anodization potential and anodization time at which porous tantalwn was prepared. 

Sample number Anodization potential, V Anodizing time, min 

1(a) 15 10 

1(b) 20 45 

1(c) 20 15 

1(d) 12 10 

1(e) 12 20 

l(t) 20 15 

Table 4.1. Different electrochemical etching parameters used for porous tantalwn 

fabrication by anodization of tantalum in "solution A". 
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The field emission scanning electron microscope (FE-SEM) images 1a, 1b, and 1c 

show the large domains of pores successfully prepared in different etching conditions (see 

table 1 ). Figure 4.1 shows the top view of porous tantalum samples prepared at different 

electrochemical etching parameters mentioned in table 1. 

In FESEM image l(a) the pore diameters show a very high degree of 

monodispersity, where the average diameter is ~ 30 nm. Anodization of tantalum in 

"solution A" to obtain highly ordered pores was found to be reproducible in the voltage 

range 10-20 V and anodizing time 5-60 minutes, anodization times longer than one hour 

have not been investigated. show surface view of porous tantalwn samples by FE-SEM. 

Images 1 (b) and 1 (c) show large domains (a few square micrometers) of pores of high 

monodisperse diameters. 

Although porous tantalwn samples 1(d) and 1(e), grown at same potential (12V), 

were subjected to different anodizing times (10 and 20 minutes), their corresponding 

FESEM images show pores of average diameter in the range 27-29 nm confirming the 

high reproducibility of the pores and the independent of pore diameter on anodizing time. 

Image l(f) shows an FE-SEM images of porous tantalum grown at 20 V for 15 minute 

anodizing time. The sample shows that bigger pores can be obtained by applying higher 

values of potential. The pores obtained in this specific sample have diameters in the range 

35-55 nm. It is also clear from the image that the pores are arranges in close packed 

hexagonal structures, where every pore is surrounded by six neighboring pores. 

79 



Hany ElSayed - M.Sc. Thesis McMaster University - Chemistry 

Figure 4.1. SEM images of porous tantalum. a, anodized for 10 min at 15V. b, 

anodized for 10 min at 12V. c, anodized for 20 min at 12V. d, anodized for 15 min at 

20V. e, anodized for 20 min at 12 V. and f, anodized for 15 min at 20 V. (All the rod 

bars are 1 00 nm) 
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Figure 4.2 shows the pore diameter and diameter monodispersity with respect to 

anodization potential. This graph was obtained by anodizing tantalum samples for 15 

minutes each at potentials 10, 12, 14, 15, 16, 18, and 20V. The minimum and maximum 

observed pore diameter, at each potential, of the obtained porous tantalum were graphed 

versus the applied potential. The graph not only shows the dependence of pore diameter 

on anodizing potential, in which there is a trend of pore diameter increase as the applied 

potential increases, but it also illustrates that highest monodisperse porous tantalum is 

obtained at anodization potential of 15 V. 

When applying anodizing potential less or higher than 15 V, highly ordered pores 

are obtained but of low monodispersity. For instance, pores of diameters in the range 35-

50 nm are obtained when anodizing potential of 20 v is applied, and when a potential of 

10 V is applied, pores of diameters in the range 22-28 nm are obtained. When several 

tantalum samples were anodized for different times of anodization and at 15 V, they all 

show pores of diameters in the range 27-29 nm regardless the anodizing time. 

In the previous studies on pore formation of other valve metals such as Ti 1, 

anodizing period and the applied anodizing potential strongly affected the surface 

morphology of the formed oxide film. Therefore, in order to investigate the influence of 

applied potential on the morphology of the resulting porous tantalum, a set of experiments 

were performed at potentials higher than 20 V, and field emission scanning electron 

microscope (FE-SEM) micrographs of the anodized thin films were taken and observed. 

SEM micrographs showed that porous tantalum oxide was formed and the quality of the 

porosity depends on the applied anodizing potential. 

81 



Hany ElSayed- M.Sc. Thesis McMaster University - Chemistry 

E 
c:: 
s.: 
Q) 

a; 
E 
ro 
:0 
~ 
0 
a.. 

52 

48 

44 

40 

36 

32 

28 

24 

~~~~~~~~~~-r~~~~~~~~~ 

9 10 11 12 13 14 15 16 17 18 19 20 21 

Anodization potential, V 

Figure 4.2. Pore diameter and diameter monodispersity with respect to anodization 

potential. The minimum (lower curve) and maximum (higher curve) observed pore 

diameter of the obtained porous tantalum vs. the applied potential (15 min anodization). 
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Figure 4.3 shows SEM micrographs taken for a tantalum sample after anodization 

at 40V for 20 minutes. The relatively high applied potential not only cause surface 

deformation, but also it caused differential etching. SEM Images 4.3(b), (c) and (d) 

represents three images for three different grains labeled i, ii, and iii on image 3a. It is 

very clear from the images that no highly ordered pores were formed and the surface 

morphology of the different grains are completely different after the electrochemical 

etching. Figure 4.3(b) shows porous granules in which the average pore diameter is in the 

range 10-30 nm. Figure 4.3(c) shows a different surface morphology in which no pores 

were observed and only granules 50-100 nm big were uniformly distributed on the 

surface except at some spots. At these spots, circled in the image, no granules were 

observed and only valleys 100-120 nm big were observed. Image 3d shows a porous 

surface in which the valleys observed in image 4c was repeated on almost the whole 

surface of the grain. The observed surface morphological features suggest a differential 

etching against "solution A" as a result of different etching resistance shown by different 

tantalum grains. 

One possible explanation for such behavior is that when anodizing at relatively high 

potentials, the rate of field-enhanced dissolution is much faster than that of the formation 

of the nanopores. 
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Figure 4.3. SEM micrographs for a tantalum sample after anodization at 40V for 20 

minutes. 
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The mechanism of pore formation has been investigated by chronoamperometry in 

our previous study on porous tantalum28
• Figure 4.4 shows the chronoamperometric (i-t) 

curve obtained for the anodization of tantalum in "solution A" at 18 V. The shape of the 

curve can be divided into three phases associated with three different stages of pore 

formation. In the first phase (I), a compact layer of tantalum oxide is formed, by a high­

field mechanism30
, through tantalum hydrolysis at the electrolyte-metal interface 

according to equation (1). The formed oxide layer is characterized by poor electrical 

conductiviif0 that leads to a dramatic decrease in the recorded current density. 

2Ta + 5 H20 ----+- Ta20s+ lOW+ lOe- (1) 

Ta20 5 + 14F + lOW----+- 2TaF/- + 5H20 (2) 

At the second phase (II), pores start to form and grow due to the high solubility of 

the formed tantalum oxide film in HF-containing solutions according to equation (2). This 

dissolution of tantalum oxide film appears as a gradual increase in the current density. 

The current density continues increasing, as result of growing pores on the surface, till the 

end point of phase (II) at which pores have the biggest possible diameter. The system 

starts to reach a steady state when pore formation reaches equilibrium with pore 

dissolution; phase (III). 

In our previous study8 we have shown that the chronoamperometric curves 

obtained at constant potentials ( 10 - 20 V), where pores are formed, show slightly 

different behaviors depending on the applied anodizing voltage. The differences observed 

85 



Hany ElSayed- M.Sc. Thesis McMaster University - Chemistry 

between these curves occur mainly in the early stages (0- 200 s) of anodization, but they 

all reach steady state condition in less than 400 s. It was found that the steady state 

current density reached for each curve depends on the applied potential. Figure 4.5 shows 

the relation between the applied anodizing potential and the corresponding steady state 

current obtained from the chronoamperometric curves28
• Overall, steady state current 

density increases linearly with increasing the applied potential. This can be attributed to 

the increase in the rate of field-enhanced dissolution of the formed tantalum oxide, as 

fluoride-complexes, over that of oxide formation as potential increases. 
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Figure 4.4. Chronoamperometric curve recorded while anodizing tantalum at 18 V 
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Figure 4.5. Steady state current density for tantalum during the electrochemical 

anodization in "solution A". 
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The oxide thickness on top of porous tantalum was estimated by Nuclear reaction 

Analysis (NRA). NRA gives the total number of oxygen atoms in a given sample surface 

area and compare it to that of a :flat tantalum oxide thin film of known thickness, thus 

tantalum oxide thickness on porous tantalum can be estimated by comparison. Using 

NRA, the absolute thicknesses of tantalum oxide films on porous tantalum samples grown 

at different anodizing times were found to be close to the value of native tantalum oxide 

thickness. All the thickness estimated are in the range 3.0-3.7 nm, and the native tantalum 

oxide thickness is known from the literature to be l-2nm31
' 

32
• The overestimation of 

tantalum oxide thickness is due to the incorporation of electrolyte anions (Soi-) into the 

oxide film during the anodization process. It is known that sulphate anions can be 

incorporated into the whole depth of the film when the oxide is grown in highly 

concentrated sulfuric acid (95-98%)33
• 

The NRA data also shows that the oxide thickness does not depend on time of 

anodization. This finding is different than that reported by Schmoki et al group23
• 

24
, in 

which they have shown that the thickness of the porous tantalum oxide increases with 

anodization time when dilute sulfuric acid is used as etching electrolyte. The reason of 

forming porous tantalum rather than porous tantala can be attributed to using concentrated 

sulfuric acid in the etching electrolyte. In 1954 Vermilyea34 reported a difference in 

chemical reactivity in HF between tantalum oxide films formed in concentrated and dilute 

sulfuric acid solutions. This difference in chemical reactivity towards HF solutions and in 

chemical and physical properties in general is attributed to the incorporation of electrolyte 

anions into the oxide film. The incorporation is not effective when dilute acids are used 
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for anodization. Tantalum oxide films formed in concentrated solutions were found to 

dissolve more rapidly than those formed in dilute solutions35
• Thus most of the tantalum 

oxide formed by anodic oxidation is susceptible to dissolution in HF solution. 

Tantalum oxide films dissolve in the etching solution as tantalum fluoride 

complex (TaF/-). The effect of soluble tantalum fluoride on the morphology and pore 

formation was studied. It was found that the high ordering of pores resulting from 

tantalum oxide dissolution is affected by the age of the solution. Figure 4.6 shows FE­

SEM images of three porous tantalum samples (a, b, and c) anodized for 10 minutes at 15 . 

V. Sample (a) was anodized in 10 m1 of"solutionA" containing 0.17 g ofTa as tantalum 

fluoride complex (0.093 M Ta+4
), sample (b) was anodized in 10 m1 of "solution A" 

containing 0.26 g of Ta (0.143 M), and sample (c) was anodized under the same 

conditions in a solution containing 0.29 g of Ta (0.16 M). It can be observed from the 

images that the roughness of the porous tantalum surface increases as the concentration of 

tantalum ions increases. The pores were obtained in the three samples but the defects 

increases and the quality of pore ordering decreases as the tantalum ion concentration 

increases in the solution. 
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Figure 4.6. Effect of soluble tantalum fluoride on the morphology and pore 

formation. 
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4.5 Conclusion 

Highly regular porous tantahun can be obtained by electrochemical oxidation of 

tantalum in a mixture of concentrated sulfuric acid and dilute hydrofluoric acid. The pore 

diameter, that can be controlled by the applied anodizing potential, shows high 

reproducibility. The rang of potential that can be applied to produce pores is 10-20 V and 

the best anodizing potential to produce monodisperse, highly symmetric, and well ordered 

pores is 15 V. Aging of the etching solution affects the morphology of the obtained 

porous tantalum, and pores can be even obtained using a solution as aged as a solution 

containing 0.143 M Ta4+. The reported process can be used for synthesis of tantalum 

nanoporous templates for nanoparticles fabrication. The new template is compatible with 

the instant semiconductor industry and that may help incorporate it in applications of 

technological interest. 
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Electrochemical patterning of tantalum was achieved using two strategies; selective 

electrodeposition, and electrochemical etching. In the first method copper was selectively 

deposited on pre-patterned tantalum oxide thin films based on an electrical behavior of 

tantalum oxide thin films in which they are semiconducting for thicknesses 

less than 15 nm, and insulating for thicknesses beyond 15 nm. They also form Schottky 

junctions when certain metals such as Cu are deposited on them. Utilizing this behaviour, 

tantalum substrates with areas of relatively thick tantalum oxide films (>20 nm) and thin 

tantalum oxide films ( ~4-5 nm) made by a sharp tungsten tip scratching were selectively 

electroplated with copper. Copper was deposited only in the opening made by the tip 

where the tantalum oxide is the thinnest. Cyclic voltammetry studies have confirmed the 

electrical nature of that copper Ta20 5 (~4-5 nm)/Cu interface to be a Schottky contact. 

A high quality Schottky interface between the copper lines and the substrate is beneficial 

to applications such as four probe measurements of nanoscale objects (e. g. carbon 

nanotubes ), where conduction through the bulk must be excluded. In this study, copper 

has shown poor nucleation when electrodeposited on tantalum oxide thin films and that in 

tum was reflected on the nature of deposited copper lines. The deposited lines suffered 

discontinuity and that may be a challenge of using copper is this process. In the next step 

of this project, selective electroplating of other metals of technological importance such 

as gold, and silver on pre-patterned Ta20 5 thin films may be investigated seeking for the 

best system in which fine and continuous metal lines or arbitrary shapes can be obtained. 
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Further electrical characterization can be performed on the selectively deposited lines by 

obtaining current-voltage characteristics of the dry system to confirm the presence of 

Schottky junction at the metal/ tantalum oxide interface. 

The second approach of tantalum nanopatteming lead to the discovery of highly 

ordered nanoporous tantalum. Recently, anodization of tantalum in sulfuric/HF electrolyte 

has been shown to produce randomly distributed pores. In our study, tantalum was 

electrochemically etched in an appropriate electrolyte to form highly ordered nanoporous 

tantalum. The new discovery can be used as a template for nanoparticles fabrication, 

as it has symmetric pores of potential dependent tunable character. The template that has 

the highest hardness among other porous metals and can resist mechanical stresses is 

already compatible with the present semiconductor industry, thus it is a good candidate to 

be employed in many potential technological applications. The system we have 

discovered still needs more investigations. If it is used as a template for nanoparticles 

fabrication, it is worth fmding the electrochemical parameters at which smaller or deeper 

pores, higher pore diameter monodispersity can be obtained. In general, the system needs 

to be extensively studied to make it a universal template for nanofabrication. 
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