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ABSTRAKT 
Cílem diplomové práce bylo nastudovat a popsat mechanismy transportu náboje v tantalovém 
kondenzátoru. Práce obsahuje stručný teoretický úvod do problematiky kondenzátoru jako 
součástky a dále se zabývá jednotlivými mechanismy přenosu náboje jako je ohmická, Poole-
Frenkel proudová, Schottkyho, tunelovací a emisní složka a také proudem prostorového náboje. V 
experimentální části byly měřeny ampér-voltové I/V, ampér-časové I/t a impedanční 
charakteristiky, jejichž data byla následně zpracována pomocí např. Mott-Schottkyho analýzy a 
byly vyhodnoceny elektrické parametry jako je aktivační energie, koncentrace dopantů, 
akumulační kapacita nebo potenciálová bariéra. Výsledky, vypočtené veličiny a naměřené hodnoty 
jsou diskutovány. 

KLÍČOVÁ SLOVA 
Mechanismy přenosu elektrického náboje, kapacita, MIS struktura, I/V a I/t charakteristika, C/V 
charakteristika, Mott-Schottkyho analýza 

 
 
 
 
 
 
 
ABSTRACT 
The aim of thesis was to study and describe various charge transport mechanisms present in a 
tantalum capacitor. The study comprises a theoretical introduction with a short description of a 
capacitor as an element and follows with conduction mechanisms such as ohmic, Schottky, Poole-
Frenkel, tunneling, thermionic emission and space charge current components. Current-voltage 
(I/V) dependency, impedance characteristics as well as current-time (I/t) dependencies were 
measured. Obtained data was then analyzed utilizing e.g. the Mott-Schottky analysis and utilized 
in computations aiming to obtain electrical properties of the structure, such as the activation energy, 
dopant concentration, accumulation capacitance or potential barrier. The results, computed 
parameters and measured parameters are then discussed. 

 

KEYWORDS 
Charge transport mechanisms, capacitance, MIS structure, I/V and I/T dependency, C/V 
dependency, Mott-Schottky analysis 
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Introduction 
Tantalum capacitors can be described as very modern, passive electrical components utilized in 
sophisticated electrical systems. The technology behind their manufacturing is constantly being 
improved and extensive research is under way detailing the parameters of tantalum in MIS 
structures. Tantalum capacitors have refined electrical properties and are considered to be very 
stable regarding both the temperature and performance over time. These capacitors are very 
prominent as miniature components, they can achieve capacitances of up to hundreds of micro 
Farads. 

The aim of this thesis was to study and describe various principles and mechanisms 
providing means to charge transportation, and to measure and analyze parameters of a tantalum 
MIS structure such as the potential barrier, concentration levels and capacity. The study is divided 
into three main sections, the theoretical section, the experimental section, and the results and 
discussion section. 

In the theoretical section, an overview of the capacitor as an electric component is 
presented, noting the accumulation, depletion and inversion states as well as the flat band 
voltage; and focusing on the most prominent charge transportation mechanisms such as the Ohmic, 
Schottky, tunneling, thermionic emission, and the space charge current components. A brief 
introduction into the Mott-Schottky analysis and its relevance to capacitance is provided. Chapters 
detailing the process behind the porous anodic alumina matrix and subsequent tantalum deposition 
are included tying into the structure utilized for our experiments. 

The second part of the study – the experimental part – details experiment procedures and 
equipment. A description of the measured samples is also provided.  

The results and discussion section collects and evaluates measured data. First, an insight 
into the process of anodic oxidation of aluminum to create the porous anodic alumina matrix was 
provided. Additional information was obtained via SEM imaging, supporting the theoretical 
introduction into porous anodic alumina as the medium for the capacitor structure. Then, I/V and 
I/t characteristics and C/V characteristics were measured to evaluate the tantalum MIS structure. 
A Mott-Schottky plot was constructed and parameters such as the potential barrier, activation 
energy, concentration level or capacitance were computed and discussed.  
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1 Capacitor fundamentals 
A capacitor is a passive device capable of storing electric charge. Though their manufacturing and 
appearance is diverse, the basic capacitor is the parallel plate capacitor, depicted in Fig. 1. It 
operates on the principle of two conductors with area A and with equal, but opposite, electric charge 
q. [1-2] 

 

Fig. 1: Ideal parallel plate capacitor. [2] 

When uncharged, the total charge on the conductors is zero. After a bias V is applied, a 
charge moves from one conductor to another over the distance d, or in other words the thickness 
of the dielectric (insulating layer), providing positive +Q and negative –Q charges. This creates a 
potential difference between the conductors, ∆V. Should the electric field grow, meaning that the 
electric charge is increasing, it results in the increase of the potential voltage difference. The ratio 
between the increase of the charge and that of the voltage potential difference is called capacitance 
C. Following the Gauss law, for an ideal capacitor the equation would yield [1-2]: 

 𝐶 =
∆𝑄
∆𝑉 ∙ 

(1)  

This equation can also be recalculated using constants 𝜀( (dielectric constant) and 𝜀) 
(permittivity of vacuum), and the dimensions of the parallel plate capacitor [1-3] in Fig. 1: 

 𝐶 = 𝜀(𝜀)
𝐴
𝑑 ∙ 

(2)  

Looking closely at the Equation (2) it can be derived that since the potential voltage 
difference increases proportionally to the charge stored by the capacitor, the capacitance ratio is 
constant for any given capacitor, depending mainly on its dimensions. [1] [3] 

To store any energy in the capacitor, a certain amount of work W done by the bias is required 
to transport the charge q from one plate to another. Gradually, as the charge builds up and so does 
the electric field of the capacitor, the magnitude of said work increases, for with greater electric 
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field a greater work magnitude is required. Since this occurs over time, the equation describing the 
total work required to transfer charge over the capacitor plates results in an integral [1] [2]: 

 𝑊 =
𝑞	𝑑𝑞
𝐶

/

)
∙ (3)  

The energy 𝐸1  stored on a capacitor can be calculated as [1] [2]: 

 𝐸1 =
1
2𝐶𝑉

4 ∙ (4)  

When working with total capacitance, the connection of the capacitors should be 
considered. The capacitors can be connected either in series or in parallel, see Fig. 2. [1] 

 
Fig. 2: Capacitor circuitry, A = parallel, B = series. [2] 

Parallel capacitance is then calculated [2]: 

 𝐶 = 𝐶5 + 𝐶4 + 𝐶7 (5)  

and series capacitance is as follows [2]: 

 𝐶 =
1
𝐶5
+
1
𝐶4
+
1
𝐶7
∙ (6)  

1.1 MIS model 

While the capacitor is considered to be a complex device not only due to a variety of possible 
materials but also due to the wide range of construction possibilities, its charge transport behavior 
can be described utilizing the MIS model. MIS stands for metal-insulator-semiconductor. [3-5] 

An ideal MIS structure without bias would have energy band diagram as shown in Fig. 3. 
According to [1], the energy difference between the metal and semiconductor work functions is 
equal to zero. The ideal MIS capacitor is defined as follows: 

1. The only changes under bias are those of a semiconductor and those of equal but 
opposite sign on the metal surface. 
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vzorce, které vychází ze základního zákona, rovnice (15), mocninné závislosti mezi 
napětím a proudovou hustotou [21]. 

1.6 CV charakteristika – závislost kapacity na napětí 

1.6.1 Kapacita 
Elektrická kapacita je schopnost vodiče přijmout a uchovat elektrický náboj. Čím je 
kapacita větší, tím více náboje se na vodiči nachází. Je dána vztahem: 

𝐶 =  
𝑑𝑄
𝑑𝑈 ,             [𝐹] (16) 

 

Kapacita vyjadřuje změnu náboje Q [C] v závislosti na napětí U [V]. Jednotkou může být 
i [C/V], ale častěji se uvádí ve Faradech [F] [24].  

Pokud se bere v úvahu MIS struktura, např. deskový kondenzátor, pro výpočet 
kapacity slouží rovnice (17). C značí výslednou kapacitu, A je plocha vzorku [cm2], ε0 
relativní permitivita vakua (8,85 ∙ 10-14 [F/cm]), ε dielektrická konstanta materiálu 
(bezrozměrná veličina) a d je tloušťka izolační vrstvy (depletiční vrstvy) [cm] [24]. 

𝐶 =
𝐴 ∙ 𝜀0 ∙ 𝜀

𝑑 ,        [𝐹] (17) 
 

Výpočet celkové kapacity záleží na typu jejich zapojení. Buď můžou být kapacity 
zapojeny sériově, nebo paralelně, rozdíl je vidět na Obr. 15. Pro výpočet paralelního 
zapojení slouží rovnice (18), pro výpočet sériového zapojení rovnice (18) [24]. 

 
Obr. 15.: A – paralelní zapojení, B – sériové zapojení 
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2. No carrier transport takes place through the insulating layer, its resistivity is 
expected to be infinite. 

 

Fig. 3: Ideal MIS capacitor energy band diagram with no applied voltage for a) n-type and 
b) p-type semiconductor. [1] 

Ψ9:,Ψ9< and 𝜙:, 𝜙> represent Fermi potentials with respect to the mid gap (at flat band 
voltage VFB), 𝜒@ and 𝜒 are insulator and semiconductor electron affinities respectively. EF 
represents the Fermi level, EC is the energy level at the conduction band, Ei is the Fermi level of 
the bulk material. EV represents the energy value in the valence band. Eg stands for the forbidden 
energy gap, i.e. band gap. 

Should a bias be applied to an ideal MIS structure, an increase in the potential difference 
between capacitor plates would arise and three states could be present at the surface of the 
semiconductor structure. Since the carrier density depends exponentially on the difference between 
the Fermi and valence energy level, the band bending leads to accumulation, depletion and 
inversion, depending on the bias. Generally, positive bias means applying positive voltage to the 
metal electrode and negative to the semiconductor. Negative voltage would be when the positive 
voltage is applied to the semiconductor and the negative to the metal. [1] [3] 

1.1.1 Flat band 

Flat band is the initial state of operation of a MIS capacitor. It means that all present bands across 
the device appear to be flat for the Fermi level is constant. Fermi level is a fictional scientific 
quantity denoting a 50% probability that an electron is below, or above, this level. Due to the 
inherent voltage, however, the energy bands are not constant. To accommodate for the built-in 
voltage, a bias must be applied to compensate for such a difference. This is called the flat band 
voltage 𝑉A9 and is ideally described as the difference between the work function of the metal 𝜙B 
and semiconductor 𝜙C [1], [3-6]: 

198 CHAPTER 4. METAL-INSULATOR-SEMICONDUCTOR CAPACITORS 

Semiconductor 

Fig. 1 Metal-insulator-semiconductor 
(MIS) capacitor, in its simplest form. 

Ohmic contact 

4.2 IDEAL MIS CAPACITOR 

The metal-insulator-semiconductor (MIS) structure is shown in Fig. 1, where d is the 
thickness of the insulator and Vis the applied voltage. Throughout this chapter we use 
the convention that the voltage Vis positive when the metal plate is positively biased 
with respect to the semiconductor body. 

The energy-band diagram of an ideal MIS structure without bias is shown in 
Fig. 2, for both n-type andp-type semiconductors. An ideal MIS capacitor is defined 
as follows: (1) The only charges that can exist in the structure under any biasing con- 
ditions are those in the semiconductor and those, with an equal but opposite sign, on 
the metal surface adjacent to the insulator, i.e., there is no interface trap nor any kind 
of oxide charge; (2) There is no carrier transport through the insulator under dc 
biasing conditions or the resistivity of the insulator is infinite. Furthermore, for the 
sake of simplicity we assume the metal is chosen such that the difference between the 

Metal Insulator n-semiconductor 

(4 

t "1 
Metal Insulator p-semiconductor 

(b) 

Fig. 2 Energy-band diagrams of ideal MIS capacitors at equilibrium ( V =  0). (a) n-type semi- 
conductor. (b) p-type semiconductor. 
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 𝑉DE = 	𝜙B − 𝜙C = 𝜙BC ∙ (7)  

 
Fig. 4: Flat band energy band diagram. [11] 

EFM is the Fermi level for metal, while EFS for the semiconductor. 

The bias depends on the semiconductor type, it would be negative with respect to the 
substrate of a p-type semiconductor, and positive for an n-type semiconductor. [1] As such, the Eq. 
7 can be recalculated for both negatively and positively doped semiconductors respectively: 

 𝜙BC = 	𝜙B − 𝜒 +
𝐸G
2𝑞 − Ψ: , (8)  

 ΦBC = 	ΦB − 𝜒 +
𝐸G
2𝑞 + Ψ< . (9)  

This also affects the stored charge in the semiconductor and “releases” it. [1] [7] 

1.1.2 Accumulation 

In case of a negative bias of larger magnitude connected to the metal electrode (for a p-type 
semiconductor), the valence band EV moves closer to the Fermi level EF. Excess holes are attracted 
to the semiconductor area, accumulating a layer of holes close to the surface (EV). At this point, 
there is no electric current passing through the ideal MIS structure and the plates of the capacitor 
are thus charged. The measured capacitance is thus that of the insulator. [1] [7]  

The accumulation of holes (for the p-type semiconductor) is due to the exponential 
dependency EF-EV of the charge density on the energy difference. Black dots indicate a negative 
space charge while white points towards positive. Examining Fig. 5 closely it can be derived that 
depending on the Fermi level position – either close to the valence band EV (for p-type 
semiconductor) or the conduction band EC (for the n-type semiconductor), the doping of the 
semiconductor can be denoted. [1] [3] [7] 

 

37

Fig 4.9 Flatband band diagram [19,20].

4.3.2 Accumulation

If a bias is applied to the metal that is more negative than VFB, excess holes are 

attracted to the Si/SiO2 interface, producing an accumulation layer of holes near the 

surface.  This is known as the Accumulation mode, and, as illustrated in Fig 4.10, the 

bands bend up near the Si/SiO2 interface because the surface is more p-type than the bulk 

under this bias mode.  In this mode the capacitance of the system behaves like that of a 

parallel plate capacitor between the metal and the accumulation layer, and thus the 

capacitance of the MIS system can be written as, 

2 0SiO
OX

OX

C A C
t

N Hu
  (4.2)

where C is the overall capacitance of the system, κSiO2 is the dielectric constant of SiO2, ε0

is the permittivity of free space, tOX is the dielectric thickness, and A is the area of the 
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Fig. 5: Band gap diagrams of ideal MIS structure in accumulation, for p-type and n-type 
semiconductor substrates. [1] 

1.1.3 Depletion 

The next state, or regime, the capacitor can go through is the depletion state. This occurs when a 
small positive bias is connected to the capacitor. The valence band EV bends the other way, the 
majority carriers – in case of an p-type semiconductor the majority carriers would be holes – are 
depleted, as shown in Fig. 6. The total capacitance can be computed as a series combination of the 
semiconductor and insulator (accumulation) capacitance. [1] [7] 

Fig. 6: Band gap diagrams of ideal MIS structure in depletion, for p-type and n-type 
semiconductor substrates. [1] 

1.1.4 Inversion 

The inversion state ensues applying a large positive bias (for p-type semiconductor). The bands 
bend even more, depicted in Fig. 7, allowing for the intrinsic band Ei to exceed the Fermi level EF. 
At this point, minority carriers – electrons – are present at the surface, causing the conductivity to 
be, as the name suggests, inverted. This continues until the concentration of the minority carriers 
at the surface is equal to the majority carrier concentration in the bulk material. The capacitance is 
at its minimum value for high frequency systems while systems with low frequency exhibit an 
increase in capacitance. [1] [7] 
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Fig. 7: Band gap diagrams of ideal MIS structure in inversion, for p-type and n-type 
semiconductor substrates. [1] 

1.2 Charge transportation in tantalum capacitors 

MIS structure can be used to closely describe the behavior of a tantalum capacitor when dealing 
with the charge transport, as discussed in [3-5] [8]. While generic capacitors can be expanded to 
several single capacitors on one substrate, the tantalum capacitor is a discrete unit. [3] The material 
structure used most frequently is that of metallic tantalum as anode (positively charged), Ta2O5 as 
insulator and MnO2 as the semiconductor and cathode (negatively charged), as depicted in 

Fig. 8. The tantalum penta-oxide layer is most often prepared via anodic oxidation. [3-5] 

 

Fig. 8: Basic metal-insulator-semiconductor structure of tantalum capacitor. [6] 

Since the tantalum capacitor is not considered to be an ideal capacitor, the Eq. (2) is used 
as an approximation. That is due to the fact that any ideal capacitor does not carry current through 
the insulating layer, the tantalum capacitor, however, does, hence the loss of capacitance over time. 
After the capacitor reaches the steady state and is expected to retain its magnitude indefinitely, the 
current passing through and discharging the capacitor is denoted as leakage current (Direct Current 
Leakage). It is generally described as the current over the surface and through the defects in the 
insulating layer. [1] [6] [9] The final capacitance comprises several components involved in the 
overall charge transport, often depending also on the electric field present. The main components 
being ohmic, Poole-Frenkel, Schottky and tunneling mechanisms. Additional mechanisms such as 

PhD Thesis                   Charge Carrier Transport in Ta2O5 Oxide Nanolayers with Application to the Tantalum Capacitors 
 

3.1. e eory o   s r re 

The capacitor structure is very complicated and there are many used materials, many 
variation of construction. However its behavior, with respect to the charge transport in the 
capacitor, can be described by the metal-insulator-semiconductor (MIS) model, which for the 
tantalum capacitor structure is shown in Fig. 3.2. The description of tantalum capacitor as a MIS 
structure was first presented in 1 , 25 - 28]. Further this theory was studied by Teverovsky  
in [22]  The key parameter for the MIS model of tantalum capacitor is the determination  
of height of potential barriers’ on the metal – insulator, and insulator – semiconductor interface, 
respectively. These parameters can be determined form the analysis of tantalum capacitor 
transport characteristic.  

  
  as   s r re o  an al  a a or 

The MIS structure for tantalum capacitor consists of metallic tantalum Ta, insulator 
Ta2O5 and semiconductor MnO2 or CP, respectively. Figures 3.3 and 3.4 show energy band 
diagram before the thermodynamic equilibrium for capacitor with MnO2 cathode and CP 
cathode, respectively. Here WM is work function of tantalum, ci is Ta2O5 electron affinity, WMnO2 is 
work function for the manganese dioxide MnO2, EF Fermi level, ECI is conducting band energy in 
insulating layer Ta2O5  VI valence band energy in insulator layer Ta2O5, ED is donor energy band 
in insulator layer Ta2O5, ECS is conducting band energy in semiconductor layer MnO2  EVS valence 
band energy in the semiconductor layer MnO2, HOMO is energy level of highest occupied 
molecular orbital in conducting polymer, LOMO is energy level of lowest unoccupied molecular 
orbital in conducting polymer. HOMO level in the organic semiconductor is corresponds to the 
valence band maximum energy level in the inorganic semiconductors. The same analogy is 
between LUMO energy level and the energy level of the bottom of conduction band 26-29 .  
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the space charge limited current and thermionic emission also should be considered. [1] [3] [4] [8] 
These elements will be discussed in the following chapters. 

1.2.1 Ohmic component 

As its name suggests, the ohmic component – the ohmic current – tends to follow the Ohm’s law, 
the current is linearly dependent on the voltage. The ohmic current is one of the elements of the 
residual - leakage current for electric fields with intensity lower than 1 MV/cm. It is caused by the 
mobile electron movement within the boundaries of the conduction band and holes within the 
region of the valence band, see Fig. 9. Since the band gap of the dielectric is fairly large, the overall 
value of the ohmic conduction is small. However, a small number of carriers can still generate, e.g. 
due to impurities and is best observed when not influenced by any other means of carrier transport. 
[1] [11] 

 

Fig. 9: Ohmic conduction principle due to electrons. [11] 

The ohmic current 𝐼K	can then be calculated using the equation [1]: 

 𝐼K = 	GK𝑉, (10)  

where 𝐺K represents the ohmic conductivity and V the applied voltage. For lower intensity 
fields the conductivity can be calculated utilizing the equation:  

 𝐺K = 	
𝐴𝑞𝑛𝜇
𝑑 ∙ (11)  

A and d have been denoted before, n stands for carrier concentration and 𝜇 is the carrier 
mobility. It is mostly influenced by the semiconductor conductivity. [1] [10] It is important to note 
that the carrier transport in conducting and insulating materials does indeed vary, these equations 
should thus be considered as effective representations of the component. 
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Figure 17: Arrhenius plot of the hopping conduction at low fields
for the laminated Pr2O3/SiONMIS capacitors.
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Figure 18: Experimental data and simulation curves of hopping
conduction in high resistance state in Pt/MgO/Pt memory device.

the effective density of states of the conduction band; the
other terms are as defined above.

Because the energy band gap of a dielectric is very large,
we can assume that the Fermi level!! is close to themiddle of
the energy band gap; that is, !" − !!∼!#/2. In this case, the
ohmic conduction current is $ = %&!'" exp(−!#/2()).The
magnitude of this current is very small.This current mecha-
nism may be observed if there is no significant contribution
from other conduction mechanisms of current transport in
dielectrics [10].The ohmic conduction current due to mobile
electrons in the conduction band or similarly holes in the
valence band is linearly dependent on the electric field. This
current usually may be observed at very low voltage in the
current-voltage (*-+) characteristics of the dielectric films.
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Figure 19: Temperature dependence of the trap energy levels in high
resistance state. Inset graph shows the band diagram of hopping
conduction in Pt/MgO/Pt memory cells.
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Figure 20: Energy band diagram of ohmic conduction in metal-
insulator-semiconductor structure.

Recently, the resistance switching behaviors in dielectric
films have been extensively studied [26–29].The ohmic con-
duction can be often observed in low resistance state in the
resistance switchingmemory devices. Figure 21 shows the $-!
curves in a double-logarithmic plot in low resistance state in
Pt/ZnO/Pt memory devices [29].The linear relation between
current density and electric field is observed, which matches
the ohmic conduction very well because the slopes are very
close to 1. In Figure 21, the current density increases with
increasing temperature. Hence, the linear relation between
electrical conductivity (,) and inverse temperature can be
derived from Figure 21, as shown in Figure 22. Using the
Arrhenius plot, the Fermi level (!!) of ZnO is determined
to be about 0.4 eV below the conduction band edge in ZnO
(!"), as shown in the inset of Figure 22. Consequently, the
product of & and'" at each temperature can be extracted by
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1.2.2 Poole-Frenkel current 

The Poole-Frenkel current, or the Frenkel-Poole current as referenced to in [1], can be characterized 
as a thermionic emission of charge from the defects in the insulating band to the semi-conductive 
band, and its subsequent move to the anode. Considering the similarity to Schottky emission, the 
Poole-Frenkel emission is also referenced to as the internal Schottky emission. Originating in the 
coulomb interactions between the electron and the positive charge, the trap center is considered to 
be neutral. The coulomb potential can be reduced via an electric field, it will increase the likelihood 
that the electrons will separate. [10-12] 

 

Fig. 10: Graphical representation of Poole-Frenkel emission. [1] 

It is bulk dependent, more active material yields greater the influence. The Poole-Frenkel 
emission current IPF can be described utilizing the equation [1]: 

 𝐼PQ = 	𝐺PQ𝑉𝑒𝑥𝑝 𝛽VA 𝑉 ∙ (12)  

𝐺PQ represents the conductivity of the Poole-Frenkel mechanism, V stands for applied 
voltage and 𝛽VA is the Poole-Frenkel coefficient. Its value depends on the relative permittivity of 
the insulator 𝜀( and the thickness of the insulating layer d: 

 
𝛽VA = 	

𝑞7
𝜋𝜀)𝜀(𝑑

5
4

𝑘𝑇 , 
(13)  

where kT represents the thermal energy and 𝜀) is the permittivity in vacuum. [1], [10-12] 

The Poole-Frenkel component can also be accounted for utilizing the slope M: 

 𝑀 =
𝛽VA
𝜉𝑘𝑇 ∙ (14)  

𝜉 represents the slope coefficient and ranges from 1 to 2, depending on the amount of 
acceptor compensation. [1] 
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Obr. 14.: a – přímé tunelování, b – Fowler – Nordheimovo tunelování, c – Poole Frenkelův jev [22] 

1.5.2 Proud omezený prostorovým nábojem 
Prostorovým nábojem, který může vzniknout jen v případě kvalitního propojení izolantu 
a polovodiče, se rozumí elektrický náboj (pozitivní nebo negativní) obsažený v prostoru 
určitého objemu [21][22].   

Proud omezený prostorovým nábojem (SCLC – Space charge limited current) má 
nelineární průběh a vznikne pouze v případě schopnosti elektrody uvolňovat buď 
elektrony do vodivostního pásu, nebo díry do pásu valenčního. Opět se jedná o objemově 
omezený proces. Pokud je totiž počáteční rychlost injekce nosičů vyšší než jejich 
rekombinace, injektové nosiče pak vytváří prostorově nabité oblasti, které omezují průtok 
proudu [21][22]. 

Pokud je materiál bez pastí, proudovou hustotu lze díky SCLC vyjádřit pomocí 
rovnice (15). 

𝐽 =
9 ∙ µ ∙ 𝜀𝑟 ∙ 𝜀0 ∙ 𝑈2

8 ∙ 𝑑3             [𝐴/𝑐𝑚2]    (15) 
 

J značí proudovou hustotu, µ mobilitu volných nosičů [cm2/V∙s], εr je dielektrická 
konstanta materiálu, ε0 relativní permitivita vakua – 8,85 ∙ 10-14 [F/cm], U je přiložené 
napětí [V] a d je tloušťka izolační vrstvy [21][22]. 

V materiálech, kde se nevyskytují pasti má omezení průchodu proudu prostorovým 
nábojem kvadratickou závislost. Pokud k výskytu pastí dochází, volt – ampérová 
charakteristika může být různě deformovaná a vykazovat mnohem větší mocninnou 
závislost [21].  

Pro různé rozložení pastí (např. past na jedné energetické hladině, exponenciální 
rozložení v zakázaném pásu, atd.) se pro výpočet proudové hustoty využívají různé 
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1.2.3 Schottky current 

As well as the Poole-Frenkel mechanism, the Schottky emission describes the carrier emission due 
to the decreased magnitude of potential barrier caused by applied electric field. When applied, 
electrons tend to escape from metal to the semiconductor, thus creating current. While the Poole-
Frenkel is contingent on a fixed positive charge, it is mobile when dealing with the Schottky 
emission. This affects the decreasing of the potential barrier, ensuring that it does not decrease in 
steps – like the Poole-Frenkel, but rather smoothly. It is an electrode-limited process as it operates 
on the influences of the metal-semiconductor interface barrier. [1] [11] [3] 

The value of the Schottky current component IS can be determined using 𝛽C - the Schottky 
coefficient and 𝐼C1  as the Schottky current coefficient, V is once again the applied voltage [1]: 

 𝐼C = 𝐼C1𝑒𝑥𝑝 𝛽C 𝑉 ∙ (15)  

𝛽C is contingent on the insulating thickness d: 

 
𝛽C =

𝑞7
4𝜋𝜀)𝜀(𝑑

5
4

𝑘𝑇 ∙ 
(16)  

Comparing the Poole-Frenkel and the Schottky mechanisms coefficients 𝛽VA and 𝛽C - 
Equations 13 and 15 it is clear that 𝛽VA = 2𝛽C. 

1.2.4 Tunneling current 

The tunneling process covers carrier transfer directly through the barrier. Classical physics states 
that having an electron with an energy less than that of the barrier, said electron shall be reflected. 
Following the quantum mechanics, however, the electron shall pass through the barrier should said 
barrier be thin enough. There is thus a non-zero probability of tunneling. [1] [11] 

 Applying a high intensity electric field causes the barrier to grow thin and diminishes its 
energy, allowing for the carrier transfer through the barrier since their excess energy is higher than 
that of the barrier. See Fig. 11 for a principle illustration, Φ9 is the barrier height and x1 and x0 are 
barrier thicknesses. [1-4] [11] 
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Fig. 11: Energy bands with a) no external electric field, b) electric field of high 
magnitude. [3] 

The tunneling quantification can be derived as such [1] [6]: 

 𝐼] = 	𝐺]𝑉:𝑒𝑥𝑝 −
𝑉]
𝑉 , (17)  

VT is the tunneling current constant calculated as: 

 𝑉] = 	
8𝜋 2𝑚
3𝑞ℎ 𝑞𝜙) 7/4, (18)  

where GT is a tunneling current constant depending on the barrier shape, V represents the 
applied voltage, and coefficient n depends on the barrier shape, for the triangular shape as depicted 
in Fig. 11 the value of n = 2. Values of the tunneling current constants depend on the electron 
effective mass m, h is the Planck constant. 

According to [3] and [14], carrier tunneling may be considered as the main form of carrier 
transport for temperatures lower than 100 K. The carrier transport in a tantalum capacitor is 
influenced by the Boltzman distribution of the carrier as increasing the overall temperature lowers 
the active carrier transport. At low temperatures, the VA (volt-ampere) characteristics can thus be 
described using the tunneling component. 

When dealing with tunneling current component, it is important to note that the tunneling 
can be dual, that of Fowler-Nordheim and direct tunneling. 

Direct tunneling represents tunneling mechanism through an insulating barrier or a thin 
film. Its current density can be calculated as follows [1] [15]: 

 𝐽]d = 	ℎ
𝑏f𝑑4𝐸
4Φ9

5/4 , (19)  

56

Fig 5.2 Energy band diagrams (a) no field (b) high field [44].

According to the simplest model, the current density due to Fowler-Nordheim 

Tunneling can be written as,
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where h represents the Planck constant, b’ is the positive constant independent of voltage 
and temperature, E is the electric field and Φ𝑩 is the barrier height. 

 
Fig. 12: Tunneling principles, a) direct tunneling, b) Fowler-Nordheim tunneling. [1] 

The Fowler-Nordheim tunneling describes the tunneling phenomenon through the electric 
field itself, such an occurrence usually manifests around the electrode tips or areas where the 
electric field is of the greatest magnitude, creating for a steeper drop in the barrier. Both phenomena 
are depicted in Fig. 12. The Fowler-Nordheim tunneling can be calculated using the equation [1] 
[15]: 

 𝐽]Ah = 	𝐸4𝑒𝑥𝑝
8𝜋 2𝑚 𝑞Φ9

7/4

3𝑞ℎ𝐸 , (20)  

m represents the effective mass of the carrier and q is the electric charge. 

1.2.5 Space charge limited current 

Space charge denotes a charge of a positive or negative magnitude in a space volume. Space charge 
limited current can only exist when a high-quality insulator and semiconductor are connected. It is 
defined by the concentration of doping levels as well as that of free carriers. [1] [3] [4] 

Space charge limited current is non-linear; it manifests when an electrode is capable of 
injecting electrons/holes into the conduction/insulating band of an insulator or semiconductor. It is 
a bulk limited current, since the carrier recombination rate is slower than that of the injection, a 
space-charge region is created, thus limiting the current flow. [3] [4] 

To calculate the space charge limited current in a material free of trapping effects, Mott-
Gourney square law can be implemented [1] [3] [15]: 

 𝐽C1ij = 	
9𝜀(𝜀)𝜇𝑉4

8𝑑7 , (21)  

228 CHAPTER 4. METAL-INSULATOR-SEMICONDUCTOR CAPACITORS 

tron wave function can penetrate through a potential barrier (see Section 1.5.7). It has 
the strongest dependence on the applied voltage but is essentially independent of the 
temperature. According to Fig. 23 tunneling can be divided into direct tunneling and 
Fowler-Nordheim tunneling where carriers tunnel through only a partial width of the 
barrier.31 

The Schottky emission process is similar to the process discussed in Chapter 3, 
where thermionic emission over the metal-insulator barrier or the insulator-semicon- 
ductor barrier is responsible for carrier transport. In Table 2, the term subtracting 
from 4B is due to image-force lowering (see Section 3.2.4). A plot of In(J/T2) versus 
1/T yields a straight line with a slope determined by the net barrier height. 

The Frenkel-Poole e m i ~ s i o n , 3 ~ , ~ ~  shown in Fig. 23d, is due to emission of trapped 
electrons into the conduction band. The supply of electrons from the traps is through 
thermal excitation. For trap states with Coulomb potentials, the expression is similar 
to that of the Schottky emission. The barrier height, however, is the depth of the trap 
potential well. The barrier reduction is larger than in the case of Schottky emission by 
a factor of 2, since the barrier lowering is twice as large due to the immobility of the 
positive charge. 

At low voltage and high temperature, current is carried by thermally excited elec- 
trons hopping from one isolated state to the next. This mechanism yields an ohmic 
characteristic exponentially dependent on temperature. 

The ionic conduction is similar to a diffusion process. Generally, the dc ionic con- 
ductivity decreases during the time the electric field is applied because ions cannot be 
readily injected into or extracted from the insulator. After an initial current flow, pos- 
itive and negative space charges will build up near the metal-insulator and the semi- 
conductor-insulator interfaces, causing a distortion of the potential distribution. 
When the applied field is removed, large internal fields remain which cause some, but 

Ei- 
Fig. 23 Energy-band diagrams showing conduction mechanisms of (a) direct tunneling, (b) 
Fowler-Nordheim tunneling, (c) thermionic emission, and (d) Frenkel-Poole emission. 
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where 𝜀(is the dielectric constant of the material, 𝜀)is the vacuum permittivity and 𝜇 
represents the carrier mobility. V stands for the applied voltage.  

The trap distribution level creates for a unique equation following the logic of Mott-
Gourney and Eq. 21. For example, the trap-charge limited current influences the charge transport 
at low voltages, increasing the volume of injected electrons and causing greater rate of 
recombination, forcing the current density to voltage curve to steep exponentially. In case of a high 
voltage there are no more free traps available and the injected carriers only increase the space 
charge limited current. [1] [15] A useful overview of the different equations for space charge 
limited current based on the trap distribution can be found in [3]: 

Fig. 13: Space charge limited current based on the trap distribution. [3] 

1.2.6 Thermionic emission limited current 

Thermionic emission is one of the more prominent conduction mechanisms in MIS structures. Sze 
defines this type of emission as “majority-carrier”, it is also closely linked with the potential barrier, 
indifferent to its shape. [1]  

55

Table 5.1 SCLC current density equations for varying trap distributions [37].

5.3 Fowler-Nordheim Tunneling

Fowler-Nordheim Tunneling is a process by which carriers tunnel through a 

barrier assisted by the presence of a high electric field [24].  Due to the high electric field, 

carriers tunnel through a triangular barrier as opposed to the trapezoidal barrier in

classical tunneling [43].  By essentially thinning the effective barrier, more carriers have 

a high probability of tunneling than previously with the full barrier.  A qualitative 

representation of this process is illustrated in Fig 5.2��ZKHUH�ĭB is the barrier height, x0 is 

the trapezoidal barrier thickness, and x1 is the triangular barrier thickness.
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Fig. 14: Thermionic emission principle, energy band diagrams. [1] 

Thermionic emission represents carriers “jumping over” the potential barrier at low 
voltages and high temperatures. This type of conductivity is observed only in reverse mode, when 
due to polarization the electrons are emitted from anode. [3] [10] [15] The thermionic emission 
current ITE can be denoted utilizing the Shockley equation as follows [1]: 

 𝐼]l = 	 𝐼) 𝑒𝑥𝑝 𝛽]l𝑉 − 1 . (22)  

𝛽]l represents the thermionic emission parameter (computed below), V represents voltage 
applied and I0 is the thermionic emission current constant computed as: 

 𝐼) = 	𝐴𝑟𝑇4𝑒𝑥𝑝
𝑞Φn

𝑘𝑇 , 
(23)  

A is the electrode area, r represents the Richardson constant for electron emission from 
metals into insulating or semiconducting layer, T represents system temperature, Φn is the Schottky 
potential barrier and k the Boltzman constant. 

 𝛽]l = 	
𝑞
𝑛𝑘𝑇	, (24)  

 parameter n provides the ideality factor for transports over potential barriers. Ideal 
structures are denoted by n = 1, MIS structures vary in between 1-2 for room temperatures. [1] [8] 
[15] 

 

1.3 Capacitance dependency on voltage 

The tantalum capacitor as a MIS structure operates either in normal (forward) or reverse mode, the 
mode being determined by the applied voltage – positive or negative respectively at room 
temperatures (300 K).  

In normal mode, the tantalum electrode being positive, the prominent conduction 
mechanisms are ohmic (low electric field), Poole-Frenkel and the tunneling conductivity (high 
electric field). [1] [3] [4] [15] 
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Fig. 26 Energy-band diagram 
Ec showing thermionic emission of 

electrons over the barrier. Note that EF 
Barrier Metal or the shape of the barrier (shown as 

n-Semiconductor rectangular) does not matter. 
n-Semiconductor 

iting factor. Therefore, the region behind the barrier must be another n-type semicon- 
ductor or a metal layer. 

Due to Fermi-Dirac statistics, the density of electrons (for n-type substrate) 
decreases exponentially as a function of their energy above the conduction band edge. 
At any finite (nonzero) temperature, the carrier density at any finite energy is not 
zero. Of special interest here is the integrated number of carriers above the barrier 
height. This portion of the thermally generated carriers are no longer confined by the 
barrier so they contribute to the thermionic-emission current. The total electron 
current over the barrier is given by (see Chapter 3) 

where q& is the barrier height, and 

~ 4xqm*k2 
h3 

A =  

is called the effective Richardson constant and is a function of the effective mass. The 
A* can be further modified by quantum-mechanical tunneling and reflection. 

1.5.7 Tunneling 

Tunneling is a quantum-mechanical phenomenon. In classical mechanics, carriers are 
completely confined by the potential walls. Only those carriers with excess energy 
higher than the barriers can escape, as in the case of thermionic emission discussed 
above. In quantum mechanics, an electron can be represented by its wavefunction. 
The wavefunction does not terminate abruptly on a wall of finite potential height and 
it can penetrate into and through the barrier (Fig. 27). The probability of electron tun- 
neling through a barrier of finite height and width is thus not zero. 

To calculate the tunneling probability, the wavefunction ry has to be determined 
from the Schrodinger equation 

9, X [ E -  U(x)] ry = 0 
dx2 h2 
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When in reverse mode, the conductivity mainly comprises the thermionic emission, ohmic 
and Schottky component. [3-4] [13] [15] However, tantalum capacitors are usually not meant to 
operate under such conditions, as reverse polarization provides a high failure ratio due to high 
leakage currents. [17] 

1.3.1 Capacitance-Voltage characteristics 

Operating states described so far indicate that the capacitor operation and hence its capacitance 
depends on the applied bias. Capacitance-voltage characteristics can thus be introduced to properly 
evaluate capacitor parameters. 

Capacitance-voltage (CV) characteristics is a well-known and often utilized method for 
metal-insulator-semiconductor structure testing and parameter evaluation. It provides valuable data 
such as carrier density, Fermi level value or flat band voltage described in 1.1.1. These parameters 
can then be used as standalone parameters or used in further calculations that could provide 
valuable insights into the insulating/semiconductor interface. [1] [3] [18] Typical graphical 
representations of the CV characteristics for p-type and n-type semiconductors are depicted in Fig. 
15 and Fig. 16 respectively.  

 

Fig. 15: CV characteristics for a p-type semiconductor. [18] 

Applying a negative voltage to a p-type semiconductor as shown above forces the 
semiconductor surface to maintain the accumulation mode, majority carriers are attracted to the 
insulator/semiconductor interface and the capacitance C0 is thus determined by the parameters of 
the insulating layer. This is also the maximum possible capacitance at the insulator/semiconductor 
interface. Increasing the voltage leads to gradual depletion and an inverse layer of minority carriers 
is created. Increasing the voltage further should stabilize the capacitance into a linear curve – 
stabilization momentum denoted as VT, threshold voltage. Increasing the voltage thus decreases 
the overall capacitance of the MIS structure with p-type semiconductor. [1] [18] [19] 
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States denoted by Fig. 15 are the accumulation, depletion and inversion region. Having a 
different electric potential than that of the bulk – electrically neutral – material alters the carrier 
concentration levels based on the concentration levels of the bulk material. Accumulation layer 
represents the region where the level of majority carrier concentration is greater than the bulk 
concentration. In the depletion layer, the majority carrier concentration is lower than the bulk 
concentration and in the inversion level the majority carrier concentration levels are lower than the 
minority carrier levels of the bulk material. [1] [18-19] 

 

Fig. 16: CV characteristics for a n-type semiconductor. [3] 

Applying an increasing voltage to an n-type semiconductor, an inversion layer will be 
created at the semiconductor-insulator interface comprising minority carriers – holes for the n-type 
semiconductor – and the capacitance will decrease. If these minority carriers are not accumulated 
at the surface, the capacitance curve will exhibit a steep upturn, the capacitance will increase, Fig. 
16. [3] 

This phenomenon of capacitance progress can be mathematically described utilizing the 
space charge limited current capacitance in a semiconductor [1] [19]: 

 𝐶C1ij = 	
𝑞4𝑁d𝜀(𝜀)𝐴4

2𝑘𝑇 𝑒𝑥𝑝
−𝑞𝑉
2𝑘𝑇 , (25)  

where ND represents the acceptor concentration, the remaining variables have been 
described before. 

1.3.2 Mott-Schottky analysis 

The Mott-Schottky (M-S) analysis is one of the most widely used methods for semiconductor 
characterization. Parameters such as the potential barrier, carrier type and concentration can be 
computed. The M-S graph, see Fig. 15, provides a linear dependency between the inverse space 44

is used to measure the capacitance of the device at various dc biases.  This method of 

performing a C-V measurement is consistent with how C-V curves are created from

traditional MIS devices.  Next we will discuss why the curve appears as it does in the low 

frequency and high frequency measurements [19,20,22].

Fig 4.14 C-V Curve of MIS capacitor with a p-type substrate [19,20].

The first measurement is that of a low frequency or quasi-static ac signal.  When 

the bias is very negative the curve shows that the system is in the Accumulation mode.  

As described by Equation (4.2), the system behaves like a parallel plate capacitor and has 

a constant capacitance, COX.  When the bias is increased further, the surface starts to 

become depleted, and the variations of the applied bias induce variations in the depletion 

charge.  The overall capacitance is now determined by the series combination of COX and 

CD as illustrated in Fig 4.12.  As the device moves further into the Depletion mode the 

depletion width increases, thus decreasing CD and the overall capacitance.  As the bias is 

further increased, an inversion layer begins to form.  The variations in bias now bring 
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charge capacity squared CSCHL and the applied voltage V, given by the working and referential 
electrode. The analysis draws on the CV characteristics and MIS model theory discussed in 1.3.1 
and states the equation [21] [22] [23]: 

 
1

𝐶4C1ij
= 	

2
𝑞𝑁d𝜀(𝜀)

𝑉A9 − 𝑉 −
𝑘𝑇
𝑞 , (26)  

for n-type semiconductor and for the p-type semiconductor: 

 
1

𝐶4C1ij
= 	

2
𝑞𝑁p𝜀(𝜀)

𝑉A9 − 𝑉 −
𝑘𝑇
𝑞 , (27)  

By applying a line slope to the plot, the intersection with x axis (voltage) yields the flat 
band voltage. The resulting slope is negative for the p-type semiconductor, dependent on the 
inverse value of the acceptor concentration and positive for the n-type semiconductor, dependent 
on the inverse value of the donor concentration. [1], [20-23] 

This method is only suitable for passive films with single space charge capacitance, as 
applying it to a more complex structure, such as a bipolar passive film, deviations could occur. [22] 

1.4 Implementation of porous alumina matrix 

When dealing with the field of possible substances as an application for capacitors, anodic films 
on aluminum have been researched for over a hundred years. Usually, for the nanostructure 
preparation the process of lithography is utilized. However, the viability of preparing precise 
nanostructured materials comes at a cost of expense. In our measurements, we utilized the method 
of nanoporous matrix of aluminum. An aluminum wafer can be transformed via electrochemical 
processes into porous structures – porous alumina matrices such as tubes, columns or dots – that 
can later be used as a template for electrodeposition. [21], [25-28] 

 

Fig. 17:Porous anodic aluminum matrix created via anodization. [27] 

removed by floating the membrane on the surface of a 0.2 M KOH solution in ethylene
glycol. Such a procedure tends to make both faces of the membrane essentially equiva-
lent (17). Another procedure to separate the porous film from the Al electrode is by
immersing the anodized foil in a saturated aqueous HgCl2 solution. This results in the
amalgamation of aluminum along the Al2O3/Al interface and delamination of the oxide
layer. The remaining part of the insulating barrier layer is then etched away with 0.025 M
NaOH solution (26).

Note that both of these approaches induce isotropic chemical etching with concomitant
enlargement of pore size. Very recently, Mallouk and coworkers (20) proposed a new
method to penetrate and detach the barrier layer by applying a reverse bias voltage (!3.5
to !5V) immediately after the completion of the anodization; both anodization and
reverse bias are carried out in the same 3% H2SO4 solution. When H2 bubbles are
observed, the bias voltage is reduced until no more bubbles are detected; the process takes
a few minutes. It was postulated (20) that the application of a reverse bias voltage in acidic

16.2 Template Deposition of Metals 681

Figure 16.2.2 (A) Schematic drawing of the porous anodic aluminum oxide layer that is formed
during aluminum anodization. (B) Steps involved in the detachment of the aluminum oxide layer
from bulk aluminum by using the voltage reduction sequence. Top: growth of the primary pores;
middle: voltage reduction and infiltration of barrier layer by branched pore network; bottom: disso-
lution of branched network region of the porous film and separation from aluminum anode.
Reproduced with permission from reference (25).
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1.4.1 Anodization process 

Anodization is a form of exothermic reaction utilized in the field of surface processing – it supports, 
“grows”, the thickness of the oxide layers on the very top of metals. With aluminum, it is often 
used as a protection medium as the oxide layer no longer oxidizes and protects the rest of the 
aluminum foil from unwanted oxidation as well. It is sometimes attributed as aluminum corrosion 
as the process itself often begins at the very moment the aluminum is exposed to atmosphere – 
aluminum surface exhibits high affinity for oxygen, however, once a top layer is established, the 
process stops. Additional benefits include lower thermal and electric conductivity, large band gap, 
and abrasion resistivity. [27], [29-32] 

The process is triggered by a direct current passing through an electrolyte to the aluminum 
anode, another metal is used as a cathode within the anodization system. The fundamental reaction 
of anodic aluminum reacting with air and with sodium hydroxide are as follows: 

Al à Al3+ + 3e- 

2Al3+ + 3O2- à Al2O3 

 

2Al + 2NaOH + H2O à 2NaAlO2 + 3H2 

NaAlO2 + 2NaOh àAl(OH)3 + NaOH 

The electrolyte is most often a solution of chromic, oxalic, phosphoric or sulphuric acid. 
[27], [29-32] The porous nature of the resulting structure is a direct result of the acidity of the 
electrolytes. Solutions where the oxide layer is insoluble tend to produce non-porous, or sometimes 
referred to as barrier layers. However, a more neutral pH of the solution will yield a porous 
structure. [44] The specifications resulting from the completion of the process are dependent on 
the anodization parameters, discussed in 1.4.2.  

There are three fundamental types of anodization process: 

1. Single step 

2. Two step 

3. Pre-patterned 

The single-step method produces non-uniform pores and pore distance. Pre-patterned 
process can be used for pattern inscription, lithography for example. The two-step processing 
culminates into creating a self-organized structure of nanopores. [27] [29-32] 

1.4.2 Aluminum anodization 

It has been found that aluminum has very specific qualities when it comes to anodic oxidation. 
Consistent pore distribution arises as an aluminum oxide (Al2O3) film is created via electro-
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oxidation of high purity aluminum wafer/foil with an acidic electrolyte as the medium. A low 
concentration of the acidic electrolyte, at a stable temperature and with a voltage potential applied 
to the aluminum is utilized. The final structure tends to be of uniform cells, the diameter of these 
cells depends on the growth rate of the aluminum and its consequent dissolution, caused by the 
acidic medium. The driving force behind the cell growth is the metal/oxide ion diffusion caused by 
an electric field due to the applied voltage. The cell growth rate also exponentially depends on the 
applied voltage. The somewhat orderly fashion of the structure can also be attributed to the 
repulsive forces brought upon by the volume expansion. [28-30] 

When the aforementioned set of conditions is met, the pores within the aluminum substrate 
grow perpendicularly to the surface. Two interfaces – metal/oxide and oxide/solution are created. 
The ions of O2-/OH- migrate off the electrolyte into the oxide barrier and at the same time the Al3+ 
ions drift through the barrier into the solution and affect the oxide growth. [28-30] 

 

Fig. 18: Oxide growth in aluminum under anodic oxidation. [29] 

Table 1: Anodic oxidation of alumina, a) in 4% oxalic acid, b) in 10% sulfuric acid, c) in 15% 
sulfuric acid. [27] 

 

Choosing the right conditions is crucial, as it can produce pores with diameters ranging 
between 10 nm up to 2 µm. The diameter is proportional to the potential applied, the thickness of 
the aluminum oxide depends on the time duration and the spacing of the pores can be influenced 

Self-organized formation of hexagonal pore arrays in anodic alumina
O. Jessensky, F. Müller,a) and U. Gösele
Max-Planck-Institute of Microstructure Physics, Weinberg 2, D-06120 Halle, Germany
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The conditions for the self-organized formation of ordered hexagonal structures in anodic alumina
were investigated for both oxalic and sulfuric acid as an electrolyte. Highly ordered pore arrays were
obtained for oxidation in both acids. The size of the ordered domains depends strongly on the
anodizing voltage. This effect is correlated with a voltage dependence of the volume expansion of
the aluminum during oxidation and the current efficiency for oxide formation. The resulting
mechanical stress at the metal/oxide interface is proposed to cause repulsive forces between the
neighboring pores which promote the formation of ordered hexagonal pore arrays. © 1998
American Institute of Physics. @S0003-6951~98!03510-4#

Porous oxide growth on aluminum under anodic bias in
various electrolytes has been studied for more than 40 years.1
Because of their relatively regular structure with narrow size
distributions of pore diameters and interpore spacings, po-
rous alumina membranes are used for the fabrication of na-
nometer scale composites.2–4 In 1970, O’Sullivan and
Wood5 presented a model to describe the self-regulating pore
growth. This model based on the electric field distribution at
the pore tips is able to explain why pores grow at all and why
their size distribution is quite narrow. This and further re-
fined models6–8 can give microscopic explanations for the
dependence of, e.g., pore diameters and pore distances on
applied voltage or electrolyte composition.

Just recently Masuda et al.9,10 reported self-organized
pore growth, leading to a densely packed hexagonal pore
structure for certain sets of parameters. But highly regular
polycrystalline pore structures occur only for a quite small
processing window, whereas an amorphous pore structure
can be obtained for a very wide range of parameters without
substantial change in morphology. The former models based
only on field distribution cannot easily explain this behavior.
The self-organized arrangement of neighboring pores in hex-
agonal arrays can be explained by any repulsive interaction
between the pores. In this work, the dependence of the struc-
tural properties on the anodization conditions have been in-
vestigated to gain more insight into the formation conditions
of ordered pore arrays and to find a microscopic explanation
of the repulsive forces.

In order to explain the effect of self-organization, the
situation during steady state pore growth has to be consid-
ered ~Fig. 1!. Pores grow perpendicular to the surface with an
equilibrium of field-enhanced oxide dissolution at the oxide/
electrolyte interface and oxide growth at the metal/oxide
interface.5,8 While the latter is due to the migration of oxy-
gen containing ions (O22/OH2) from the electrolyte through
the oxide layer at the pore bottom, Al31 ions which simulta-
neously drift through the oxide layer are ejected into the
solution at the oxide/electrolyte interface.11 The fact that
Al31 ions are lost to the electrolyte has been shown to be a
prerequisite for porous oxide growth, whereas Al31 ions

which reach the oxide/electrolyte interface contribute to ox-
ide formation in the case of barrier oxide growth.12,13 The
atomic density of aluminum in alumina is by a factor of two
lower than in metallic aluminum. A possible origin of forces
between neighboring pores is therefore the mechanical stress
which is associated with the expansion during oxide forma-
tion at the metal/oxide interface. Since the oxidation takes
place at the entire pore bottom simultaneously, the material
can only expand in the vertical direction, so that the existing
pore walls are pushed upwards. Under usual experimental
conditions the expansion of aluminum during oxidation leads
to less than twice the original volume, since Al31 ions are
mobile in the oxide under the electric field, so partly the
oxidized aluminum does not contribute to oxide formation.
Whereas relative cation transport numbers between 0.4 and
0.5 have been reported in literature independently of experi-
mental conditions,12,13 in our experiments the relative thick-
ness of the porous alumina layer compared to the consumed
aluminum was found to vary with voltage and electrolyte
composition.

Since no oxide formation takes place at the oxide/
electrolyte interface during porous oxide growth but all cat-

a!Electronic mail: fmuel@mpi-halle.mpg.de
FIG. 1. Expansion of aluminum during anodic oxidation. On the left the
level of the unoxidized metal surface is depicted.
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equilibrium between the growth rate of the alumina and its dissolution in the acidic elec-
trolyte. The hexagonal self-order of the pores can be explained by the repulsive forces due to
the volume expansion associated with the anodization process (14). By appropriate selection
of the process conditions, films with pore diameters between !10 nm up to 2 !m, pore den-
sity between 108 and 1011 pores cm"2, and film thickness up to 200 !m can be prepared (16).

The electrolysis of aluminum is carried out in a two-electrode cell. The anode is 
usually a high-purity (99.9% or even 99.99%) aluminum sheet. The metal surface must
be carefully cleaned via chemical or electrochemical polishing (17). After degreasing in
1:2:1 ethanol–dichloromethane–acetone solution (17), the aluminum surface is cleaned
by immersion in NaOH (1 M (18) or 0.05 M (17)), followed by rinsing in distilled water,
and then electropolished using one of the following typical experimental conditions:

– Potentiostatic control: Applied potential 20–21 V for 2–5 min in 61% perchloric
acid–95% ethanol (19/81, v/v) at 2 °C (18, 19).

– Galvanostatic control: Current density of 75 mA cm"2 (or 125 mA cm"2 (20)) in
a 2:3 (v/v) phosphoric/sulfuric acid solution in 1% glycerol at 70–80 °C (17).

According to Hornyak et al. (17), the electropolished aluminum is rinsed immediately in
distilled water (often with the aid of a strong stream of distilled water to remove the tena-
cious gelatinous oxide layer), immersed in concentrated nitric acid for 10 min, rinsed and
left to dry in air. Well-polished aluminum should present a shiny/mirror-like surface; accu-
rate polishing is crucial for obtaining high-quality aluminum oxide membranes.

The pre-treated aluminum is then anodized potentiostatically or galvanostatically in a
thermostatically controlled bath (14, 16, 21). Potentials from 10 to 160 V and current den-
sities from 10 to 30 mA cm"2 are usually applied; however, for high pore spacing, volt-
ages as high as 700 V have been used (22). The electrolyte is typically 15% sulfuric acid
(10 °C), 4% phosphoric acid (24 °C), 2% oxalic acid (24 °C), or 3% chromic acid (38 °C)
(14); the temperature ranges from 38 to 0 °C and even lower (18, 23).

The cathode used for the anodization of aluminum consists of a large plate of aluminum,
lead, platinum, or stainless steel.

As shown in Table 16.2.1, the pore diameter is proportional to the DC potential or the
current density used. The thickness of the porous aluminum oxide increases linearly with

16.2 Template Deposition of Metals 679

Table 16.2.1

Conditions used for the electrochemical preparation of nanoporous alumina membranes

Applied potential (V) Pore diameter (nm) Pore density (#109 cm"2)

30 52a 30d

20 32b 56d

15 22b 83d

10 16c

aIn 4% oxalic acid, reference (17).
bIn 10% sulfuric acid, reference (17).
cIn 15% sulfuric acid, reference (17).
dFrom reference (14).
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by the pH of the solution. A given estimate was provided by [27] and is listed below for some 
viable options of the anodization process. The precise conditions utilized for our experiment will 
be detailed in the experimental section 2.1. 

1.5 Tantalum deposition 

This subchapter deals with the theory of tantalum deposition, detailing its properties, deposition 
setup and subsequent tantalum deposition from ionic solutions. 

1.5.1 Tantalum as a medium in electric circuitry 

Tantalum capacitor comprises a metallic anode of tantalum, insulating layer of tantalum pentoxide 
Ta2O5 and cathode of semiconducting material, most often of manganese dioxide MnO2 or suitable 
conducting polymeric material (liquid or solid), within the capacitor structure tree they stand as 
electrolytic capacitors. Fundamental parameters include nominal capacity, maximal operating 
voltage and loss over time. [2] [35] 

Its behavior within a circuit can be denoted as stable, not only when operating under room 
temperature conditions, but also when working in environments with elevated temperature. Its size 
to capacitance ratio makes them an attractive choice for small production systems, however, since 
the tantalum ore is more expensive than that of aluminum, a price factor must be considered. 
[35][37] 

Tantalum capacitors are sensitive to reverse voltage or currents out of their operating range 
due to polarization, these conditions can irreversibly destroy its dielectric medium, hampering thus 
its capacitive functions. [5][10][14] 

While in this work we focus on the solid tantalum capacitors, it is also possible to 
manufacture wet tantalum capacitors. Since their non-solid nature can create additional oxide 
layers during operation, they have higher size to capacitance ratio when compared to their solid 
counterparts. They are expensive and often not utilized in commercial applications. [35-36] 

1.5.2 Electrodeposition using three electrode setup 

Three-electrode cell setup consists of working, reference and counter electrode. This 
interconnection is used often, it allows for the analysis of the analyte at electrode-electrolyte 
interface, measuring both the current as well as the potential. A potential from an external source 
is connected between the working and counter electrode and subsequently measured through the 
working and referential electrodes. The current is monitored by the working and counter electrodes. 
This is the distinction between the two- and three-electrode setup, as with the two-electrode system 
a part of the bias is consumed as the current resistance. [21] [27] For a system representation see 
Fig. 19. 
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Fig. 19:Three-electrode system setup. [21] 

1.5.3 Tantalum deposition from ionic salts 

Ionic salts are solutions of molten salts, comprising only cations and anions. They are generally 
not sensitive to water, non-flammable and not as toxic as their generic solvent counterparts. It is, 
however, their ionic conductivity that makes them the ideal medium for monitoring 
electrodeposition, as well as the fact that they have great electrochemical window and are also 
thermally stable, the deposition process can thus occur under lower temperatures, eliminating the 
effects of thermal damage on the measuring system, such as material corrosion or losses. The 
overall deposition process culminates over time at a stable potential, the final thickness can be 
evaluated via the amount of charge reduced at the working electrode. [21][27][38] 

Elemental tantalum can be electrodeposited via these ionic liquids, such as 1-butyl-1-
methyl-pyrrolidiniumbis(tri-fluoromethylsulfonyl)imide ([BMP]Tf2N) or Aluminum chloride-1-
Ethyl-3-methylimidazolium chloride ([EMIC]Cl). TaF5 is often used as the source of tantalum 
material. The substrate material for deposition can be for example platinum or aluminum. 
[21][27][38] 

The first tantalum deposition from ([BMP]Tf2N) was performed by Zein El Abedin et al. 
[40], who first introduced the step-reduction of tantalum. Their experiments were then confirmed 
by Borisenko et al. [39] and the phenomena of tantalum electrodeposition was also investigated by 
Babushkina and Ekres [42]. 

Zein El Abedin et al. [40] utilized the solution of ([BMP]Tf2N) with 0.5 M TaF5. The 
experiment was measured via three-electrode setup described in 1.5.2, they opted for golden 
working electrode, while the referential and counter electrodes were of platinum. Measurements 
were conducted in glove box for inert atmosphere at room temperature. Utilizing a cyclic 
voltammogram, they proposed the tantalum reduction process of Ta5+ to Ta3+ to Ta. This process 

electrodes with parallel flow, planar electrodes with perpendicular flow, and wall-jet elec-
trodes. Flow cells can be in two- or three-electrode configurations.

Figure 2.5 shows a two-electrode flow cell with reticulated vitreous carbon (RVC) as
the working electrode. There are a wide variety of electrode materials for flow cell appli-
cations ranging from microconical platinum, to platinum grid, to gold micromesh, to
graphite packing, etc. In this configuration, the sample solution is fed through the cell
under a constant flow and a steady-state current is measured. It should be noted that here
the reference electrode is isolated from the sample solution by a cation-exchange mem-
brane and the internal filling solution is also replaced continually. The immediate advan-
tage of such a design is drastic simplification of instrumentation and accurate and precise
measurements of low concentrations of analytes.

36 2. Practical Electrochemical Cells

Counter

Working

Reference

Glass
Frits

Figure 2.3 Three-electrode electrochemical cells. Three-compartment cell with (top panel) and
without (bottom panel) glass frits (3, 4). (for colour version: see colour section at the end of the book).

Ch002.qxd  12/22/2006  10:45 AM  Page 36

Sưu tầm bởi: www.daihoc.com.vn 

 



 

 31 

was later confirmed by Borisenko et al [39]. The reduction of tantalum is supported by localized 
peaks on the voltammogram, see Fig. 20. 

 
Fig. 20:Voltammogram of tantalum deposition from 0.5 TaF5 in [Py1,4]TFSA, at room 

temperature, scanning 10 mV/s. [39] 

Borisenko [39] reported that a tantalum layer begins depositing with peak C2, creating a 
thin and light, black tantalum layer. The structure further grows with peak C3 as the Ta3+ reduces 
to a non-stoichiometric tantalum. The electrochemical window is of almost 6 V (see insert in Fig. 
20), proving the expectations of ionic solutions having wide electrochemical potential, and is 
limited by organic cation reduction from the cathode and anion oxidation and golden electrode 
dissolution from the anode.  

It is clear that the deposition proceeds in steps, its equation representations were presented 
by Lantelme et al. in [42]. 

Babushkina [41] further noted that the overall principles of tantalum electro-reduction are 
heavily dependent on the choice of the electrolytic medium. Also, to support the mechanical quality 
and adhesive properties of the tantalum layer, it is possible to infuse the electrodeposition solution 
with fluorides of alkali metals. [40] 
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teploty 200 °C nadeponovány 1 µm tenké vrstvy tantalu. Elektrodepozici tantalu z TaF5 

za přítomnosti LiF je nejlepší provádět při teplotě 150 – 200 °C [14]. 
V Tab. 3 je zobrazen přehled elektrodepozice tantalu z různých iontových roztoků. 

Tab. 3.: Elektrodepozice tantalu [1] 

Elektrolyt Zdroj tantalu t [°C] Podklad Referenční elektroda 

EMIC – AlCl3 TaCl5 40 Pt, skleněný 
uhlík 

Al|Al3+ 

EMIC TaCl5 100 Pt, W, Ta Al|Al3+ 

EMIF TaF5 25 Pt Ag|Ag+ 

Pyr14TFSI TaF5 25,  
100-200 

Au, Pt Pt 

1.3.4 Elektrodepozice tantalu z roztoku ([BMP]Tf2N) 
První elektrodepozice tantalu z roztoku ([BMP]Tf2N) byla provedena v roce 2005 S. Zein 
El Abedinem a spol. [13]. Na tuto práci bylo roku 2009 navázáno N. Borishenkem a spol. 
[14]. 

Při experimentech byl využíván roztok ([BMP]Tf2N) s obsahem 0,5 M TaF5. Jako 
pracovní elektroda sloužila tenká vrstva zlata (200-300 nm), pomocná a referenční 
elektroda byla z platiny. Měření cyklické voltametrie probíhalo v rukavicovém boxu 
v inertní atmosféře při skenovací rychlosti 10 mV/s. [14]. 

Výsledek provedené cyklické voltametrie je znázorněn na Obr. 7. 

 
Obr. 7.: Výsledný voltamogram, 0,5M TaF5 v roztoku ([BMP]Tf2N), 25 °C, 10 mV/s [14] 

Elektrochemické okno je v katodické části omezeno ireverzibilní redukcí 
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2 Measurement procedures and equipment 
This chapter collects information detailing the process of measurement itself, such as sample 
characteristics and utilized measuring tools. 

2.1 Anodization process 

In order to create the PAA matrix, we utilized an aluminum wafer as the base for the anodization. 

 

Fig. 21:Aluminum wafer for anodization. 

The wafer was of aluminum (500 nm thick, p-type, 6-12 Ωcm) deposited on a layer of 
tungsten of 200 nm (which will consequently be used as the electrode, following the measurements 
in 2.4 and 2.5). The base was a thin layer of silicon dioxide. 10 nm thick titanium layer was used 
as an adhesive layer. 

We had seven samples in total from one aluminum wafer. The samples were cleaned and 
then anodized at room temperature with 0.2 M H3PO4 or an aqueous solution of 0.9 C2H2O4 ·2H2O. 
These two anodizing solutions produce layers with neighboring properties, films obtained via 
eloxation are expected to be stronger. Five of them were left in a water bath at 100 °C, three went 
through an additional dissolving process.  

After assembling the anodization station the sample voltage was ramped at 0.5 V/s until the 
baseline of 27 V was reached, it was than maintained for 800 s. This method was applied to samples 
C2H2O4 + 27 V, C2H2O4 + 5% H3PO4 and C2H2O4 + 20% H3PO4. The remaining samples were 
ramped from zero bias to 33-66-71-76-81-85-90-95-100 V over the total of 22 s. The 100 V bias 
was maintained for 300 s. Details for each sample are listed in Table 2 below. 

The anodization process comprises applying a positive potential of a given magnitude to the 
sample for a certain period of time. Each was individually created utilizing a PTFE tube with a 
round-shaped platinum electrode. The sample was placed on a stainless-steel plate and the 
anodizing tube was placed upon it. To control the flow of the solution, a protection ring mounted 
within the bottom of the tube was placed tightly on the sample, hence the final round-shaped sample 
area. Agilent 6645A was used as a power supply with Agilent 34970A as the measuring tool. The 
software used to capture all the data was homemade, composed in LabVIEW. 
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Table 2: Anodization conditions applied to our structures: 

Sample 
ID 

Acidic 
electrolyte 

Anodization 
voltage 

Voltage 
ramp 

Anodization 
time 

Dissolving 
Water 
bath, 
100°C 

C2H2O4 + 
100 V 

O.9 M 
C2H2O4 . 

2H2O 
100 V 

9 steps    
(21 s) up to 

100 V 
300 s - 5 min 

C2H2O4 + 
100 V + 
buffer 

O.9 M 
C2H2O4 . 

2H2O 
100 V 

9 steps    
(21 s) up to 

100 V 
300 s 

10 min in 
Na2HPO4 

KH2PO4, 

pH 7 

5 min 

H3PO4 + 
100 V 

0.2 M 
H3PO4 

100 V 
9 steps    

(21 s) up to 
100 V 

300 s - 5 min 

H3PO4 + 
100 V + 
buffer 

0.2 M 
H3PO4 

100 V 
9 steps    

(21 s) up to 
100 V 

300 s 

10 min in 
Na2HPO4 

KH2PO4, 
pH 7 

5 min 

C2H2O4 + 
27 V 

O.9 M 
C2H2O4 . 

2H2O 
27 V 

0.5 V/ sec 
up to 27 V 

800 s - No 

C2H2O4 + 
27 V + 

5% 
H3PO4 

O.9 M 
C2H2O4 . 

2H2O 
27 V 

0.5 V/ sec 
up to 27 V 

800 s 5% H3PO4 No 

C2H2O4 + 
27 V + 
20% 

H3PO4 

O.9 M 
C2H2O4 . 

2H2O 
27 V 

0.5 V/ sec 
up to 27 V 

800 s 20% H3PO4 No 

 

2.2 Tantalum deposition 

A part of the assignment was to deposit tantalum under various conditions. In order to create a 
functional and clean MIS structure via tantalum deposition, a working PAA matrix had to be 
established first. Unfortunately, this condition was not met and upon discussion with thesis 
supervisor we decided to not perform this part. Instead we focused on the PAA matrix preparation 
and analysis, as well as additional characterization of MIS samples comprising PAA and tantalum 
we already had.  
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The deposition process, system setup and possible process choices were studied 
theoretically in chapter 1.5. 

2.3 MIS structure 

The MIS structure 318 used in the following experiments is shown in Fig. 22, with six golden 
contacts in total. Sample 312 is of similar appearance with varying thickness of the active material. 
While the 318 was measured via reflectometry at 16 nm (first the expect value was 80 nm), we 
expect that 312 has <10 nm. First, sample 318 was evaluated through all contacts at room 
temperature. A new set of contacts was then sputtered via magnetron deposition, measured again 
and then one was chosen for temperature measurements. The same selection process was then 
applied to sample 312 as well. 

 
Fig. 22: MIS structure utilized in experiments with a semiconducting layer of TaxOy. 

Tungsten was used as a metal electrode (measured voltage), sputtered on silicon with a thin 
layer of silicon dioxide. Porous anodic alumina (PAA) was prepared by anodic oxidation of 
aluminum layer sputtered upon the tungsten. This layer serves as an insulator. Tantalum tubes of 
tantalum pentoxide Ta2O5 (TaxOy) were then grown within the porous anodic alumina template 
through electrodeposition (from ionic liquid containing tantalum salts). As the electrodeposition 
took longer than the time needed for the filling of nanopores, a top TaxOy layer emerged above the 
nanostructured surface, behaving as the semiconducting element in our MIS structure. The sample 
was not annealed at this stage to remove the ionic liquid remains inside the nanotubes. A golden 
layer was sputtered on the very top, serving as a counter electrode contact. For sample 318, there 
were six golden contacts in total, sample 312 had three.  

The bottom tungsten layer was connected to the working electrode through the non-
anodized Aluminum. Both negative (forward polarization – considering the Au/TaxOy potential 
barrier) and positive (reverse polarization) bias were applied to the bottom tungsten electrode, and 
consequently the I/V, C/V and impedance characteristics were measured. The terms covering 
“forward” and “reverse” bias refer to positive and negative voltages on the top electrode 
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respectively, in analogy with the I/V characteristics of Schottky diodes. The TaxOy of 318 is 
expected to be a n-type semiconductor with low dopant concentration, while samples 312 are p-
type semiconductors. 

2.4 Cyclic voltammetry 

For cyclic voltammetry measurements of the MIS structures 318, and 312 the following 
instruments were utilized: 

1. Autolab PGSTAT204/FRA32M; Metrohm-Autolab 

2. Nova software 

For sample 318 the measurement was conducted in forward polarization (positive bias on 
the top Au electrode) in the voltage range of 0 V to -10 V and then back to 0 V. The scan rate was 
100, 70 and 50 mV/s.  

For selected contacts of 312 and 318 the measurement was conducted in forward polarization 
(positive bias on the top Au electrode) in the voltage range of 0 V to -10 V, as well as for reverse 
polarization (negative bias on the top Au electrode) over the range of 0 V to 10 V. The scan rate 
was 100 mV/s. As a source for measurement at varying temperature, Agilent E3633A was used. 

The samples were placed in a Faraday cage in a dark environment. Both forward and 
backward scans were recorded. 

2.5 Impedance measurement 

The impedance measurement was performed on the same samples as for the cyclic voltammetry. 
The impedance measurement was conducted for both the forward (positive golden electrode) and 
reverse bias (negative golden electrode). 

A.  

1. The sample was polarized with bias of +10 V (applied to the tungsten electrode), 
establishing a full accumulation state of the TaxOy structure. 

2. Applying an AC signal to the sample of frequency 105 Hz and amplitude of 50 mV, 
with a bias ranging from +10 V to -10 V. 

B.  

1. The sample was polarized with bias of -10 V (applied to the tungsten electrode), 
establishing a full depletion state of the TaxOy structure.  

2. Applying an AC signal to the sample of frequency equal 105 Hz and amplitude of 50 
mV with a bias of -10 V to +10 V. 
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The sample was in a Faraday cage and the measurement was conducted at room temperature 
first for sample 318. Then they were measured at varying temperatures of up to 200°C. The same 
instruments denoted in 2.4 were utilized.  

2.6 Chronoamperometry  

For samples 318 and 312 the chronoamperometry data was retrieved. Data were measured 
over voltages of ± 1 V, 3 V, 5 V and 10 V with a 180 s window where the sample was held at OCP. 
The samples were placed in a Faraday cage and the measurement was conducted at room 
temperature first for sample 318. Then they were measured at varying temperatures of up to 200°C. 
The same instruments denoted in 2.4 were utilized. 
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3 Results and discussion 
This chapter summarizes available results obtained from measurements performed. Results and 
their subsequent discussion is provided. 

3.1 Porous anodic alumina 

This subchapter details the anodization process and its results. For experiment details, see 2.1. 

3.1.1 Anodization evaluation 

Following recent publications [31] [33] and the theoretical introduction in 1.4; the anodizing 
growth of the porous structure heavily depends on the current and anodization time.  

Three samples were anodized under the following conditions (for full description see  
Table 2): 

1. Voltage 27 V 

2. Aqueous solution of 0.9 M oxalic acid 

3. Anodization time 800 s 

And the remaining samples were anodized as follows: 

1. Voltage 100 V 

2. 0.2 M phosphoric acid 

3. Anodization time 300 s. 

Fig. 23 represents the anodization behavior for sample C2H2O4 + 27 V + 20% H3PO4. The 
voltage was raised 0.5 V per second until it reached the value of 27 V. It was after then maintained 
for a period of time. The graph can be taken apart into three sections. The first section up to 
approximately 80 s and with a sharp increase of the current density around 60 s of anodization time 
indicates the start of the pore creation process, as a critical condition was met – in our case the 
current density maximum value. The maximum current density is about 16 mA/cm2. After that the 
density decreases until it reaches a somewhat steady state of 10 mA/cm2. At this point the steady 
state progresses until 480 s of the anodization time. During this period, we expect a porous 
aluminum layer grows, due to the formation and dissolution currents, towards the underlying 
tungsten layer, proportionally to the current density. The thin film expands due to the transports of 
Al3+ ions until their volume is depleted, the layer is then formed by ions of oxide O2-. These ionic 
currents transit the sample in spots, consuming the thickness of the metal and forming the porous 
structure.  
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Fig. 23: Current density dependency on time for anodizing with aqueous solution of 0.9 
M oxalic acid, C2H2O4 + 27 V +20% H3PO4 

 

Fig. 24: Current density dependency on time for anodizing with 0.2 M phosphoric acid, 
sample H3PO4 + 100 V + buffer 
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Comparing our measurements to Mozalev et. al. [25] we note a similarity in the overall 
graph structure and its division into process sections, both starting the formation process around 
60 s, our formation process only took roughly 200 s less to complete. The maximum anodization 
current density was 17 mA/cm2. 

When anodizing the aluminum sample with phosphoric, acid as shown in Fig. 24, the 
voltage was set at 100 V with a sweep of 9 values in 21 s. The maximum current density over the 
anodizing range was approximately 8 mA/cm2. 

At the very beginning we can observe similar behavior as with the processing with oxalic 
acid. The current density increases until it reaches the critical condition, upon which we expect the 
growth of the porous structure begins. The resulting anodized coat is non-conductive, successfully 
stopping the overall process when a sufficiently enough thickness is created. This sample was not 
polarized long enough for such a state to occur. 

The overall maximum values can be seen in table below: 

Table 3: Maximum current densities, anodization 

Sample 
C2H2O4 
+ 100 V 

C2H2O4 
+ 100 V 
+ buffer 

H3PO4 + 
100 V 

H3PO4   
+ 100 V 
+ buffer 

C2H2O4 
+ 27 V 

C2H2O4 
+27 V + 

5% 
H3PO4 

C2H2O4 
+ 27 V + 

20% 
H3PO4 

J 
[mA/cm2] 

5.50 6.29 8.2 7.6 6 4.6 16.5 

 
3.1.2 Imaging of PAA 

The following images were obtained via SEM imaging with Mira Tescan and Helios FEI, 
portraying the surface after the anodization process described in 2.1. Structure characteristics are 
listed in Table 4. 

The first two structures were anodized at 100 V with aqueous solution of 0.9 M C2H2O4 for 
300 s. The second structure was emerged in pH 7 buffer of Na2HPO4 and KH2PO4 for 10 minutes 
after the anodization in oxalic acid.  
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Fig. 25:SEM image of sample structure C2H2O4 + 100 V, surface and cross section 

Comparing the surface images in Fig. 25 and Fig. 26, we can clearly see that the second 
structure is of more defined character than that of the first. That is due to the dissolution treatment 
with the pH 7 buffer. The pores doubled their width after the treatment with buffer solution. Both 
structures exhibit not only pores spanning the entire thickness of the aluminum (black indicates 
tungsten, while aluminum tends towards white) as well as pore-joining, where two adjacent pores 
seem to merge together. Ridges, or “worm-like” regions connecting pores resemble compact 
alumina, a phenomenon observed after preanodization in barrier-type electrolyte, where the pore 
did not reach the very bottom. 

  

Fig. 26: SEM image of sample structure C2H2O4 + 100 V + buffer, surface and cross 
section 

Another interesting feature can be observed on the cross-section images. The light layer at 
the bottom of the image is the tungsten layer upon which the PAA matrix was grown. We can 
distinguish individual tubes – the thinner darker lines - within the structure. The lighter and smaller 
rods protruding from the bottom tungsten layer are of oxidized wolfram, WO3. While with the 
structure not treated with the buffer solution they rise to about a third of the structure, with the 
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treated sample they form a uniform layer at approximately 100-200 nm. The buffer treatment aimed 
at WO3 dissolution was thus only partly successful. The alumina matrix is estimated at 1.5 microns 
thick. Charging effects were also observed, noticeable with the second structure at the top of the 
aluminum layer. 

  

Fig. 27: SEM image of sample structure H3PO4 + 100 V, surface and cross section 

The second set of structures in Fig. 27 and Fig. 28 was anodized at 100 V with 0.2 M H3PO4 
for 300 s. Structure H3PO4 + 100 V + buffer was treated with a buffer of pH 7, as noted in 2.1. 
Once again the surface structure contains pores as well as ridges spanning neighboring pores. Those 
are more pronounced with structure 4 (H3PO4 + 100 V + buffer). Both samples were charging 
heavily, despite taking every available precaution short of treating the sample, the image had to be 
treated with a modified histogram to account for the discoloration while charging. While the cross-
section image of sample structure H3PO4 + 100 V is broken, we can still distinguish the porous 
structure at the very top.  

 

Fig. 28: SEM image of sample structure H3PO4 + 100 V + buffer, surface 
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We were not able to obtain solid cross section images for structure H3PO4 + 100 V + buffer 
however. The thickness of both matrices is approximately 1 micron with porous structure of 100-
200 nm. 

 

 

Fig. 29: SEM image of sample structure C2H2O4 + 27 V, surface and cross section 

The last three sample structures in Fig. 29, Fig. 30 and Fig. 31 were anodized in aqueous 
solution of C2H2O4 at 27 V for 800 s. The sixth sample (Fig. 30) was dissolved with a 5% solution 
of H3PO4 and sample 7 (Fig. 31)with 20% H3PO4. Structures C2H2O4 + 27 V + 5% H3PO4 and 
C2H2O4 + 27 V + 20% H3PO4 (Fig. 30 and Fig. 31) are of similar structure, both exhibiting pores 
spanning the entire thickness of the aluminum layer. The tubes are smaller in width, compared to 
previous samples, less than 100 nm. They appear to be in a more orderly arrangement with similar 
diameters. A close-up of structure C2H2O4 + 5% H3PO4 reveals round shaped tubes with a large 
number of dots – not fully established tubes, whereas tubes with the previous samples were more 
pronounced lengthwise. 

  

Fig. 30: SEM image of sample structure C2H2O4 + 27 V + 5% H3PO4, surface and detail 
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Fig. 31: SEM image of sample structure C2H2O4 + 27 V + 20% H3PO4, surface and cross-
section 

When analyzing structure C2H2O4 + 27 V + 20% H3PO4 under the electron microscope, 
initially, it appeared as if the aluminum layer was dissolved completely with the 20% acidic 
solution. Nanosized rods of material, most likely WO3, arise from the base layer free of the 
aluminum matrix, which is approximately 900 nm thick – thinner than the original aluminum layer 
of the wafer. Such a phenomenon was also observed by Mozalev in [28] and Bendova in [43], who 
noted similar round-shaped structures surrounding bright peaks as the result of the dissolution 
process and the sample being air-annealed. Inspecting the cross-section, however, did not agree 
with the initial hypothesis. Only a small number of peaks of aluminum matrix arise above the 
structure, attributed to imperfect dissolution process. The WO3 can be seen as a very small and thin 
rods within the darker stripes of the image – pores. 

Another comparison can be made on samples C2H2O4 + 100V and C2H2O4 + 27 V, both 
were anodized via aqueous solution of C2H2O4, under 100 V and 27 V and for 300 s and 800 s. The 
higher voltage and shorter anodization time produces larger tubes with lower density and rigde-
like top structure, longer anodization under lower bias yields more tubes per area with a high 
number of pores terminated before their growth was complete. Those two structures can be found 
in Fig. 25 and Fig. 29. 

Additionally, in order to create a functional PAA matrix that could be utilized as a base for 
tantalum deposition, the WO3 rods had to be dissolved. Since that was not achieved, it was not 
possible to contact the structure and perform the deposition. 

Table 4 collects generic data describing PAA matrices including measurements, shapes and 
specimen top color. 
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Table 4: PAA structure characteristics and measurements. N/A represents values that were not 
possible to ascertain, prevalent terminated pores are those pores that do not reach the bottom of the 
structure and the top color represents the overall color seen by the naked eye. 

Structure 
number 

Thickness of 
the PAA 

[µm] 

Ridges 
(worm-like 
structure) 

Terminated 
pores 

prevalent 

Pore 
diameter 

[nm] 

Round 
tubes 

Top 
color 

C2H2O4 + 
100 V 

1.5 Yes No 60 No 
Shades 

of 
brown 

C2H2O4 + 
100 V + 
buffer 

1.5 Yes Emerging 150 No 
Shades 

of 
brown 

H3PO4 + 100 
V 

1 Yes No 120 No Purple 

H3PO4 + 100 
V + buffer 

N/A Yes No 120 No Purple 

C2H2O4 + 27 
V 

<1 No Yes <100 Yes Green 

C2H2O4 + 27 
V + 5% 
H3PO4 

N/A No Yes 30 Yes 
Blue-
brown 

C2H2O4 + 27 
V + 20% 
H3PO4 

1.1 No No <100 Yes 
Blue-
brow 

3.2 Conductivity and capacitance at room temperature of sample 318 

This section deals with electrical characterization of MIS sample structure 318 at room 
temperature. 

3.2.1 Cyclic voltammetry 

The cyclic voltammetry was performed on the sample in Fig. 22 for voltages 0 V to -10 V. Forward 
as well as backward scans were recorded, denoted with an arrow for contact 4 in Fig. 32. 

The highest value of current density was measured for contact 4 at 1.3x10-2 mA/cm2, 
otherwise the values ranged from 10-4 to -10-3 mA/cm2. The intersection of the forward and reverse 
scan yields zero net current (anodic and cathodic currents equal zero). 
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Fig. 32: Cyclic voltammetry for contacts 1 through 6, scanning at 100 mV, sample 318 

IV characteristics will later be utilized to evaluate the conduction mechanisms present in 
the sample, such as Ohmic or space charge limited component of the current. Also, ln(J) vs. V 
dependency is used in 3.2.4 to compute the potential barrier height of the metal/semiconductor 
interface. Slower scan rates were also recorded for comparison as fast scan rates may suffer from 
diffusion limitations and faster current flux towards the electrodes. 

3.2.2 Total capacitance analysis 

The capacitance analysis was based on the results from the impedance measurement. The 
measurement was conducted at a room temperature for all six contacts of the sample in Fig. 22, 
voltage ranged from +10 V to -10 V, as described in chapter 2.5. 

The measurement was conducted for bias voltages from +10 V to -10 V, separated into 
several regions as one single sweep was not possible. First, two sweeps from -10 V to 0 V and from 
0 V to +10 V were set. Later, however, more efficient ranges were chosen to properly accommodate 
for the three states – accumulation (constant), depletion layer growth (linear) and depletion 
(constant), ranging from +10 V to 4 V, 4 V to -4 V and from -4 V to -10 V and vice versa for the 
negative polarization. Since these ranges each represent a separate procedure that had to be run 
manually, several “dead areas” were observed that will be discussed later.  

Applying a positive bias for a certain period of time accumulates the charge, thus charging 
the capacitor structure. Lowering the voltage forces the energy bands at the 
semiconductor/insulator interface to level until the depletion state occurs. Additional negative 
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voltage repels negative charge carriers, creating a depletion region, or in other words, the switch 
between the accumulation and depletion, both states ideally denoted as constants, is described by 
depletion region, ideally a linear curve. After that the capacitance can either remain constant or 
depleted – high voltage measurement, or become inverse, increasing the capacitance – low 
frequency measurement.  

Negative bias depletes the structure, creating a depletion layer spanning through the entire 
semiconductor thickness (estimated to be approximately 80 nm, the final thickness was however 
later measured at 16 nm) as electrons are repelled from the insulator/semiconductor interface, 
allowing for a positive space charge. The capacitance is at its minimum value. Besides electrons 
there might also be other charge carriers, such as oxygen ions. At the moment, we suppose that the 
conduction in the TaxOy layer takes place due to both charge carrier – electrons as well as ions. 

The first set of data in Fig. 33 represents a positive polarization for contacts 1, 5 and 6. 
Positive bias was applied to the structure for 1000 s to establish the accumulation state, after that 
the capacitance was measured. The accumulation state lasts through the interval of 10 V to 0 V, 
note that the Mott-Schottky analysis compares the inverse values of capacitance, the maximum is 
thus in the lower section of the y axis. After that a decrease in capacitance can be observed – the 
depletion layer is being established. The stabilization did not occur, depletion capacitance did not 
stabilize, which could be due to available carriers still reacting with the applied bias, hence the 
delay in stabilization. 

 

Fig. 33: 1/CTOT
2 analysis, contacts 1, 5 and 6, stabilized with positive bias of +10 V, 

sample 318 
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The capacitance plot can also provide the flat band voltage, absence of fixed charge at the 
insulating/semiconductor interface, as described in 1.1.1. Adding a slope k through the linear part 
of the plot (when the x and y axis cross at 0), the intersection with the x axis denotes the VFB.  

The slope of the depletion layer growth can also determine whether the semiconductor is 
n-type or p-type. Its value is calculated as a difference between x axis values and y axis values over 
the specified range of the linear decline in capacitance: 

 𝑘 =
∆𝑦
∆𝑥 ∙ 

(28)  

 

Fig. 34: Finding the flat band voltage for contact 4, positive bias of 10 V, sample 318 

Positive slope yields n-type semiconductor, while the negative suggests p-type. Since the 
depletion layer growth must be linear to properly determine the slope k value, only contacts 2, 4 
and 6 were evaluated. With their values being mostly positive (discussed later), the semiconductor 
is indeed n-type, as expected. The depletion layer creation and its subsequent flat band voltage 
occurred at similar voltages for all contacts. 
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Fig. 35: Capacitance plot for contacts 2 and 4, stabilized with positive bias of +10 V for 
300 s and 2000 s, sample 318 

Contacts 2 and 4 in Fig. 35 both exhibited a significant drop in the inverse capacitance 
(increase in capacitance). These contacts have higher conductivity than contacts 1, 5 and 6. Higher 
conductivity might be due to a current flowing inside the nanotubes. As the capacitance increase is 
sudden and occurs at low negative voltages, we theorize that the charge carriers inside the 
nanotubes are more likely to be electrons than oxygen ions, as electrons move faster than ions. 
Therefore, there is only a small number of electrons flowing from the nanotubes into the tungsten 
electrode. This flow thus does not influence the accumulation and the nanotubes behave as an 
insulator. Over the negative voltage range, however, a sudden emission of electrons from the 
tungsten electrode into the nanotubes might take place (through thermionic emission) – such a 
phenomenon can be influenced by temperature, which was not, however, considered during this 
measurement. Another explanation might be that structural defects might increase the nanotubes 
conductivity and lower the potential barrier between the tungsten and the nanotubes, leading to 
thermionic emission at room temperature. The positive slope over the voltage range of -0,5 to -3 V 
might denote a p-type behavior, accounting for the excess of negative charge carriers fixed in the 
nanotubes. The electrons are fixed due to the repulsive forces of the accumulated charges on the 
top layer/insulator interface (at about -3 V), the electrons may move further from the nanotubes 
into the top layer and the fixed negative charge inside of the nanotubes thus disappears. On the 
other hand, the negative slope might not necessary mean the p-type behavior, the increase in 
capacitance might be due to a lowering of the insulating layer thickness (less than 950 nm) with 
increasing negative bias. 

The sample contacts were polarized with a positive bias, establishing the accumulation state 
over the positive x-axis interval. The depletion layer is denoted over the interval from -3 V up to 
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negative voltages of around -7 V, after that they exhibit a constant tendency of the depletion 
capacitance. 

The capacitance analysis was also plotted for negative bias prior to measurement, see Fig. 
36. Negative bias was applied to establish the depletion state where electrons are repelled away 
from the semiconductor/insulator interface, creating a depletion layer spanning the full thickness 
of the semiconducting element, as well as the positive space charge. 

 

Fig. 36: Capacitance plot for contacts 4 and 6, stabilized with negative bias of -10 V for 
1000 s, sample 318 

This measurement was conducted over the range of -10 V to +10V, with negative bias of -
10 V. The depletion region can be observed from -10V to -2V, which is considerably longer than 
when the positive bias was applied and the depletion was only borderline. From -2 V to 0 V the 
depletion layer free of mobile carriers grows thinner, allowing for the accumulation state, which 
spans from 0 V to 10 V. Contact 6 exhibited additional decrease in capacitance, most likely due to 
the uncompensated charge carriers (electrons) remaining in the nanotubes. After the polarization 
proceeds, the charge carriers in the nanotubes recombine or transfer into the tungsten electrode and 
the accumulation constant capacitance sets in. 

To account for the possible influence of the polarization time on depletion layer growth, 
contact 6 in Fig. 37 will be taken as an example. It was polarized for 1000 s and also for 300 s with 
negatively biased tungsten electrode. The longer polarization behaves as expected, having an 
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established depletion layer and thus constant depletion capacitance. Increasing the voltage forces 
the barrier to react and grow thinner, accumulating electrons at the semiconductor/insulator 
interface, over the range of approximately -4 V to 0 V. Over the positive range of the x axis a 
constant tendency of accumulation capacitance can be observed. 

 

Fig. 37: Contact 6 with negative bias of -10 V at different polarization duration, 300 s and 
1000 s, sample 318 

The shorter polarization on the other hand does not offer the depleted state of the structure, 
decreasing slowly over the entire region of the measurement. 

3.2.3 Capacitance calculations 

To properly evaluate the accumulation capacitance, its value was calculated according to the 
equation: 

 𝐶p11 = −
1

𝜔𝑍ff ∙ 
(29)  

This equation describes the total capacitance of the structure, however, the accumulation 
capacitance over the constant region at positive voltage range of the curve equals the total 
capacitance of the structure. All values were measured during the impedance measurement,	𝜔 
represents the angular velocity and 𝑍ff is the imaginary part of the impedance. The accumulation 
capacitance was thus calculated for constant accumulation progress of the capacitance analysis. Its 
value was then rounded and used for further calculations. Since the accumulation capacitance can 
only be calculated from the constant progression of the maximum capacitance, contacts 1, 2, and 5 
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had to be excluded (-) as they never reached the constant state. Contact 3 had to be excluded 
altogether as none of the measured data could be interpreted.  

Table 5: Accumulation capacitance values and values of accumulation capacitance per active 
area; (-) represents values not viable to compute, sample 318 

Contact nr. 1 2 4 5 6 

Capacitance 
[pF], positive 
polarization 

90 106 108 71 170 

Capacitance 
[pF], negative 
polarization 

- - 55 - 55 

Capacitance 
[nF/cm2] 
positive 

polarization 

11 13 13 9 14 

Capacitance 
[nF/cm2] 
negative 

polarization 

- - 7 - 7 

 

With known and computed accumulation capacitance 𝐶p11  values (see Table 5), the 
depletion capacitance 𝐶dlV at maximum depletion could be calculated, see Table 6. Considering 
the fact that the MIS layers behave as a parallel plate capacitor, the interconnection of the insulating 
and semiconductor layer is thus in series. It is possible to implement Eq. 6 as follows: 

 
1

𝐶]t]
=

1
𝐶p11

+
1

𝐶dlV
, (30)  

which then yields: 

 𝐶dlV =
𝐶]t]𝐶p11
𝐶p11 − 𝐶]t]

, (31)  

where the 𝐶]t] is the total capacitance measured. It is expected that more accurate values 
would come from applying the negative bias, as it is then when the depletion state is fully 
established. Once again, these calculations rely on the fact that the depletion state can be observed, 
meaning that the depletion layer is fully established. Unless this condition is met, the depletion 
capacitance cannot be accurately calculated. The depletion capacitance value was computed for the 
maximum value reached. 
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Table 6: Depletion capacitance and values of depletion capacitance per active area, sample 318, 
maximum depletion. 

Contact nr. 2 4 6 

Capacitance 
[nF], positive 
polarization 

97 4 - 

Capacitance 
[nF], negative 
polarization 

- 2 0,8 

Capacitance 
[mF/cm2] 
positive 

polarization 

0,12 0,50 - 

Capacitance 
[mF/cm2] 
negative 

polarization 

- 0,15 0,10 

 

Utilizing the accumulation capacitance, the relative permittivity of the insulating layer 
(porous anodic aluminum (PAA)) could be computed for those samples with constant accumulation 
capacitance: 

 𝜀(Vpp =
𝑑𝐶p11
𝐴𝜀)

∙ (32)  

The thickness d of the layer was measured via electron microscopy at 950 nm, A the active 
surface area and 𝜀) denotes the vacuum dielectric constant. The expected permittivity value was 9 
[47]. Once again values for contacts 1, 2 and 5 in reverse polarization were not computed as they 
require a constant accumulation capacitance. That was not achieved. Contact 3 was excluded 
altogether as the measurement yielded no usable data. 

Since the expected dielectric constant for the anodic aluminum was 9, none of our measured 
samples confirmed it. The average value for forward polarization is 15, the variation of the 
dielectric constant for different contacts might be due to a slight thickness inhomogeneity of the 
top layer. The reverse bias was even more unstable, only two contacts achieved constant 
accumulation capacitance, their values, however, are much closer to the expected 𝜀(Vpp = 9. The 
remaining contacts had either higher depletion capacitance values or kept decreasing, making the 
calculation of the accumulation capacitance impossible. Interestingly, contact 2 with reverse bias 
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was indeed constant over the range of 0 V to 4 V, however, it kept decreasing after that. Should 
the constant range of only 0 V to 4 V be considered, the resulting dielectric constant would be 35. 

Table 7: Relative permittivity for the PAA insulating layer and the semiconducting material, (-) 
represents values not viable to compute, sample 318 at room temperature 

Contact nr. 1 2 4 5 6 

𝜺𝒓𝑷𝑨𝑨, 
forward 

polarization 
12 14 15 10 16 

𝜺𝒓𝑷𝑨𝑨, 
reverse 

polarization 
- - 8 - 8 

𝜺𝒓𝒔𝒆𝒎𝒊, 
forward 

polarization 
- 20 8 - 12 

𝜺𝒓𝒔𝒆𝒎𝒊, 
reverse 

polarization 

- 

 
10 8 - 4 

 

Additionally, the relative permittivity of the semiconducting material was also calculated. 
Taking the average value from a constant depletion capacitance at maximum depletion, the relative 
permittivity was calculated according to equation: 

 𝜀(n}>@ =
𝑑𝐶dlV
𝐴𝜀)

∙ (33)  

The thickness of the semiconducting material was estimated at 80 nm (later measured at 16 
nm via reflectometry), all other variables have been mentioned before. The expected value for a 
TaxOy was 25 (the dielectric constant of Ta2O5), computed values can be found in Table 7.  

Another parameter that was calculated was the donor concentration, since our 
semiconducting material was n-type due to its positive slope k values. The concentration was 
calculated as follows: 

 𝑁d =
2

𝑘𝜀)𝜀(𝑞
∙ (34)  

Values for both the forward and reverse bias were calculated for those contacts which 
exhibited linear growth of the depletion layer further stabilizing into a constant depletion region. 
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Only contacts 2 (only in forward polarization), 4 and 6 were evaluated as these exhibited a linear 
growth of the depletion barrier with a constant depletion region capacitance. 

Table 8: Donor concentration, (-) represents values not viable to compute, sample 318  

Contact 2 4 6 

𝑵𝑫 [cm3], 
forward 

polarization 
2x1016 9x1015 1.6x1016 

𝑵𝑫 [cm3], 
reverse 

polarization 
- 1x1015 2.69x1015 

 

Calculated values range from 1 ∙ 105� to 2.7 ∙ 105� per cm3. The semiconductor is thus of 
low concentration, which corresponds to the low conductivity (high resistivity). Values for reverse 
polarization are also lower than those for forward polarization, which indicates a thicker depletion 
layer. 

3.2.4 Barrier height in thermionic emission 

As mentioned in 1.2.6, the potential barrier is closely linked to the thermionic emission conduction 
mechanism. Even though the thermionic emission is most dominant in reversely polarized 
metal/semiconductor interfaces, vital parameters such as the current density, potential barrier and 
the ideality factor are evaluated based on a forward IV characteristics.  

Utilizing data from the I-V measurements, barrier height of the metal (gold) /semiconductor 
(Ta2O5) interface can be calculated: 

 𝛷9 =
𝑘𝑇
𝑞 ln

𝐴∗𝑇4

𝐽)
, (35)  

�]
�

 represents the thermal energy, 𝐴∗ denotes the effective Richardson constant and 𝐽)is the 

value of the current passing through the metal/semiconductor interface not influenced by the bias. 
Its value can be determined using the IV measurement data and plotting ln(J) vs V in the determined 
thermionic emission limited current range, which in our case was revolving around approximately 
-3 to -5 V. The effective Richardson constant for free electrons (m* = m0) is equal to 120 A/cm2K2. 
The effective mass for Ta2O5 is mt

* = 0,5 for both electron and holes [26], the Richardson constant 
is thus 60 A/cm2K2.  
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Table 9: Potential barrier and electron affinity of the metal/semiconductor interface, sample 318 

Contact nr. 1 2 3 4 5 6 

J0 [A] 2,7 ∙ 10�55 4,6 ∙ 10�5) 4,0 ∙ 10�55 3,5 ∙ 10�)� 1,3 ∙ 10�5) 6,9 ∙ 10�5) 

𝜱𝑩 [eV] 1,03 0,95 1,02 0,90 0,98 0,94 

EA [eV] 3,67 3,75 3,68 3,8 3,72 3,76 

 

The potential barrier height for all contacts revolves around 0,97 eV. Following Schottky 
theory dealing with metal/semiconductor interfaces it is possible to compute the electron affinity 
as the difference between the work function of gold and the TaxOy, see Eq. 35.: 

 𝐸p = 𝛷p� − 𝛷9	. (36)  

 The work function of an ultrahigh vacuum sputtered gold is 4,7 eV. The resulting electron 
affinity of the TaxOy layer can be found in Table 9. 

3.3 Electrical characterization at varying temperatures of sample 312 and 
318 

The following subchapters deal with electrical characterization of samples 312 and 318 at varying 
temperatures. Sample 312 was measured twice, the first measurement is evaluated unless stated 
otherwise. Temperature characteristics were performed on new set of contacts for sample 318, 
prepared via magnetron. 

3.3.1 Cyclic voltammetry 

The cyclic voltammetry on sample 312 as well as on 318 was performed over the ranges of -10 V 
to 0 V and 0 V to +10 V for selected temperatures. Both the forward and backward scans were 
recorded.  

Since the maximum value difference between the scans of sample 312 is two orders, they 
had to be separated for clarity. Fig. 38 represents scan up to 10 V, Fig. 39 denotes range of down 
to -10 V. Current density ranges between values up to 2x10-6 A/cm2 for positive voltages and    
5x10-4 A/cm2 for negative voltages, temperatures of 140°C and up had to be excluded due to loss 
of contact. 

Sample 318 in Fig. 40 did not exhibit such a rectifying tendency; its values remain within 
the range of 5x105 and 5x10-5 A/cm2, the maximum was recorded at 200°C. 
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Fig. 38: Cyclic voltammetry for sample 312, +10 V at varying temperatures, 100 mV/s. 

Noticing the maximum values of the current density, we can confirm that it increases with 
rising temperature over both the negative and positive voltage ranges for both samples.  

 

Fig. 39: Cyclic voltammetry for sample 312, -10 V, various temperatures, 100 mV/s. 

For sample 312, the maximum current density for the negative range is 4x10-4 A/cm2, while 
over the positive range it reaches values of 2x10-6 A/cm2. We can see the Schottky, rectifying 
phenomenon, caused by the potential barrier between the TaxOy and the golden contact. Another 
distinction lies in the shape of the progress itself, opening wider for the negative voltages while the 
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positive range tends to propagate the backward and forward scans more closely together. That 
accounts for the transient conduction, or in other words the hysteresis. The wider the span, the more 
the transient characteristics of the conduction. 

 

Fig. 40: Cyclic voltammetry for sample 318, -10 V to +10 V, various temperatures, 100 
mV/s. 

Fig. 40 collects cyclic voltammetry from sample 318 at different temperatures (room 
temperature plot can be found in Appendix 1). Once again, we note that with increasing 
temperatures higher current densities are measured. Noticing the peaks at temperatures 160, 180 
and 200°C occurring at about 2 (0.1) and -3 V, these peaks correspond to the shift in equilibrium 
of the structure. It is also expected that at these voltages the entire structure participates at the 
process of current conduction. Increasing the magnitude of voltage shifts the initial state of 
equilibrium further, employing the effects of diffusion, the total amount of current density thus 
decreases. Additionally, since these peaks occur only at temperatures of 160°C and higher over 
both voltage ranges (over the positive range note the peaks around 0 V), corresponding to the 
results from the capacitance analysis, these could also be residual chemical reactions happening 
within the nanotube structure or be influenced by the shift in the insulator/semiconductor interface, 
going deeper into the insulating layer. 

3.3.2 Steady state or transient 

Looking at results obtained from Fig. 38, Fig. 39 and Fig. 40, the dependencies of current density 
on applied bias, we can clearly see that the system is in transient conduction mode, more so for the 
negative voltage range (forward polarization) than for positive (negative polarization), marked by 
the spacing of forward and backwards scans. Transient conduction commences whenever a system 
is brought out of equilibrium and lasts until a new steady state is achieved. 
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Fig. 41:Transient characteristics of sample 312 at ±1 V, various temperatures 

The transient characteristics can be evaluated utilizing data measured via 
chronoamperometry, the progress of current over time, at a stable potential. The measurement was 
conducted for voltages ± 1, 3, 5, 10 V. Selected current-time dependency was plotted as a log-log 
graph, allowing for a clear identification of steady state – constant, and transient – linear, 
characteristics. 

Some idea about the inner progress of current can be obtained from the cyclic voltammetry, 
as discussed in 3.3.1. Over the span of small voltages the cyclic voltammetry at all temperatures 
maintains a steady-like progress at the very beginning, which can be seen in Fig. 41, ranging in 
values around 10-9A. Fig. 42 represents data at 5 V, its values span over a wider range of maximum 
currents of 10-7 to 10-11A, corresponding to values in Fig. 38 and Fig. 39, indicating a more transient 
– hysteretic – state. Data series for +5 V at 50°C can be taken as an ideal example of a steady state 
progress that changes to transient and after a certain amount of time reverts once again to steady 
state. 

Since the structure is already under duress due to the temperature extremes, not all data 
series follow the same path. The structure was first held at open circuit for 180 s, the first reaction 
to the applied bias is the rearrangement of electric fields within the structure itself. In other words, 
the potential between the insulating and semiconducting layer changes. However, this change does 
not propagate immediately as with varying temperatures a different number of carriers is available. 
Applying the bias thus forces the structure to react, commencing with the transient behavior. Since 
the structure could have carried a certain amount of charge that is never identical, the time required 
for the transient state to switch to the steady state varies. 
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Fig. 42: Transient characteristics of sample 312 at ±5 V, various temperatures 

3.3.3 Conduction mechanisms 

Based on the data obtained from the cyclic voltammetry measurements, the conduction 
mechanisms in our structures can be evaluated. The forward scan of the cyclic voltammetry was 
taken and plotted against applied bias. Both the y and x axis are logarithmic. Fig. 43 and Fig. 44 
represent conduction mechanisms for sample 312 for the positive and negative voltage range, 
respectively. Fig. 45 and Fig. 46 collect data about the conduction mechanisms for sample 318, 
positive and negative voltage ranges, respectively. 

A slope of the value 1 was interpolated over each voltage-current density development in 
Fig. 43. Since the ohmic conduction exhibits a linear dependence on voltage, employing charge 
carriers intrinsically present at the material, any correlation indicates that the conduction was 
ohmic. Data sets for each temperature apart from room temperature followed the slope of one in 
higher voltages from approximately 5 V for the scan over positive voltage range. We can thus 
conclude that the conduction in range from 5 to 10 V was mostly ohmic. The second measurement 
of sample 312 produced ohmic conduction at voltages around 5 V for temperatures 50, 110 and 
140°C, see Appendix 2 and Appendix 3. 
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Fig. 43: Forward scan of cyclic voltammetry over positive voltage range, 100 mV/s, 
sample 312. Blue line is of slope 1, red of slope 2. 
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Inserting a slope of the value 2 yielded conduction which was limited by a space charge, 
the space charge limited current can be denoted by a square dependence of current on voltage, 
influenced by charge carriers from contacts. This was observed over low voltages around 1 V for 
datasets at room temperatures and for higher voltages (around 7 V) for the second measurement. 
Higher slope than 2 hints towards thermionic emission. 

 

Fig. 44: Forward scan of cyclic voltammetry over positive voltage range at 100 mV/s, 
sample 312 

The same approach was implemented to the forward scan from cyclic voltammetry of 
sample 312 for voltages from 0 to -10 V, see Fig. 44 . Unfortunately, neither the ohmic nor the 
space charge limited current components could be identified with great certainty. Propagations 
with slopes higher than 2 were observed at voltages -5 to -10 V, which we attribute to the 
thermionic emission. The second measurement for sample 312, in Appendix 3, showed ohmic 
conduction at 50°C around 1 V and space charge limited conduction at around 7 V for 110°C. 

Sample 318 over the negative voltage, see Fig. 45 followed suit, ohmic conduction was 
observed around 1 V for all temperatures (and higher for 200°C). Unfortunately, the remainder of 
the voltages as well as the data series for the negative voltage range, see Fig. 46, propagated as 
such that it was not possible to implicate the mechanism. 
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Fig. 45: Forward scan of cyclic voltammetry over negative voltage range, sample 318. 
Blue line is of slope 1. 
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Fig. 46: Forward scan of cyclic voltammetry over positive voltage range, sample 318 

3.3.4 Resistivity dependence on temperature 

Resistivity values for selected voltages in both reverse and forward polarization were computed 
based on the equation [2]: 

 𝜌 =
𝑅 ∙ 𝑆
𝑙 . (37)  

Taking the last value of the chronoamperometry evaluation as these are considered to be 
the most stable, we computed the resistance R according to the Ohm’s law. The area S of the active 
structure was measured at 0.007854 cm2 and the total thickness l at 0.0001 cm. 

 

Fig. 47: Dependency of resistivity on temperature, sample 312 
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Fig. 47 represents computed values of resistivity at various temperatures for sample 312, 
the y-axis was plotted as logarithmic for easier evaluation. The greatest drop is between the room 
temperature and 50°C. The maximum value is at 3x1015 Ωcm at room temperature, while the lowest 
was measured at 2x1010 Ωcm at 120°C. As a comparison, resistivity of silicon at room temperature 
is approximately 3x105 Ωcm, depending on its impurity levels. Negative voltage values have lower 
resistance than their positive counterparts as with the reverse polarization the leakage current is 
more prominent. And since resistivity is the inverted value of conductivity, its decrease is followed 
by increased current density – for semiconducting materials, and is expected to increase 
exponentially. The second measurement of sample 312 can be found in Fig. 48. 

 

Fig. 48: Dependency of resistivity on temperature, sample 312 – second measurement. 

For resistivity dependency on temperature of sample 318 see Fig. 49. The highest values 
reached 1011 Ωcm at 40°C, the ultimate low was computed at 108 Ωcm at 200°C. We expect that 
the tantalum layer on the top of the aluminum matrix is thinner for sample 312 (less than 10 nm) 
than that for 318, which could account the difference between maximum resistance values. 

The decreased resistance with increased temperature at constant bias can be attributed to 
the semiconducting properties of the nanorods. 
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Fig. 49: Resistivity dependency on temperature, sample 318. 

3.3.5 Capacitance in temperature 

The impedance measurements were performed on both samples (for sample structure see Fig. 22) 
at different temperatures. Following the theory presented in 3.2.3, these measurements were 
conducted in the same manner. The measurement was first conducted for a positive bias of +10 V 
applied to the structure for 180 s, then it was measured in 4 consecutive voltage intervals over the 
range of +10 V to -10 V. Then it was polarized with -10 V for 180 s and measured in the same 
manner, from -10 V to +10 V. 

Although both samples were measured (sample 312 twice), only 318 will be considered for 
all computations. This is due to an extremely thin tantalum layer at the top of the 312 structure, not 
thick enough to support the depletion layer capacitance exchange, see Fig. 50. The expected 
thickness was less than 10 nm, while that of 318 was measured via reflectometry at 16 nm. The 
direct jumps in 1/CTOT

2 values are due to the time delay in between measuring procedures. 
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Fig. 50: 1/CTOT
2 graphs for sample 312 after +10 V polarization for 180 s at varying 

temperatures, different y scale for room temperature, noted in bright pink. 

 

Fig. 51: 1/CTOT
2 graphs for sample 312 after -10 V polarization for 180 s at varying 

temperatures, different y scale for room temperature, noted in bright pink. 
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Fig. 52: 1/CTOT
2 graphs for sample 318 after +10 V polarization for 180 s at varying 

temperatures, different y scale for room temperature, noted in bright pink. 

 

Fig.  53: 1/CTOT
2 graphs for sample 318 after negative polarization of -10 V for 180 s at 

varying temperatures, different y scale for room temperature, noted in bright pink.. 

The 1/CTOT
2 graphs were implemented, Fig. 50 and Fig. 51 denote the data series progress 

for samples 312 being polarized with -10 V and +10 V, Fig. 52 and Fig.  53 collect values for 
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sample 318. We did not record any depletion and accumulation exchange for sample 312 
whatsoever, progressing rather in constant steps based on the 4 measurement procedures, sample 
318 exhibited these characteristics mainly for measurements after negative bias polarization, 
positive polarization prior to measurement did not exhibit constant capacitance progress at 
maximum depletion after linear depletion layer growth. A significant exchange was measured at 
180°C and higher, these data series were then plotted separately to note the depletion capacitance, 
depletion layer and accumulation capacitance, see Fig. 54 and Fig. 55. 

Applying a positive bias established the accumulation state, it can be observed over the 
entire positive voltage range down to 3 V in Fig. 54. Decreasing the voltage towards negative 
values engages the depletion reaction, but first the capacitance rises above the accumulation 
capacitance in the positive voltage range as, engaging the nanotubes. It begins to grow again after 
reaching about -5 V, never fully establishing to its inverse maximum (and stable) value. The drop 
(increase, as this is an inverse representation of capacitance) in capacitance is attributed to 
uncompensated carriers in nanotubes. 

 

Fig. 54: 1/CTOT
2 graphs for +10 V polarization for 180 s prior to measurement, sample 

318 

For the negative polarization prior to measurements (again for 180 s), see Fig. 55, the 
maximum depletion capacitance (over the whole top layer) was established, remaining over the 
entire negative voltage range and up to 2 V. After that a sharp drop (increase) is observed at 3 V, 
corresponding to the depletion layer growth in the nanotubes and its positive space charge (positive 
slope on the graph), which progresses into accumulation capacitance being established slowly in 
the positive voltage range.  
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Fig. 55: 1/CTOT
2 graphs for negative polarization for 180 s prior to measurements, sample 

318 

Comparing both capacitance graphs we note that the depletion layer growth moved 
significantly, being established around -4 V for positive polarization, while the negative exhibited 
this phenomenon at around 2 V. This is in agreement with evaluations at room temperatures 
discussed in 3.2.2, where a similar tendency was observed and could correspond to the varying 
depletion layer thickness. 

Looking at the overall progress of capacitance, we note that with increasing temperature 
the data series tend to increase (once again, these are the inverse values of capacitance, the lower 
on the axes the higher the actual value is). This goes against the expected trend and is further 
discussed in more detail with the accumulation capacitance evaluation below. Additionally, 
although we were not able to establish the depletion layer growth to its maximum in the 312 sample, 
we measured the capacitance to increase with increasing temperature, see Fig. 50 and Fig. 51. 

Accumulation and depletion capacitances were computed according to Eq. 29 and Eq. 31. 
The accumulation capacitance was computed from the constant progression over the positive 
voltage range, from these values then the average was computed and used in remaining 
calculations. Both the positive and negative voltage ranges were evaluated. It is expected that 
values obtained after negative polarization are more precise as these measurements yielded clearly 
defined charging effects of the structure - constant depletion capacitance, with increasing voltage 
the subsequent growth of the depletion layer, terminated over positive voltages into accumulation 
capacitance. The computed capacitance was divided by the active area.  

For graphical representations of accumulation capacitance of samples 312 and 318 see Fig. 
56. 
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Fig. 56: Accumulation capacitance from constant progress over the positive voltage range, 
both polarizations prior to measurement, at varying temperatures for sample 312 (both 

measurements) and 318, log y. 

Considering the accumulation capacitance values it is clear that both values of the positive 
as well as the negative polarization preceding the measurement are almost identical. The only 
exception can be observed at 140°C for sample 318, however, since it is a rare occurrence we can 
consider it an exception. The charging and discharging as well as discharging and charging effects 
in our case do not influence the maximum possible value of the accumulation capacitance. The 
capacitance ranges in between values of 1x10-11 to 10-7 F/cm2. 

The more interesting part, however, is the progress of the capacitance itself. It was already 
confirmed in 3.3.1 and 3.3.3 that with increasing temperature the current density flowing through 
the structure increases, as well as the fact that the resistivity decreases with temperature. Both these 
facts confirm that increasing temperature supports the current flow and should thus impede the 
capacitance. All these facts should yield decreasing accumulation capacitance with increasing 
temperature, which was not observed. Rather, a constant progress for sample 312 (although 
zooming in would show that it did increase, albeit very slightly) and a slow but constant increase 
for sample 318 were observed. This could be either due to a position change of the insulating and 
semiconducting layer interface - the depletion region arises within the tubes as well, and the 
insulating layer thus decreases; or due to increasing permittivity as a reaction to increasing 
temperature. Another explanation could be that there are residual chemicals still present within the 
structure that activate with higher temperatures. 

The depletion capacitance at maximum depletion was also implemented into a graph, see 
Fig. 57. For the depletion layer evaluation, more reliable values are obtained after polarization with 
negative bias as this ensures that the structure is fully depleted of charge carriers and the depletion 
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layer thickness is at its maximum peak value. Looking at Fig. 57 we can confirm, as values for 
negative polarization tend to be of more uniform character, not peaking erratically.  

Maximum values for the positive polarization prior to measurement was calculated at 
120°C, 5x10-8 F/cm2 and for the negative at 60°C and 4x10-8 F/cm2. 

 

Fig. 57: Depletion capacitance at maximum depletion for positive (+10 V) and negative (-
10 V polarization prior to measurement), values for sample 318 at different temperatures. 

Interestingly enough, the depletion capacitance values after negative polarization also 
exhibit a decreasing tendency with increasing temperature (apart from data point at 60°C). This 
indicates that the depletion at higher temperatures takes place inside of the nanotube due to higher 
charge carrier mobility. Consequently, the depletion layer thickness increases (contrary to the 
thickness of the insulator) and the resulting depletion capacitance at the maximum depletion 
descents. 

Relative permittivities for all temperatures were also computed for both the PAA and 
semiconducting material. The accumulation and depletion capacitance were implemented, 
according to Eq. 32 and Eq. 33. The average value of permittivity of the PAA was 0.8 and 2.5 for 
polarization with positive and negative bias, respectively. The semiconducting material was 
calculated to have the permittivity of 0.4 and 0.2 for polarization with positive and negative bias, 
respectively. The permittivity increased with temperature. The calculated permittivity was utilized 
in the remaining calculations. 

Additionally, the dopant concentration was calculated according to Eq. 33 and theory 
presented in 3.2.3. The slope k was obtained from the plot of linear depletion layer growth 
dependence on voltage. The final results were plotted against temperature in Fig. 58. 
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Fig. 58: Dopant concentration at varying temperatures for sample 318, log y. 

For easy trend identification, the y axis was plotted logarithmically. The dopant 
concentration seems to slowly decrease (in steps) with temperature. Values computed for data 
series after negative polarization are mostly lower than that for positive polarization prior to 
measurements, that agrees with the depletion layer thickness theory. Since the negative polarization 
established the depletion layer to its maximum value, the structure was void of free carriers. 
Positive polarization, however, established the opposite state – of full accumulation, and that of 
depletion was introduced only briefly during the measurement.  

The dopant value ranges between 1x1022 and 1x1017. 

The space charge within the linear part of the capacitance curve progress could now be 
calculated. It is expected that the thickness of the space charge is less than that of the 
semiconducting material (16 nm, via reflectometry). The value of the space charge capacitance was 
calculated according to Eq. 26.  

Fig. 59 represents the dependency of the space charge capacitance on voltage. Looking at 
the progresses we note that with increasing temperatures the values of the capacitance decrease, 
they also decrease with respect to increasing voltage. The decreasing capacitance corresponds to 
the increasing thickness of the depletion layer thickness, see Fig. 60. The capacitance values ranged 
between 1x10-5 to 1x10-9 F/cm2. 
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Fig. 59: Depletion capacitance at the linear progress of the CV curve, negative 
polarization prior measurement of sample 318 at varying temperatures. 

The depletion layer thickness was computed according to equation: 

 𝑑�}< =
𝐴 ∙ 𝜀 ∙ 𝜀(
𝐶�}<

. (38)  

A represents the area of the sample, 𝜀 and 𝜀( note the permittivity of vacuum and the relative 
permittivity of the tantalum layer already calculated. The space charge capacitance at the linear 
part of the capacitance progress was used as CDEP. The maximum depletion layer thickness was 
calculated at 3x10-8 cm at 40°C after positive polarization and 1x10-8 cm at 180°C for negative 
polarization. Increasing temperature affects the depletion layer thickness, growing thinner, the 
depletion layer thickness was plotted against capacitance in the linear part of the capacitance 
progress, see Fig. 60 and Fig. 61. 
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Fig. 60: Dependency of the depletion capacitance in the linear progress of the capacitance 
curves on depletion layer thickness after negative polarization, sample 318 at varying 

temperatures. 

 

Fig. 61: Dependency of the depletion capacitance in the linear progress of the capacitance 
curves on depletion layer thickness after positive polarization, sample 318 at varying 

temperatures. 

3.3.6 Potential barrier and activation energy 

The theory behind the potential barrier and thermionic emission was discussed in 1.2.6 and 
computed to some extend in 3.2.4. The potential barrier will be calculated from both the forward 
and reverse interconnection, in other words, the barrier between the golden contact and the 
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semiconducting layer underneath, as this barrier strongly influences the current conduction, due to 
mostly majority carriers as opposed to a p-n junction [1], as well as the capacitance. It will also be 
evaluated via the saturation current as well, for comparison. 

For the forward current direction, the potential barrier computations are most accurate at 
minimum bias, as the side effects of other charge conduction is at its limit. Computations at the 
reverse bias are considered to be the most accurate. 

 

Fig. 62: Modified Richardson plots for voltages ±1, 3, 5 and 10 V – forward and reverse 
bias, sample 312. 

The potential barrier, and activation energy, were calculated as follows. First, the so called 
Richardson plots were constructed from data obtained via chronoamperometry. In order to simplify 
the overall process, we modified the plots and instead of plotting ln(I/T2) vs 1/T we plotted ln(J/T2) 
vs 1/kT, see Fig. 62 and Fig. 63. This way, the slope (in eV) of plotted data series would yield the 
activation energy directly.  

After obtaining the activation energy the potential barrier can be calculated. Since the 
majority current conduction in reverse polarization is mainly because of the Schottky effect at given 
voltage range, the Schottky equation applies [1]: 

 𝐽� = 𝐴∗∗𝑇4𝑒𝑥𝑝 −
𝑞 𝜙9 − 𝑞𝐸/4𝜋𝜀)

𝑘𝑇 . (39)  

Jr represents the current density at reverse bias, A** is the effective Richardson constant mentioned 
in 3.2.4, T is temperature in K, q is the elementary charge, E is connected to the applied voltage, 
and 𝜀)	is the permittivity of vacuum, k is Boltzman constant. 
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Fig. 63: Modified Richardson plots for voltages ±1, 3, 5 and 10 V – forward and reverse 
bias, sample 318. 

For the forward current, the following equation was implemented [1]: 

 𝑙𝑛
𝐼A
𝑇4 = 𝑙𝑛 𝐴𝐴∗∗ −

𝑞 𝜙9 − 𝑉A
𝑘𝑇 . (40)  

A stands for the active area, IF and VF is the current and voltage at forward bias.  

The nominators within Eq. 39 and 40 yield the activation energy, it is thus possible to 
compute the potential barrier directly. Fig. 64 collect the potential barrier dependency on applied 
bias, computed via the Richardson plot method. 

 

Fig. 64: Potential barrier between the golden contact and semiconducting layer, sample 
318 and 312, forward and reverse polarization of the top golden contact. 
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We note that the reverse polarization produced smaller potential barriers at the same, but 
opposite potential, it is thus bias dependent as proposed by Sze. Ideally, it is also mostly dependent 
on the metal characteristics as well as the interface between the semiconducting and metal material. 
[1] 

Computed values of activation energies for both samples can be found in Table 10 below.  

Table 10: Activation energy for samples 312 and 318. 

Voltage [V] -1 -3 -5 -10 1 3 5 10 

Sample 312 

Activation 
energy [eV] 

0.438 0.389 0.560 0.806 0.440 0.477 0.443 0.448 

Sample 318 

Activation 
energy [eV] 

0.112 0.113 0.153 0.288 0.116 0.102 0.141 0.115 

 

The potential barrier was also computed via the saturation current as described in 3.2.4, see 
Fig. 65. 

 

Fig. 65: Potential barrier computed via saturation current method for forward polarization, 
sample 312 and sample 318. 
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Conclusion 
The aim of this thesis was to study conduction mechanisms within MIS structures and then apply 
the theoretical background to our structure comprising tungsten metal anode, dielectric porous 
anodic aluminum and TaxOy as the semiconducting material and cathode. Additionally, I was to 
prepare such a MIS structure via electrodeposition at varying conditions. Such tantalum MIS 
structures were then to be evaluated. 

The theoretical introduction commenced with the description of a generic MIS structure, 
detailing its characteristic capacitance and its various states – accumulation, depletion (and 
inversion, if applicable). Subsequently, this theory was implemented into a tantalum capacitor and 
its charge transport mechanisms were described, noting the ohmic and Schottky conduction, space 
charge and thermionic emission limited currents as well as tunneling current components. The 
capacitance dependencies were discussed. A part of the assignment was to prepare such tantalum 
MIS structures via electrodeposition, however, after discussion with my thesis supervisor we 
decided to focus on the preparation of the porous anodic aluminum instead, and the deposition 
process was studied only theoretically.  

The practical part comprised alumina matrix preparation and evaluation of tantalum MIS 
structures. The porous anodic alumina was prepared via anodic oxidation (anodization). Anodic 
oxidation is an exothermic process which, upon applying a direct current through a carefully chosen 
electrolyte at a stable temperature, affects the aluminum and forces it to dissolve and bond with 
oxygen atoms, forming porous structure of aluminum oxide (Al2O3). Within these structures, rods 
of WO3 are grown. Seven porous matrices were created, as an electrolyte we chose the 0.9 M 
aqueous solution of oxalic (5 samples) and a 0.2 M phosphoric acid (2 samples). These two 
electrolytes produce structures with similar parameters. Additionally, we treated two structures 
with a buffer solution of pH 7 of Na2HPO4 and KH2PO4 (one from each electrolyte), to dissolve 
the WO3 rods. Three samples from the aqueous solution of oxalic acid were also treated with 5% 
and 20% phosphoric acid aiming to widen the pores. These structures were then put under scanning 
electron microscope and studied. All samples were successfully anodized. The buffer treatment 
was also successful, especially with the C2H2O4 samples, where it doubled the pore dimensions. 
We also noted two distinct surface structures – ridges, “worm-like” valleys connecting some 
neighboring pores – from C2H2O4 solution, whereas H3PO4 produced unfinished, terminated 
porous structure. The samples were also studied at cross-section. Cross-section imaging showed 
distinct tubes of WO3 formed within the aluminum pores, the dissolution process was thus 
unsuccessful. This meant that it would be impossible to contact the structure and put it through the 
electrodeposition process. 

Already prepared tantalum MIS structures were then studied. First, sample 318 was 
evaluated at room temperature. Cyclic voltammetry for negative bias and impedance measurements 
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for positive and negative polarizations prior to measurement were performed to evaluate its 
parameters. Utilizing cyclic voltammetry over the forward polarization of 0 V to -10 V. We noted 
a stable current density progress down to -4 V, after that the system moved out of equilibrium, 
commencing with hysteretic conduction for all contacts. The maximum current density was 
measured at 10-4 mA/cm2. Impedance measurements were implemented into the Mott-Schottky and 
1/CTOT

2 analysis and the capacitance was evaluated. The sample was polarized for 1000 and 300 s 
with positive and negative bias, establishing accumulation and depletion state, respectively. It was 
then measured over the voltage range of 10 V to -10 V (and vice versa). Sample 318 exhibited three 
distinct characteristics at room temperature. Applying a negative polarization to the structure 
forced the state of depletion where the depletion layer is at its maximum (constant progress), void 
of free carriers. Increasing the voltage from negative values adds charge to the structure, forcing 
the depletion layer to grow thinner (linear progress), increasing the accumulation capacitance until 
it reaches a constant progress over the positive voltage range. The second progress exhibited 
unstable accumulation/depletion capacitance – the structure never reached constant capacitance. 
This could be due to excess carriers still reacting to the bias. Lastly, after the linear progress of the 
capacitance curve a drop (increase) in capacitance was observed for a short voltage range, which 
consequently stabilized into a progress of greater magnitude. We attribute this to thermionic 
emission, as the drop is rather sharp we hypothesize that the conducting medium is electrons being 
emitted from the electrode into the nanotubes of PAA. Another explanation might be that structural 
defects might increase the nanotubes conductivity and lower the potential barrier between tungsten 
and nanotubes, leading to thermionic emission at room temperature. Implementing a slope of the 
linear region of the progress, the semiconductor type could be evaluated. Since our slope was 
positive, the semiconductor was n-type, as expected. The accumulation and depletion capacitance 
were calculated at the constant progress of the capacitance curve for both polarization prior to 
measurement. Accumulation capacitance for both the positive and negative bias ranged in nF/cm2, 
while the depletion capacitance reached µF/cm2. From these values the relative permittivities of 
the PAA and the semiconducting layer was calculated, at approximately 12 and 9, respectively. 
The dopant concentration was calculated at 1015 cm3, which corresponds to a semiconductor with 
low dopant concentrations. Implementing the Schottky theory, the potential barrier between the 
golden electrode and semiconducting layer was calculated, the average value was 0.97 eV. 
Knowing the electron affinity of gold, the electron affinity of the metal/semiconductor interface 
was calculated at 3.7 eV. 

In order to evaluate the tantalum MIS structures in temperature, we measured cyclic 
voltammetry, chronoamperometry and impedance on two samples with varying semiconductor 
thickness on top (312 – less than 10 nm, 318 – 16 nm) over temperature range of room temperature 
– 200°C. First, the cyclic voltammetry was measured over the range of -10 to 10 V. Both samples 
exhibited increasing current density with increasing temperature. For sample 312 with thinner 
tantalum layer on top, the current density propagation over the positive range exhibited a less 
hysteretic progress than over the negative voltage range. A difference between the positive and 
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negative conductivity was observed, attributed to the Schottky rectifying phenomenon caused by 
the potential barrier between the non-stochiomentric TaxOy and golden contact. Sample 318 did 
not exhibit this rectifying tendencies, its current densities ranged between 5x10-5 and 5x105 A/cm2. 
Peaks in conduction were observed at approximately -3 and +3 (0.1) V, which could indicate that 
at these voltages the entire structure participates in the conduction process or that there are residual 
chemicals taking part in the conduction. The conduction mechanisms were evaluated from the 
forward scans of the cyclic voltammetry. Slopes of 1 and 2 were overlaid over progresses of both 
samples, indicating the ohmic and space charge limited conduction mechanism. Data sets for each 
temperature (apart from at 180 and 200°C) over the positive voltage range of sample 312 
conformed to ohmic conduction at voltages 5 V and up. Low voltages exhibited a space charge 
limited current at room temperature and 200°C. It was not possible to evaluate the negative voltage 
range, which could be due to diffusion influence. A possible solution would be a slower scan rate. 
Sample 318 followed suit, exhibiting ohmic conduction around 1 V for positive polarization. 
Higher voltages as well as the conduction mechanisms at negative polarization could not be 
pinpointed with great certainty. Then, the resistivity dependency on temperature was plotted from 
data obtained via chronoamperometry. Resistivity of sample 312 decreased with temperature up to 
120°C. At this point, the resistivity spiked. The measurement was repeated to confirm the 
increasing tendencies, however, the spike was most likely due to loss of contact and higher 
temperatures were excluded. Sample 318 exhibited a decreasing tendency of resistivity in 
temperature, negative voltages were of lower resistivity than positive. With increasing temperature, 
the resistivity tends to drop more slowly, which is caused by electrons being emitted via thermionic 
emission from wolfram contact. The capacitance in temperature was evaluated in the same manner 
as for the previous measurements at room temperature. Sample 312 did not exhibit the expected 
progress of constant depletion capacitance, linear depletion layer exchange and constant 
accumulation capacitance. Instead, its progress was rather linear, reacting more to the time 
variations between the consecutive measurement steps.  

Polarization of sample 318 with negative bias established the depletion state with a 
depletion capacitance at constant progress. Increasing the bias decreased the depletion layer 
thickness and its positive space charge, continuing in constant accumulation capacitance progress. 
Positive polarization of the sample did establish the accumulation state, lowering the voltage 
supported the growth of depletion layer thickness. The constant progress of the depletion 
capacitance, however, was not observed. The slope of the linear progress confirmed that the sample 
semiconductor was indeed n-type. Dopant concentrations were also calculated, ranging in between 
1011/1017 cm3. Lower dopant concentration values were measured mostly after negative bias, 
indicating that the depletion layer was thicker. Additionally, the depletion capacitance was 
evaluated, computed at 10-9 – 10-8 F/cm2, decreasing with increasing temperature. An interesting 
progress of the accumulation capacitance was observed. Although the current density increased 
and the resistivity decreased with temperature, the capacitance increased with increasing 
temperature. This goes against the expected trend, we believe that that is due to a shift in the 
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semiconductor/insulator interface, the depletion region arises within the tubes of the PAA itself, 
decreasing the thickness of the insulator. The relative permitivities for the PAA and the 
semiconductor were then calculated from the accumulation and depletion capacitances, 
respectively. Their values were very small, 0.8 and 2.5 and 0.4 and 0.2, respectively, for positive 
and negative polarization. Lastly, the depletion capacitance was calculated within the linear 
progress of the capacitance curve after negative bias and plotted against applied bias as well as the 
depletion layer thickness. With increasing temperatures the values of the capacitance decrease, they 
also decrease with respect to increasing voltage. The decreasing capacitance corresponds to the 
increasing thickness of the depletion layer thickness, the maximum was calculated at 3x10-8 cm at 
40°C after positive polarization and 1x10-8 cm at 180°C for negative polarization. 

It is important to note, however, that capacitance measurements of sample 318 exhibited 
very large imaginary impedance values and after a discussion with my thesis supervisor we decided 
to label them as illustrative. They do represent the overall characteristics and calculations, however, 
their values are not reproducible and we believe, not reliable. 

As a last step of the MIS structure evaluation, the potential barrier between the golden 
contact and the semiconducting material was calculating utilizing the Richardson plots as well as 
the saturation current method for both samples. The potential barrier at semiconductor/gold 
interface for sample 312 ranged between 0.4 – 0.8 eV, which was slightly higher than that for 318, 
0.1 – 0.3 eV, noting a bias dependence for both polarizations. The saturation current method at J0 
resulted in 0.9 – 1.1 eV for sample 312 and 0.8 – 1.1 eV for sample 318.  

For further study, the role of frequency dependence on capacitance could prove interesting 
to reveal the propagation of deep-level impurities, or possibly to evaluate various methods of the 
gold contact preparation at very thin semiconducting films. 
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Appendix  

 

Appendix 1: Cyclic voltammetry for sample 318, -10 V to +10 V, room temperature, 100 
mV/s.	
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Appendix 2: Forward scan of cyclic voltammetry over positive voltage range (reverse 
polarization of the top Au electrode), 100 mV/s, sample 312 – second measurement. Blue line is 

of slope 1, red of slope 
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Appendix 3: Forward scan of cyclic voltammetry over negative voltage range (forward 
polarization of the top Au electrode), 100 mV/s, sample 312 – second measurement. Blue line is 

of slope 1, red of slope 
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