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ABSTRAKT

Studium transportu naboje v Ta>Os oxidovych nanovrstvach se zaméruje na objasnéni vlivu
defektii na vodivost téchto vrstev a na identifikaci transportnich mechanismu projevujicich se
pii nizkych teplotach. Soustfedim se na studium oxidovych nanovrstev Ta;Os vytvoienych
pomoci anodické oxidace. Proces vyroby Ta:Os zahrnuje Fadu parametrd, jez ovliviuji
koncentraci defektl (oxidovych vakanci) v této struktuie. Vrstva oxidu Ta;0s o tloustce 20 az
200 nm se Casto pouziva jako dielektrikum pro tantalové kondenzatory, které se staly nedilnou
soucasti elektrotechnického primyslu. Kondenzatory s Ta»Os dielektrickou vrstvou lze
modelovat jako strukturu MIS (kov - izolant — polovodic). Anodu tvoii tantal s kovovou
vodivosti, katodu potom MnO, ¢i vodivy polymer (CP), které jsou polovodice. Hodnoty
elektronovych afinit, respektive vystupnich praci, jednotlivych materiali potom urcuji vysku
potencialovych bariér vytvorenych na rozhranich kov-izolant (M-I) a izolant-polovodic¢ (I-S).
Mechanizmy transportu naboje lze urcit analyzou |-V charakteristiky zbytkového proudu.
Dominantni mechanizmy transportu naboje izolac¢ni vrstvou pii pokojové teploté jsou ohmicky,
Poole-Frenkelv a tunelovani pri zapojeni kondenzatoru v normalnim modu (kladné napéti je
pripojeno na anodé) a ohmicky mechanismus a termoemise pires Schottkyho barieru pfi
zapojeni vreversnim modu (kladné napéti je pripojeno na katodé). Uplatnéni jednotlivych
vodivostnich mechanizm je zavislé na teploté a intenzité elektrického pole v izolantu. Hodnota
zbytkového proudu je vyznamnym indikatorem kvality daného izolantu. Zbytkovy proud zavisi
na technologii vyroby kondenzatoru, vyznamné predevsim na parametrech anodické oxidace a
na materialu katody. |-V charakteristiky zbytkového proudu se méfi v normalnim a reversnim
modu. |-V charakteristika je vyrazné nesymetricka, a proto tyto kondenzatory musi byt vhodné
polarizovany. Nesymetrie |-V charakteristiky se sniZuje s Klesajici teplotou, pti teploté pod 50 K
a je mozno nékteré kondenzatory pouzivat jako bipolarni soucastky. Z analyzy |-V charakteristik
vrozsahu teplot 12 — 250 Kjsem urcil dominantni mechanismy transportu naboje v TaxOs
vrstvach vrozsahu teplot 12 az 100 Ka 100 aZ 250 K. Pti teplotach vrozsahu 12 -100 Kse
uplatiiuji ohmicky a tunelovy proud, a to jak v normalnim, tak v reversnim modu. Vedle téchto
dvou mechanismu, jeZ se projevuji u vSech mérenych vzorkd, jsem v tomto teplotnim rozsahu
sledoval u vzorki s katodou z CP jesté tunelovani z HOMO hladiny ve vodivém polymeru do pasu
defektli v isolantu a transport omezeny prostorovym nabojem (SCHLC). V teplotnim rozsahu 100
az 250 Kse zacind vedle ohmického a tunelového proudu uplatnovat i Poole-FrenkelGv
mechanismus vedeni naboje (v normalnim modu) a termoemise ptes Schottkyho bariéru (v
reversim modu). U jednoho vzorku s MnO; katodou byl sledovan i SCHLC. Z parametri
tunelovych proudd jsem urcil parametry MIS modelu kondenzatoru - hodnotu potencialovych
bariér na rozhranich M-I a I-S a takeé zavislost vysky téchto bariér na teploté. Ze slozky SCHLC
jsem vypocital pohyblivost nosi¢li naboje ve vrstvach Ta»Os. Méreni C-V charakteristik pri
riznych teplotach v rozsahu 12 az 300 K je vyuZito pro urceni vysky potencidlové bariéry na
rozhrani I-S, pro urceni zavislosti kapacity na teploté, urceni efektivni koncentrace defektd v
izolacni Tax0s vrstvé a dale pro vypocet efektivni plochy elektrod. Z vybrusu vzorkd na
skenovacim elektronovém mikroskopu byly urceny tloustky dielektrika Ta;Os pro jednotlivé
vyhodnocované rady kondenzatord.

Klicova slova: tantalové kondenzatory, MIS struktura, transport elektronu, tunelovy proud,
oxid tantali¢ny, vodivy polymer, oxid manganicity, Ta>0s



ABSTRACT

The study of charge carrier transport in Ta>0Os oxide nanolayers is oriented on the explanation of
the defects influence on the conductivity of these layers and on the identification of the charge
transport mechanisms involved in the low temperature range. [ am concerned on the study of
tantalum pentoxide nanolayers provided by the anodic oxidation. The technology process of
oxide preparation contains many parameters which influence the concentration of defects
(probably oxygen vacancies) in the structure. Tantalum pentoxide of the thickness 20 to 200 nm
is used as a dielectric layer in the tantalum capacitors. These capacitors can be considered as a
metal-insulator-semiconductor (MIS) structure. Anode is formed from the tantalum powder
with metallic conductivity and cathode is from manganese dioxide (MnO2) or conducting
polymer (CP), respectively, both with semiconductor conductivity. The value of Ta>Os electron
affinity and work functions of Ta, MnO> and CP, respectively, determine the heights of potential
barriers formed on the metal-insulator (M-I) and insulator-semiconductor (I-S) interfaces. The
dominant mechanisms of the charge carriers’ transport at the room temperature in the TaxOs
insulating layer are ohmic, Poole-Frenkel and tunneling in the normal mode (positive bias on
anode) and ohmic mechanism and thermionic emission over the Schottky barrier in the reverse
mode (positive bias on cathode), and these could be determined from the analysis of the leakage
current |-V characteristic. Particular transport mechanisms are dependent on temperature and
electric field in the insulation layer. The leakage current is important indicator of the insulation
layer quality. Its value depends on the production technology, namely on the anodic oxidation
and the cathode material. I-V characteristic is measured both in normal and reverse mode. |-V
characteristic is asymmetric at the room temperature. This asymmetry decreases with
decreasing temperature, and for the temperature below 50 K some of capacitors could be used
as bipolar devices. [ have determined the dominant charge transport mechanisms in Ta,Oslayers
in the temperature ranges 12 to 100 K and 100 to 250 K, respectively, from the analysis of |-V
characteristics measured in the range 12 to 250 K. Ohmic and tunneling mechanisms are
involved in charge transport both in normal and reverse mode in the temperature range 12 to
100 K for all evaluated samples. Beside that the tunneling from HOMO level in CP into the defect
band in the insulator and space charge limited current (SCHLC) are observed in this temperature
range for the samples with CP cathode. Additional current component driven by the Poole-
Frenkel mechanism is observed in the range 100 to 250 K in the normal mode and thermionic
emission over the Schottky barrier is involved in reverse mode in this temperature range.
SCHLC was detected for one sample with MnO2 cathode at the temperature 250 K. I have
determined the MIS model parameters from the tunneling current components evaluation,
namely the heights of potential barriers formed on the M-I and I-S interfaces and theirs
temperature dependence. I have calculated the charge carriers’ mobility form the SCHLC
component evaluation. C-V characteristic measurements and their temperature dependencies
could be used for the estimation of I-S potential barrier height, capacitor electrodes affective
area and the defects’ concentration in the Ta»Os layer. The analysis of the capacitor cross-
sections was performed by scanning electron microscope and the measurements of Ta>Os layer
thickness were performed for the each series of the capacitors.

KeyWOI‘dS: tantalum capacitor, MIS structure, electron transport, tunneling current,
tantalum pentoxide, conducting polymer, manganese dioxide, Ta>0s
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1. Introduction

The first tantalum capacitor was produced and marketed in 1930 by Fansteel USA.
Significant improvements in technology and expansion of capacitance and voltage ranges were
shown during WWII. New producers entered the market — General Electric Company (USA),
Siemens und Halske (Ger.), Electrometallurgy (Ger.) and Murex Limited (UK). During the late
1940s, Fansteel developed a sub-miniature, porous-slug type tantalum capacitor in conjunction
with Bell Laboratories and the U.S. Air Force. During the late 1950’s and early 1960’s, a solid
counter electrolyte was developed in the form of manganese dioxide for use in slug-type
tantalum capacitors. This represented a technical breakthrough that virtually eliminated the
disadvantages and use of the gelled sulfuric acid electrolyte. In the early 1960’s, anode weights
of 1 to 5 grams were common. Today the average anode weight across all production is 50 to 55
mg with the smallest anode weighing about 0.5 mg and dimensionally less than 1 mm in any
plane. This opened up new opportunities for tantalum capacitors and their
characteristics of high reliability, long life, wide temperature range with minimal
change in performance, low leakage current DCL, and occupation of ‘small real estate’
on a circuit board in comparison with alternative technologies. The evolutions of capacitors have
continued very rapidly and many manufactures focused in this area and developed new
materials, structures and applied it in the many electronic devices [1-6].

To improve quality and reliability of tantalum capacitors the nondestructive testing
methods were used. These methods are based on measurements of current-voltage (I-V),
capacitance - voltage (C-V), capacitance - temperature (C-T), and current — time (I-t)
dependences. Investigation of capacitors in the wide temperature range was provided to analyze
the dependence of DCL components on temperature, i.e. contribution of ohmic current
component, Poole-Frenkel, Schottky and tunneling current components to the total DCL value.

The growing of the dielectric Ta;Os layer by anodic oxidation was tuned to prepare
amorphous insulating layer with low concentration of interstitial and oxygen vacancies. It was
founded that parameters of anodic oxidation as current density of anodization current or used
electrolyte, respectively, determine the electron affinity and concentration of oxygen vacancies
in insulating layer. Electron affinity of Ta>Os increases with anodization current density which
leads to decrease of potential barriers between Ta- Ta>Os and Ta>Os — cathode, respectively.
Very low anodization current density can lead to the creation of nano and micro crystalline
structures which can be source of field crystallization [7-8].

For application of tantalum capacitors an important parameter is equivalent series
resistance (ESR). From this point of view the manganese dioxide (MnO>) cathode was replaced
by conducting polymer (CP) which has higher conductivity. However new issues have appeared
the P-N structure is part of electron-band structure of capacitors. While manganese dioxide is
N-type semiconductor with work function value Wwmno2 = 5,6 eV, the conducting
polymer is P-type structure with work function value about Wep = 5 eV only. Then CP creates
lower potential barrier between cathode and insulating layer and then this is a source of higher
leakage current. Potential barrier between insulating layer and cathode determined ohmic
current component, Poole-Frenkel and tunneling current component. The technology
of tantalum capacitors is oriented to increase of this potential barrier, e.g. by dipole layer with
proper orientation of dipoles. Interface between insulting layer and cathode contents high

1
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density of electronic states and then during the ageing their concentration can be changed
and leakage current can increase or decrease with the time of ageing [8-11].

The investigation of leakage current behavior in the wide temperature range shows, that
the temperature dependent charge carriers’ transport components as Poole-Frenkel
and Schottky current component play important role at the temperatures above 150 K while
tunneling of charge carriers becomes dominant in the low temperature range, where
the thermally activated over barrier current components are negligible. Tunneling current
component is considered to be temperature independent however the experiments performed
on tantalum capacitors for the temperatures below 100 K show, that the tunneling current
increases with decreasing temperature in the range 100 K to 50 K, while slightly increases in the
range 50 to 10 K [11]. Detail study of this issue will be given in this thesis.
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2. State of Art

2.1. Tantalum capacitors

In this chapter I present the overview of Ta capacitor production, the basic model for the
tantalum capacitor and present research of the tantalum capacitors.

The present capacitors are very different electronics devices and in comparison with the
historical types still consist of two electrodes, anode and cathode, and insulator placed
in between these electrodes. There are many types of capacitors - electrostatic, electrolytic
or electrochemical in the market. The electrostatic capacitors are based on a dielectric film
between two metal electrodes. The principal types have a ceramic or plastic (film) dielectric.
Types that are more specialized are based on silicon (for RF), mica, porcelain, and glass
dielectrics. The electrochemical capacitors are very often called as double layer capacitors,
supercapacitors, ultracapacitors, or electrochemical double layer capacitors (ECDL) [12]. It
consists of two conducting electrodes separated by an electrolyte. A very thin layer of solvent
molecules acts as the dielectric between the charge on the electrode and the charged ions
in solution. This electrical double layer can have huge capacitances 10 pF/cm?2. In addition, some
surface oxidation-reduction reactions may contribute to charge transfer and, therefore
to capacitance (called pseudocapacitance). To maximize the capacitance, the electrodes are
made of high surface area materials like activated carbon. The next type of capacitors
are electrolytic capacitors, amount then the most common are aluminum, niobium-based
and tantalum-based capacitors. There were many permutations of electrode systems and in the
meantime there are used MnO2 and conductive polymers instead of liquid electrolytes [12].

First, the electrodes were made of the same material (symmetric type). More recently,
asymmetric types have been developed. In asymmetric devices, the two electrodes are made
from different materials. After discovering the porous tantalum anode has been Ta electrolytic
capacitors became much better comparing with classical aluminum electrolyte capacitor. The
main advantages are high dielectric constant of Ta20s, high dielectric stability and reliability but
there are some limitation as high volume of case, the case is important to seal up and protected
before leakage of electrolytic liquid, and many others undesirable phenomenon [12].

As was mentioned market needs better properties for the capacitors. The main benefit
for the tantalum capacitors is the capacitance per unit volume. These capacitors have very high
volumetric efficiencies. It is caused by very good electrical properties of tantalum powder and
manufacturing processes of dielectric layer created by anodic oxidation. These capacitors are
distinguished by very good quality, reliability, very low ESR, equivalent series inductance ESL
and wide temperature range, and also comply require for Pb-free solders. These capacitors with
the tantalum pentoxide are polar devices. The first tantalum capacitors with a solid electrolyte
MnO. were produced in LanSkroun already in 1966 as one of the first worldwide. Mass
manufacturing of these capacitors however started later in 1971 due to the high investment
cost. TESLA LanS8kroun became one of the main passive component suppliers in middle and
Eastern Europe (former East Bloc) at that time. SMD chip type tantalum capacitors were
developed in TESLA at the beginning of the 1980’s, however mass manufacturing had not been
implemented. Lack of high quality materials, limited material base from the Eastern bloc
countries and/or inaccessibility to high technology equipment’s from Western countries was
prevalent throughout the 80’s [12, 13]. Tantalum capacitors are used across all product
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segments in the areas of bypass, decoupling, and filtering. The producers are able to provide the
various classes of tantalum capacitors with guaranteed failure rate are available for military,
aerospace, and implantable medical use.

The most of manufactures have focused on continuing to increase volumetric efficiency
and downsizing, so the same capacitance fits a smaller case size. The volumetric efficiency
is proportional to usage of different types of the tantalum powder. The research and developing
the new tantalum powder is next topic for increasing volumetric efficiency of capacitors. New
trends in packaging techniques also contribute to higher volumetric efficiency. Fig. 2.1 shows the
standard molded case construction for tantalum capacitors and a relatively new ,facedown”
terminal construction for molded cases [10]. There are lead frames as contacts for the cathode
and anode. Inside the capacitor there is pellet. Pellet is a pressed tantalum powder which is
connected with the contacts by tantalum wire.

slandard conslruclion Facedown Termination
+ +
pellet ‘snannr
leadirame  Leadirame Terminal  Terminal
(cathode)  (anode) plale plale

(cathode) (anode)

Fig. 2.1 Facedown construction in tantalum capacitors with the terminals

These two types of cases construction make for a more efficient use of the volume in the
molded case and allow for the use of a larger tantalum anode. There are other solutions offered
by different vendors which also offer improved volumetric efficiency. Chart in Fig. 2.2 shows the
gain in percentages of the package utilized in going from a standard to face down termination
configuration.

yg% ~  Yeof Volume Ltilzed

SEndan Consmucion
5%
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10% |
X J I I I
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2012-12 21612 J216-18 M3E28-12 352820

Fig. 2.2 Small case standard vs. facedown [12]
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Conformal-coated devices are the best efficiency for tantalum capacitors, there is a thin
layer of resin which is coated on the active element. These capacitors are used in the application
with the highest capacitance and voltage. The development of extension from the maximum
temperature range is a discussed issue and a typical operation temperature is 125 °C. For special
types of capacitors with manganese dioxide cathode or conductive polymer cathode is the
temperature up to 150 °C. From 2006 there are available new types for automotive industry
with operation temperature 175 °C, and new types with wet cathodes up to 200 °C.

In 1994 were tested first conductive polymers with a polypyrrole backbone in the
tantalum capacitors. Latest capacitors have begun use these materials. However, main
advantages of the organic polymer types compared to the manganese dioxide type are lower
ESR, surge robustness, and a non-ignition failure mode. They looked like ideal capacitors, but
there were problems with higher cost, higher leakage current, a restricted voltage range, greater
sensitivity to reflow soldering conditions, and a reduced maximum temperature of use. In early
2008, devices in these footprints with ESR’s of 15 mQ are in mass production and sub 10 mQ
devices are beginning to be sampled [12]. Tantalum capacitors with lower ESL are also
becoming more widely commercially available. This is driven by decoupling requirements for
microprocessors and the desire to eliminate some of the ceramic capacitors used. In the last
years the producers many of these problems eliminate. Tantalum-polymer capacitors can be
used for multiple reflows at Pb-free conditions and operation temperature has been changed up
to 125 °C. However, there are many key technical challenges to be solved in the future [12].

The characterization of the tantalum capacitors is important for next usage of these
devices. Tantalum capacitor consists of three layers; Ta metal, Ta;Osinsulator and MnO or CP
semiconductor. This structure is described in many publications as MIS structure. The transport
of the charge inside this MIS structure has several transport mechanisms. There mechanisms are
Ohmic transport, Schottky, Poole-Frenkel and tunneling mechanisms. The all transport
mechanisms are temperature dependent and this dependence is the main goal of this thesis
especially for the lower temperatures for the aerospace applications. The identification of charge
transport mechanism can be done on the base of |-V characteristic analysis.
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2.2. Technology of tantalum capacitors
2.2.1. Tantalum anode creation

Tantalum metal powder, including the precursor to capacitor grade powder, is generally
produced by the sodium reduction of the potassium tantalum fluoride in a molten salt system at
high temperature. The metal can also be produced by the carbon or aluminum reduction of the
oxide or the hydrogen or alkaline earth reduction of tantalum chloride. The choice of process
is based on the specific application and whether the resultant tantalum will be further
consolidated by processing into ingot, sheet, rod, tubing, wire and other fabricated articles.
The tantalum powder is made by morphology with applied high temperature and producers
have many various types of these particles for example choral or granules type and various sizes
see in Fig. 2.3. Tantalum powders with charges of 150,000 pFV/g were used from 2006.
However, the particles with charges of 200,000 pFV/g are becoming available. The particle sizes
are available typically from 10 nm. The bigger particles are used for the high-voltage capacitors
and the smaller particles for the others [14, 15].
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Fig. 2.3 Various types of Tantalum powder

The chronological technical process of manufactory begins with the tantalum powder
and finds a suitable type of particles of powder for given application. The powder particles are
mixed with eligible binder and subsequently pressed on the tantalum wire. The particles of the
tantalum powder were pressed into the pellet on the tantalum wire.

The capacity is proportional to the surface volume of anode. It is possible to say with
regards of experience in the manufactory that tantalum powder with bigger particles is used
for capacitors with high rated voltage usually up to 50 V and vice versa. The process of pressing
and sintration is shown in Fig. 2.4. The particles were described in previous chapter. The process
of pressing particles on the anode is shown in the Fig. 2.5.
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Sintration and pressing processes
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Fig. 2.4 Pressing tantalum powder and sintration process of anode

With high temperature from 1500 °C to 2000 °C the sintration is applied. This process
leads to the creation of conductive contacts among the grains of powder and helps to clear all
dirties in tantalum powder from previous pressing on the anode with the ongoing chemical
reactions. The Fig. 2.5 shows the connection between two different types as was mentioned
before of the tantalum particles. Type granule has smaller capacity than rough surface of Coral
type. The d means the weight of the conductive connection between two particles [15, 16].

Connections Connections

o Type Granule
g Type Coral

Fig. 2.5 Structure of tantalum particles and connections after sintration process

The sintration also causes the mechanical connection between the particles and new
strong porous structure is created. The connection between the tantalum wire and pressed
particles is now ready for the next process of dielectric layer creating. The time of sintration has
an important role on the on the particle connection, longer process leads to the high
compactness and this corresponds to decrease of the capacity of capacitor. On the other hand
when the sintration is applied for a short time the particles have small compactness and the
reliability will be low in this case.
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2.2.2. Taz0s dielectric layer forming

The forming process, also called anodic oxidation, is applied as next step of creating
tantalum capacitor. Tantalum wire with pressed anode is putted into the low concentration acid
(e.g. phosphoric acid) and it is dipped for a defined time with applied higher temperature at 85
°C. The acid gets to around all small pressed particles. Subsequently is applied voltage between
the acid and anode. This process is called anodic oxidation of anode and it caused growing of the
dielectric layer of Ta;0s. Growing is caused due to the acid motion of oxygen’s ions in the
crystalloid grid and with applied electric field these ions caused the growing of dielectric layer.
The time is proportional with the size of dielectric layer as insulator.
The amorphous structure of Ta20s is created on the surface of anode.

The thickness of dielectric layer d is possible to calculate from the equation.

d=a.Us (21)

where d is dielectric thickness in meters, a is anodization coefficient with value
dependent on forming acid in m.V-1 and U is forming voltage in Volts. Fig. 2.6 shows the real
image from SEM after the forming process. There is surface of the dielectric layer and
description of the individual parts on the right side [16, 17].
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Fig. 2.6 SEM picture of the layers inside the capacitors and description of fragments
Ta>0Os of anode

In principal of the forming of the dielectric layer is applied constant current throw the
structure in the acid and when is Us reached then the current throw the structure flow down
to the minimal level and the low leakage current is reached also. Fig. 2.7 show the graph with the
curve for the voltage and curve for the current (which is constant and after reach some point
falling down), respectively.
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Fig. 2.7 Forming voltage and forming current dependence on time [16]

The principal scheme of the electrochemical reaction is shown in Fig. 2.8. There
is chemical reaction described with equation 2.1. The tantalum wire is dipped into the bath with
acid and high voltage is applied.

Fig. 2.8 The electrochemical reaction of the growing dielectric layer

The anodization in H3PO. electrolyte results in an average value of the anodization
coefficient: For tantalum capacitors is a = 1.5 nm.V-l. Anodization coefficient determined
for different electrolytes for Ta>Os creation is shown in Tab. 1

Tab. 1. Anodization coefficients for different electrolytes for tantalum capacitors
[16]
Anodization coefficienta / nmV-!
Electrolyte Ta/Tay0s
H2S04 154
HNO3 1.50
HsPO4 1.42
NaOH 1.65
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The growing speeds of the dielectric layer strongly influence the electron affinity.
The potential barrier between the semiconductor — insulator and insulator — metal will be
changed in this reason in the considered MIS model. The MIS model is described in the separate
chapter. The dielectric thickness is possible to estimate according to the color of formatted
anode. The porous structure caused the diffraction of light on the surface of anode.

Growing of the oxide layer is caused by transport of ions motion during anodic oxidation
process. lonic motion is due to interstitial and vacancy mechanism [16]. Oxides of valve metals
have mixed ionic-covalent bond where the portion of covalent bond is relatively high. It was
deduced that in such cases oxide is created in an amorphous form with three-dimensional
disordered lattice. Such bond interruptions can be understood as single charged defects. Each
atom is allowed to shift at one interatomic distance only. Metal oxide transition region was
observed experimentally and the thickness of is about 2 nm [16]. Potential distribution near the
oxide-electrolyte interface is illustrated in Fig. 2.9.
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Fig. 2.9 Potential barriers in the system oxide-electrolyte [16]

The oxide chemisorption’s have big influence on the electric current during the anodic
oxidation processes. This current can be expressed as:

_EW - (edE, +eaE,)u (2.2)

I =1,ex
A B

Where lp is constant dependent on concentration of uncompensated bonds at the oxide
surface which act as absorption centers, W is potential barrier at the oxide surface, a and d are
shown in the Fig. 2.10, Eq and Ea is electric field strength at point d and a respectively. It was
published for the system Ta —Ta,Os — electrolyte a = 0.2 nm, and d = 0.4 nm. E4 and Ea can be
found from the relation:

er EOX = eaEa = ed Ed (23)

Where &ox is oxide relative permittivity, £a = €0, and according to mechanism [16] &4 = 7.
During anodic oxidation the applied electric field is superimposed on the internal electric field of
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Helmholtz and Ta;0s layers. It was found that the additional electric field created
by chemisorbed oxygen ions decreases the external field, which determines defect transport into
oxide. Forming electrolyte has some influence on the density of the oxide layer formed by
anodizing. This can be interpreted by assuming that some electrolyte has been built in [7, 8 and
15].

The mentioned amorphous oxide films are characterized by the presence of plenty
of various imperfections, stoichiometric, structural defects, traps and other defects. From the
measuring of the donor concentration is of the order Np = 1017 t0102° cm-3. This concentration
can be obtained from the capacity measuring. For value of the Np higher than 1018 cm-3 the
impurity band is created [16, 17, 18-20].The mechanisms of charge transport through the oxide
layer are directly related for the donor concentration. Fig. 2.10 shows the |-V dependences
in reverse mode (positive potential on the cathode side) for NbO capacitors with identical anode
which differs in the anodization current density, we can see that with decreasing current density
DCL decreases [18-20].
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Fig. 2.10 |-V characteristic for reverse mode for different anodization currents at
temperature 300 K [8]

That is due to the fact that electron affinity ¢increases with anodization current density
and potential barrier e/~ between Nb>Os and MnO; decreases with increasing anodization
current density [18]. Similar behavior is valid for Ta capacitor as well.

2.2.3. Preparation of the cathode side

The every step is very important and the other process is cathode preparation. This
process is called manganization. The manganese nitrate and his thermal dissociation onto the
sequential into the manganese dioxide and nitrogen oxide caused the growing next layer as
described the equation 2.4.

Mn(NO,), ¥%%4® MnO, +2NO, - (24)

The process of manganization is repeated several times for the enough strength of the
layer. The concentration of MnO> is changed in every step. The preparation of the MnO> from

11
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liquid solution is necessary for creation of the contact on Ta20s inside the porous structure when
good penetration of MnO. in the pores is required. Alternative method for the cathode
preparation is the use of conductive polymer (CP) based on the polypyrole. Formed anode
is dipped in CP to reach proper contact. Sequential CP on pre-polymerized CP is used for cathode
creation. MnO, forms conductive connection between Ta2Os layer and outer contact electrode
[15, 16].

The main difference between Mn0; and CP is in the structure of the material. The MnO is
very hard, crystalline material and it is shown in Fig. 2.11 on the left hand side. Right hand side
of the Fig. 2.11 shows the CP material which is more soft and elastic. High elastic is advantageous
due to lower probability of the crack creation after the mechanical stress of structure [21, 22].

Fig. 2.11 The difference of the material for the Mn0, an CP [17]

The main advantage of the using the CP is ignition process and due to no oxygen in the
structure the ignition process is hardly separated from the failure of the capacitor.
A distinguished property of tantalum capacitors with MnO, or CP cathode is renovating
mechanism, this mechanisms is described in [21, 41 and 51]. Then MnO- or CP is covered by the
carbon-graphite paste for better adhesion and connection to the silver layer. The process of
dipping is used for creating new layer. Structure of tantalum capacitor is shown in Fig. 2.12.

Dielectricum
31 El Ta

cathode
- =

Tantalum

MnQ, or P Graphite

Fig. 2.12 Basic structure of tantalum capacitor

The created structure is connecting with the terminal pins. The positive anode is weld
onto the Ta wire with the terminal pin; negative cathode is glued by epoxy. Packaging is next

12



PhD Thesis Charge Carrier Transport in Ta20s Oxide Nanolayers with Application to the Tantalum Capacitors

step, and epoxy resin is impressed for the encapsulation to the final case. The created SMD is
cleared, sanded and washed by water. Consequently is made the description into the SMD
surface by laser. There are the parameters as polarity, operation voltage, capacity and part
number in this case. The capacitors have own protocol during the manufactory process and is it
possible to find the mistake in the manufactory of the capacitors in each step. Thus made
capacitor is ready for testing and transport to the customers. Before the capacitor leaves the
manufactory a lot of tests are performed. Important process is burning of capacitors. This
process lead to stabilization of electrical properties and the capacitors with lower quality are
excluded from the process. The basic method of burning is applied the higher voltage and
temperature for a longer time around up to 10 hours. Than the capacitors are measured for their
electrical properties and the parameters capacity, ESR and |-V characteristics are discovered.
The process of recovering is found as well [23].

13
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3. MIS model of tantalum capacitors

The basic physical models of capacitors (see in Fig. 3.1) consist of two parallel metal
plates, which are separated by the dielectric material. There are two electrodes one of them
is anode with positive charge, while the second electrode is cathode with negative charge.

ideal structure of capacitor
|
elecirode elecirode
I
L

L
dielectric thickness

Fig. 3.1 Ideal structure of physical model of capacitor

When this structure is charged it causes the increase of potential difference between the
plates. The potential difference is measure as voltage V on capacitor and it is proportional to the
charge Q on capacitors as:

Q=CV (3.1)

Where C is the capacitance. From the Gauss law of electrostatic we can derive the
capacitance of the plate capacitor as:

6.6,A (3.2)
d

Where d is dielectric thickness, g is dielectric constant for vacuum, & is relative
permittivity, and A is area of electrodes, Q is charge on the electrode, V is the voltage difference
between the electrodes [24].

C:Q:
Vv

Porous structure of tantalum capacitor is far away from the ideal plate capacitor but the
formula 3.2 for the capacitance calculation can be used as the first approximation for the
»Sponge” structure surface area estimation. The active surface area A of the tantalum capacitor
can be calculated as:

cd (3.3)

14
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The dielectric layer thickness d is determined either from the known parameters
of anodic oxidation process, or from the direct measurement of thickness from the SEM pictures
of the tantalum capacitor cross-cut. Capacitance C value can be measured on the RLC bridge as
well.

15
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3.1. The theory of MIS structure

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 [17, 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.

" I 5
: CP
electrode electrode
1 s T32 US or
+ MnO. il =
metal insulatar semiconductor

Fig. 3.2 Basic MIS structure of tantalum capacitor

The MIS structure for tantalum capacitor consists of metallic tantalum Ta, insulator
Ta>;0s and semiconductor MnO, or CP, respectively. Figures 3.3 and 3.4 show energy band
diagram before the thermodynamic equilibrium for capacitor with MnO; cathode and CP
cathode, respectively. Here Wy is work function of tantalum, C; is Ta>Os electron affinity, Wwuno2 is
work function for the manganese dioxide MnOa, Er Fermi level, Ec is conducting band energy in
insulating layer Ta20s, Evi valence band energy in insulator layer Ta»0Os, Ep is donor energy band
in insulator layer Ta20s, Ecs is conducting band energy in semiconductor layer MnO,, Evs valence
band energy in the semiconductor layer MnO,, 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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Fig. 3.3 MIS model structure before thermodynamic equilibrium for the tantalum
capacitor with MnO- cathode
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Fig. 3.4 MIS model structure before thermodynamic equilibrium for the tantalum
capacitor with CP cathode

Figures 3.5 and 3.6 show the MIS model structure of the tantalum capacitors with MnO>
and CP cathode, respectively, after the thermodynamic equilibrium. Here ey, is energy barrier
on the interface between tantalum and insulating layer Ta2Os, efisis energy barrier on the
interface between insulator layer Ta;Os and semiconductor MnO», Eg is forbidden energy gap
value, Epis defect energy band in insulating layer Ta20s [18, 26, 27-32].
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Fig. 3.5 MIS model structure in thermodynamic equilibrium for the tantalum capacitor

with MnO; cathode
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Fig. 3.6 MIS model structure in thermodynamic equilibrium for the tantalum capacitor
with CP cathode

The basic values for determination of band diagrams are as follows: value of work
function for tantalum Ta is 4.2 eV, work function for manganese dioxide MnO is 5.6 eV, work
function for conducting polymer CP is about 5.0 eV, and electron affinity for amorphous
structure of Ta>Os in range from 3.2 up to 3.9 eV according the anodic oxidation technology.
The electron affinity ¢ is a quantity defined as the energy required for an electron to be removed
from the bottom edge of the Ta;Os conduction band to a point in vacuum just outside the Ta»Os.
The value of the electron affinity depends on the insulating layer structure [18, 26, 27-32].
For amorphous thin Ta20s film (d < 50 nm) the electron affinity ¢ ranges from 3.2 to 3.9 eV
while for thick (d > 200 nm) polycrystalline TazOs film equals ¢ = 1.2 eV [18, 26, 27-32]. It was
established that the higher electron affinity ¢ the lower leakage current. The next parameter is
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the concentration of the impurity which states in the forbidden energy gap of Ta>Os. Insulating
Ta»0s films always contain impurities like oxygen vacancies and traps. These impurities form
localized states for charge carriers in the forbidden energy gap. When the localized electronic
wave functions of the localized states overlap, an electron bound to one impurity state can
tunnel

to an unoccupied state without involving activation into the conduction band. This tunneling
process between impurity sites is referred to as impurity conduction [18, 26, 27-32].

The difference between Ta>Os electron affinity and work function of MnO, or CP
respectively determines barrier @is on the insulator — semiconductor interface. This barrier
is for amorphous Ta>0s in the range 1.7 up to 2.4 eV. With increasing barrier height the current
throw the capacitor structure decreases. The difference between TaOs electron affinity y;
and work function from tantalum determines the value of potential barrier ®w on the
metal — insulator interface. This barrier height value is in the range from 0.2 up to 0.9 eV [18, 26,
27-32].

High number of oxygen vacancies is formed in Ta;Os layer during the anodic oxidation
process. The concentration was determined to be in the range 1017 to 10! cm=3. Oxygen
vacancies act as donor states in tantalum pentoxide and for this high concentration impurity
band is formed. The impurity band width DEimp is roughly given by the formula:

€ 2 LU

DE. =88 Nodg (34)
imp A ;
edpe.e U
g PE, &

And for donor concentration Ng = 1017 to 1019 cm-3 we have JEimp = 10 to 20 meV. Donors'
activation energy was determined for 0.4 eV for the temperature range up to 400 K. Then the
donor energy band in insulator layer is approximately 0.8 eV below the conduction band in
Tazos.
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Fig. 3.7 MIS model structure for applied voltage on the tantalum capacitor with MnO>»
cathode — normal mode
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Figure 3.7 shows the MIS model structure for applied voltage on tantalum capacitor
with MnO; cathode in normal mode (anode is positive). The MIS model structure for applied
voltage on the tantalum capacitor with CP cathode in normal mode is shown in Fig. 3.8. In this
case is the boundary between Ta>0s insulating layer and CP cathode the PN junction exists due
to that Ta>0Os has N-type conductivity and conducting polymer is P-type semiconductor. This PN
junction has influence on low voltage tunneling current component as will be shown
in experimental part. After the voltage V application the effective thickness of the potential
barrier in insulator decreases. With decreasing potential barrier thickness the probability
for charge carrier tunneling increases.

CP

W_, =508V

Ta,0, —— 0

L=a2-59ev
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W, =432y ’
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Fig. 3.8 MIS model structure for applied voltage on the tantalum capacitor with CP
cathode — normal mode

Figure 3.9 shows the basic band diagram to explain the charge carrier transport in the
capacitor in normal mode. These are Ohmic current component, Poole-Frenkel current
component and tunneling current component. The Ohmic conduction mechanism is mainly
influenced by electron hopping between neighboring impurity site in the defect band. This type
of the conduction process depends on impurity concentration and the energy depths of the
impurity states.

Electric field

Fig. 3.9 Basic principal of the charge carrier transport in the capacitor
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The concept of the hopping transport has been used for a long time in connection with
ionic conduction; ions move essentially by hopping, whether through interstices or vacancies. In
our case we suppose that electrons’ hopping is involved as a source of the Ohmic current.
Poole-Frenkel current component is pronounced in higher temperature range and involves the
electron excitation from the donor state into the conduction band of tantalum pentoxide. The
probability of this mechanism increases with applied voltage due to the rice of potential barrier
lowering DFpr. Another transport mechanism is tunneling of charge carrier from the bounded
state in impurity band or from the highest occupied state in MnO, or CP cathode to the
conduction band in tantalum pentoxide. Poole-Frenkel charge transport mechanism
is pronounced for temperatures above 150 K while in the low temperature range tunneling
current and Ohmic current components are dominant [17,18,25,28,34,38].

Figure 3.10 shows the MIS model structure for applied voltage on tantalum capacitor
with MnO: cathode in reverse mode (anode is negative). The MIS model structure for applied
voltage on the tantalum capacitor with CP cathode in reverse mode is shown in Fig. 3.11.
For bias voltage higher than Vi = (Wcathode — Wanode)/€, where Vs is flat-band voltage given by the
difference between the work-functions of cathode and anode material and e is elementary
charge, the effective thickness of the potential barrier in insulator decreases. With decreasing
potential barrier thickness the probability for charge carrier tunneling increases.
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Fig. 3.10 MIS model structure for applied voltage on the tantalum capacitor with MnO>
cathode - reverse mode
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Fig. 3.11 MIS model structure for applied voltage on the tantalum capacitor with CP
cathode - reverse mode

In the reverse mode ohmic current component is observed for low electric field while for
higher electric field the over barrier thermionic emission current component is dominant for the
temperatures higher than 150 K. With decreasing temperature the tunneling current became
dominant [17, 18, 25, 28, 34, 38].
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3.2. Charge transport in tantalum capacitor

For an ideal capacitor no transport of charge through the insulating layer is considered.
In the real structure the current flowing through the capacitor after the steady state
achievement is denoted as leakage current (DCL). According to the classical theory the leakage
current was described by current on the surface and current throw the cracks and defects in
dielectrics layer (see Fig 3.12). This model has substantiation in devices with higher leakage
currents and these devices have really higher number of cracks inside the structure. With
improving capacitor technology the leakage current value decreased and the “crack” theory
become insufficient. The DCL characteristics measured for a group of capacitors show excellent
reproducibility both in the value and shape of I-V curve, which is unlikely in case of charge
transport through the cracks. It is supposed, that the DCL is given by the charge transport
mechanisms pronounced in MIS structure [18, 26, 27-33,56-58].
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Fig. 3.12 Defect in the Ta»Os structure as a source of leakage current

The appropriate mechanisms involved in the charge transport are possible to determine
from the analysis of I-V characteristic [18, 26, 27-33]. Beside the transport mechanisms already
mentioned above, i.e. ohmic, Poole-Frenkel, Schottky and tunneling mechanism, we must also
consider thermionic emission limited over barrier current, space charge limited current and the
polarization current in the I-V characteristic analysis [32-39].

3.2.1. Ohmic current component

The ohmic current can be observed for applied electric field smaller than 0.5 MV.cm!
at room temperature. There is small influence of the electric field polarity, for the normal mode
and reverse mode the value is vice versa. This current component is temperature dependent and
it is characterized by resistance of the conductive layer. Ohmic current component is given as:

l,, =G,V (35)

Where Gq is ohmic conductivity, which is influenced by concentration of oxygen
vacancies in the impurity band and V is voltage. For the lower values of electric field the ohmic
conductivity can be defined as:

G,, = Aenm/d (3.6)
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Where A is area of capacitor electrode, e is elementary charge, n is concentration
of charge carriers, /m is mobility of charge carriers and d is the Ta»Os layer thickness.
As mentioned above the ohmic conduction mechanism is mainly influenced by electron hopping
between neighboring impurities sites. This mechanism causes to the linear dependence of
leakage current on the applied voltage.

Figure 3.13 shows the |-V characteristic in linear scale and J-E characteristic
in logarithmic scale for sample KOL2012 — 05 measured for temperatures 12 K, 40 K and 150 K.
Linear dependence between the current and voltage or current density and electric field,
respectively, can be determined from measured characteristics. We can see that linear function
fit the measured I-V curve in the voltage range 0 to 0.4 V. The slope of straight line is 5.2x108 S
for temperature 12 K and 1.0x10-8 S for temperature 150 K, which gives the value of ohmic
conductivity. The logarithmic graph shows the electric field range where the ohmic current
component is dominant. That is for the part where the measured data could be approximated
by the straight line with the slope m = 1. For the sample KOL 2012-05 the ohmic current
component is dominant for electric field up to 0.05 MV.cmL. For higher electric field injection
of electrons into insulator is observed (see Fig. 3.13).
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Fig. 3.13 |-V characteristic (linear scale) and J-E characteristic (logarithmic scale) for
sample KOL2012 - 05 measured for temperatures 12 K, 40 Kand 150 K

3.2.2. Space charge limited current

Space charge limited current density Jsc is covered by Mott-Gourney square law [31]:

_8e,6,/IV? (3.7)
9d?
Where & is permittivity of vacuum, & is Ta>Os dielectric constant, /7 is mobility, V is
voltage bias, and d is Ta»0s layer thickness.

JSC

The equation covers the current density in case of shallow traps in dielectric layer.
In our case the donor energy band is approximately 0.8 eV below the conduction band in Ta20s
layer. For deep traps the occupancy of the trap level increases and trapped charges play
important role in current density-voltage curve. At low bias voltage the charge transport
is governed by the trap-charge-limited current, when an increase in the number of injected
electrons causes the filling of traps and increase of the space charge. This leads to an abrupt
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increase of the current slope, J vs. V™ with exponent m > 2 (see Fig. 3.13 — measurements
for temperature 40 K, where the slope in log-log graph is m = 3). For higher voltage bias the
trapping sites are already filled and all additionally injected carriers contribute to the space-
charge-limited current. The voltage exponent higher than 2 decreases and the current density
increase toward the square law [56, 57].

Considering the quadratic approximation of space charge limited current density Jsc vs
electric field plot in logarithmic scale we get the straight line the slope 2. This quadratic
approximation in the logarithmic scale is then given by equation:

8e,e,.m
9d

Then from the value of current density Jsc1 obtained from the intersection of quadratic

(3.8)

log J. =log +2logE

approximation with the line E = 1 V/m we can calculate the mobility of charge carriers as:

8e,e.m J..,9d (3.9
logJ., =log—2"— b m==C1"—
9Jsct g od 8e,6.
3.2.3. Poole-Frenkel current component

The process of the Poole-Frenkel (PF) charge transport is described as the thermionic
emission of charge from the localized state in the defect band of insulator into the conductivity
band and its’ transfer into the anode. This effect is important for temperature range above 150
K. Figure 3.9 shows the principle of the PF effect. It is obvious from Fig. 3.9 that the electron
is emitted into the conduction band and continues into the anode. There Eais required charge

activation energy, def~r is the potential barrier lowering due to the Poole-Frenkel effect, and E
is electric field [31, 41 - 43].

Poole-Frenkel current lpr is given as [31]:

lpr = GpeV exp(bPF \/\7) (3.10)

Where Gpr is Poole-Frenkel conductivity and fBer is Poole-Frenkel coefficient dependent
on the Ta>0s layer thickness d as:

b = \e'lpeed

PR KT

Where e is elementary charge, € is dielectric constant of vacuum, & is Ta2Os relative

(3.11)

permittivity, kis Boltzmann constant and T is thermodynamic temperature in Kelvin. Barrier
for the electron thermal emission from the impurity band to the conduction band decrease with
increasing electric field according the formula:
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e eE

- DeFee = ve (3.12)

Where e is electron charge, k is Boltzmann constant, T is thermodynamic temperature, E

is the electric field in insulating layer and éis dielectric constant of an insulator [31, 41].

For analysis of investigated results there are used two methods - the analytical and the
graphical one. The analytic method is based on the fitting of measured results by the
mathematical model and determination of the functions and parameters of considered current
components. The graphical method is based on the depiction of experimental data in such graph,
where the desired charge transport mechanism is represented by linear dependence. This graph
is often denoted as PF plot.

The evaluation of experimentally obtained data by both analytical and graphical methods
is shown in Figs. 3.14 and 3.15 for sample KOL2012-05 for temperature 150 K. The analytic
method considers the ohmic, PF and tunneling current component for fitting the experimental
curve. From the fits in Fig. 3.14 it is evident that PF current component for the temperature
150K is not dominant. The Poole-Frenkel coefficient value is determined fBpr = 4.78 V-05 while the
theoretical value is 5.50 V-05.

For evaluation by graphical method is necessary to recalculate the data for evaluation.
On the y axis is current density divided by the electric field in units A.V-2.m- in the logarithmic
scale. On the X axis is root from the electric field in Vo5m05 unit in linear scale. The PF
mechanism is determined as the linear dependence in the graph and from the slope m of this line
is possible to calculate Poole-Frenkel coefficient Spr from the equation:

1
= m
m=bp..d?.loge® by =——— (3.13)

d2.loge
Where the d is insulating layer thickness, e is Euler’s number.

Poole-Frenkel coefficient Ser is temperature dependent and it is inversely proportional to
the insulating layer thickness d. The Ser coefficient decreases with increasing layer thickness and
increases with decreasing temperature [31, 41]. Theoretical value calculated for sample
KOL2012-05 at temperature 150 K is 5.50 V-95, From that the slope m of line in PF plot should be
4.90 MV-05cmo5, We can see that the slope determined from the experimental data is about
4.42 MV-05cm05, which is close to the theoretical value. However the PF current component is
observed only in the range 0.1 to 0.6 MV/cm and for lower temperatures this current
component is negligible [31, 41 - 43].
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Fig. 3.14 Analytical method for determination of Poole-Frenkel current component from
I-V characteristics for the sample KOL2012-05 in normal mode for the temperature 150 K
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Fig. 3.15 Graphical method of Poole-Frenkel current component evaluation with
experimentally determined line for the sample KOL2012-05 in normal mode for the
temperature 150 K

3.2.4. Schottky current component

The Schottky charge transport mechanism is described as the thermionic emission of
charge from the cathode into the Ta>Os conductivity band and its’ transfer into the anode.

Schottky current Is is given as [31]:

1, = Iy, expb W ) (3.14)

Where ls is Schottky current constant and fs is Schottky coefficient dependent on the
Ta20s layer thickness d as:

\e*l4pe,e.d (3.15)
b, = V= RO

KT

Where e is elementary charge, € is dielectric constant of vacuum, & is Ta2Os relative
permittivity, k is Boltzmann constant and T is thermodynamic temperature in Kelvin. Barrier for
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the electron thermal emission from cathode to the conduction band decreases with increasing
electric field according the formula:

e |eE (3.16)
- DeFS -  |—
KT \ 4pe
Where e is electron charge, k is Boltzmann constant, T is thermodynamic temperature, E
is the electric field in insulating layer and éis dielectric constant of an insulator [31, 41].

Comparing equations 3.11 and 3.15 we can see that ber = 2bs. These constant
characterize the barrier lowering due to the Poole-Frenkel or Schottky effect, respectively.
Schottky constant can be determined by the graphical method from the linear part of log J vs. E
plot. From the slope m of this linear approximation the Schottky coefficient can be calculated as:

1 3.17
m=bs.d2.loge®b5:lL (47

d2.loge

Where d is insulating layer thickness, € is Euler’s number.

However the Schottky current component in tantalum capacitors as well as in MIS
structures with insulator thickness of the order of tens of nanometers at the room temperature
is mostly negligible [3, 20, 57].

3.2.5. Tunneling current component

The leakage current is at low temperatures and at high electric field influenced mainly by
electron tunneling through a potential barrier between Ta»Os insulating layer and cathode or
anode, respectively. The potential barriers can be approximated by square or triangular shapes.
The triangular shape facilitates an intermolecular electron transfer, since the barrier width
at higher fields becomes smaller for the high energy electrons.

The equation describing the |-V characteristic for tunneling current is described by [31]:

| =G,V exp- 12, (318)
e Vg

Where V is the applied voltage, Gr and Ur are tunneling current constants, and the value
of the exponent n depends on the barrier shape (for triangular barrier n = 2). The tunneling
parameter Ut can be expressed for the energy barrier e/~ as:

U, = 8p~/2m* (eF,)**d (3.19)
(3eh)

Here, m*is the electron effective mass, h = 6.6x10-34 J.s is the Planck constant and e is the
elementary charge and d is the thickness of the insulating layer [31, 34 — 47].
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For the dependence of the tunneling current density J vs. electric field E one can
calculate:

J=g.E’° exp%— E—ETQ (3.20)
é g

Where ¢r and Er are the tunneling current density constants. The value of tunneling
parameter Gt and gr characterizes the energy barrier transparency for charge tunneling. The
higher is the value of Gt or gr the higher is tunneling current component value. The tunneling
parameter Et can be expressed for the energy barrier e ~, as:

= BpV2m® (o p g (3.21)
T (3eh) °

Here, m*is the electron effective mass, h = 6.6x10-34 J.s is the Planck constant and e is the
elementary charge [31, 34 — 47].

The values of the tunneling parameters Ur and Er depend on the electron effective mass.
In this work the potential barrier e~,in eV was estimated for electron effective mass m*= 0.1 mg,
where mg = 9.1 © 1031 kg is the electron rest mass. Using this value for m* we obtained a good
agreement of experimental and theoretical I-V characteristics. [31, 34 — 47]

Figure 3.16 shows the calculated dependences between tunneling parameter Er and
energy barrier height e/, and tunneling parameter Ut for dielectric layer thickness 30 nm and
energy barrier height e ~,, respectively. The calculations are done for different electron effective
mass values. With increasing electron effective mass value the value of Ur and Er for given
energy barrier increases.
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Fig. 3.16 Tunneling parameter Er and tunneling parameter Ut vs. barrier height calculated
for different electron effective mass values for the dielectric layer thickness 30 nm

The effect of tunneling is described as electron movement throw the barrier without any
change of the energy. For the tunneling probability D it holds:
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D =D, expl- 2 V(th*xe':f’)?,_ (3.22)
T b

Where D, is constant and in first approximation Do= 1, and to is the potential barrier
thickness, m* is effective electron mass, h= 6.6x10 -34 J.s is Planck constant and e/ is the barrier
energy. It is important that tunneling probability D does not depend on temperature. Tunneling
process is in the first approximation temperature independent.
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Fig. 3.17 Tunneling probability coefficient D vs. tunneling barrier thickness for different
barrier energy values

However for the low temperature region below 50 K probably the electron effective
mass dependence on temperature must be taken in account. The tunneling probability D for
barrier energy e/~ = 1 eV and 4 eV is shown in Fig. 3.17. For the barrier energy 1 eV and
thickness to = 3 nm the tunneling probability D is about 10-2, while for barrier energy 4 eV we
find the value for hundred times smaller.

For the better interpretation of the triangular potential barrier see in Fig. 3.18, where the
potential barrier thickness is to, d is dielectric layer thickness, e/ is barrier on the cathode side
which is pronounced to the charge tunneling in normal mode and Vi1 and V> are different values
of bias voltage. With increasing voltage bias the thickness ty of triangular potential barrier
decreases which leads to the tunneling probability increase.
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Fig. 3.18 The triangular potential barrier for electron tunneling

Figure 3.19 shows the analytical method for the evaluation of the I-V characteristic for
sample KOL2012-05 at temperatures 12 K, where only the ohmic and tunneling current is
considered as a source of DCL. Here the tunneling current constants have the values
Gr=169AV2and Ur=69.2 V.
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a=2.61E-8, g=16.9, h=-69.2
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15
VIV
Fig. 3.19 Analytical method for determination of tunneling current component for sample
KOL2012-05 at temperature 12 K

Graphical method for the tunneling current component evaluation is called Fowler-
Nordheim graph. The y-axe shows the current density divided by the square of electrical field in
A.V-2 units in the logarithmic scale. The x—axe shows the reciprocal value of electric field in V.m-1
units in linear scale [31, 34 — 47]. The graph indicates the tunneling current as a dominant
current mechanism for sample KOL2012-05 for the low temperatures. For the temperature 12 K
the slope of linear dependence is 7.47 MV /cm.
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Fig. 3.20 Interpretation of Fowler-Nordheim graph by graphical method for sample
KOL2012-05 at temperature 12 K

From the slope of linear dependence the value of tunneling parameter Er is calculated as:

m=E, .loge ®E, = (3.23)
loge

Where e is Euler’s number. Tunneling parameter Ur is calculated as Ur = Erd, where d is

the insulating layer thickness.

3.2.6. Thermionic emission limited current over a Schottky barrier

The thermionic emission of charge carriers over the potential barrier is an important
mechanism for the charge transfer in the semiconductor devices [2, 57, 58]. The thermionic
emission current can be described by Shockley equation:

I, = 1,(exp(bV) -1) (3.24)

Where thermionic emission current constant lgis given by:

eF. 6 (3.25)

&
l, = ART 2 expg- ——>+

] g
And thermionic emission parameter fre is given by:

e (3.26)
b, =—
kT

Where the A is area of electrodes, R je Richardson constant for emission of electrons
from metal into the insulator layer or semiconductor, T is thermodynamic temperature, e®s is
Schottky potential barrier and, k is Boltzmann constant, e is elementary charge and n is ideality
factor for over-barrier transport. For ideal structure is n = 1, for the Schottky diodes and MIS
structures it varies in the range 1-2 at the rooms temperature.
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Thermionic emission current component is thermally activated and depends on the
energy barrier height. It is observed in tantalum capacitors in the reverse mode only, because
the barrier formed between the cathode and TaxOs is higher than 1 eV and thermal activation
over this barrier is negligible even at the room temperature [17, 18, 25, 28, 34, 38]. For the
studied temperature range we can evaluate the thermionic emission current component for the
temperatures down to 100 K from the reverse mode |-V characteristics.

Thermionic emission current component increases exponentially with the applied
voltage. In semi-logarithmic scale the thermionic emission current component is shown as the
straight line. From the linear approximation of measured data we can determine the value of
thermionic emission current constant lp from the intersection of approximation line with y-axe.
From the slope m of linear approximation the value of e is calculated as:

m= b, .loge® b, = & (3.27)

From determined value of fSre we can calculate the ideality factor for thermionic
emission current from eq. 3.26.
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4. Aims of doctoral thesis

Main aim of this thesis is the study of charge transport mechanisms in the structures of
tantalum capacitors with dielectric layer formed by the tantalum pentoxide TaOs. I will be
concerned on the transport mechanisms which are pronounced in the low temperature range
10 to 100 K, and 100 to 250 K, respectively. The electric field range for particular transport
mechanisms will be stated.

[ will study the influence of cathode material on the transport characteristics. The
comparison of the charge transport mechanisms for capacitors with conducting polymer and
manganese dioxide cathode will be performed.

[ will determine the parameters of Ta capacitor MIS model — namely concentration of donor
states in the Ta»Os layer and the height of energy barriers formed on the interface
Ta,0s/cathode and Ta20s/anode, respectively, from the evaluation of C-V characteristics and
the parameters of tunneling current components.

The application of different materials for the capacitor electrodes — the tantalum metal for
anode and CP or MnO; for cathode — leads to the creation of unipolar device. The energy
barriers formed on the interfaces Ta>Os/anode and Ta>Os/cathode vary for the difference
between the work function of tantalum and work function of cathode material. From the
evaluation of transport mechanisms employed in normal and reverse mode, respectively, |
will assess the temperature dependence of energy barriers height with respect to the
electrode material.

From the evaluation of the space charge limited current component I will estimate the
mobility of charge carriers in the capacitor structure for the temperatures below 100 K.
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5. Experimental setup and measured samples

5.1. Sample description and preparation

The experiments were carried out on the tantalum SMD capacitors. The measurement
and evaluation were performed for the 3 series of the tantalum capacitors with MnO> cathode
called KM2012, CTSS2012 and with conductive polymer cathode called KOL2012. All
parameters were estimated from the acquired results. The samples were prepared by anodic
oxidation, which was described in the chapter about manufactory. Table 3 presents the
manufacturer description of the samples: the capacity, rated voltage, tolerance and construction
of the capacitor.

Tab. 2. Basic description of the samples from manufactory
Description of the samples KOL2012 CTSS2012 KM2012
Capacity C [UF] 150 100 100
Rated voltage \Y [Vl 6.3 6.3 6.3
Capacitance [%0] 20% 20% 20%
tolerance
Case size AB,.C -] B B B

Figure 5.1 demonstrates the assembly of samples on the testing board with contacts. All
samples were soldered on the board and tested separately before their testing in the vacuum
cryostat at low temperatures.
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Fig. 5.1 The soldered samples on the testing board

The contacts of testing board were realized by gilt metal wires. The contacts are shown
on the Fig. 5.2. The cathode side is separated for particular capacitors while anode side is shared.
There are a various types of connections according to the measurement setup.
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Fig. 5.2 The gilt metal wires connected for the each capacitor

Table 4 summarizes estimated parameters calculated from the measurement. The
dielectric thickness is denoted by d, effective area of dielectric surface A, capacity C, relative
permittivity &, maximum voltage in normal mode and reverse mode Vmax nr, measuring
temperature range T.

Tab. 3. Calculated parameters from measuring
Measured Mark | Unit KOL2012 CTSS2012 MK2012
Cathode type - - CP MnO; MnQ,
Capacity (low-high) | C [UF] 149-154 99-103 98-104
Dielectric thickness | D [nm] 42 35 45
Effective area of | A [cm2] 271 146 186
anode surface
Relative & [-1 27 27 27
permittivity
Maximum voltage | Vimaxn | [2] 6.5 11 12
NM1
Maximum voltage | Vimaxr | [-] 2.7 18 35
RM2
temperaturerange | T [K] 12-200

1 The maximum measuring voltage for the normal mode — anode is positive
2 The maximum measuring voltage for the normal mode — anode is negative
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5.2. SEM analysis of the structures

SEM analysis was performed for a sample of each series of tantalum capacitors. The
samples were grinded to the half of their size and then were polished. The samples were placed
in the epoxy resin, which is shown in the Fig. 5.3. Consequently the thin graphite layer was
deposited on the surface to avoid structure charging during the SEM microscopy. The main goal
of the SEM analysis was to calculate the thickness of TaOs layers inside the capacitor. The
thickness was calculated as a mean value from the measurement in 5 different points within
each sample.

Fig. 5.3 Prepared samples for the SEM microscopy in epoxy resin

Fig. 5.4 presents cross-sections of whole capacitor structure in the case of samples
CTS2012 and KOL2012.

Fig. 5.4 SEM figures of whole capacitor structure cross-section for the samples CTS2012
and KOL2012

Fig. 5.5 demonstrates the sponge structure of tantalum capacitor anode where the
sintered tantalum particles are covered by dielectric and conductive polymer layer.
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Fig. 5.5 SEM picture of porous tantalum anode for sample KOL2012

The thickness of the Ta,0s layer depends on the anodic oxidation process. The thickness
of dielectric layers was evaluated for all tested samples. Figures 5.6 to 5.8 show the analyzed
samples where the thickness of Ta,0s layer and cathode layer is pointed out.

MnO, or CP
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Fig. 5.6 SEM picture for sample KOL2012 for the determination of Ta>Os and CP layer
thickness

The calculated average thickness of Ta;Os layer for sample KOL2012 is d = 42 nm, for
sample CTS2012 d = 35 nm, and for sample MK2012 d = 45 nm. These values are summarized in
Tab. 3 and are used for the calculation of other capacitor parameters as capacitor electrode area,
electric field, etc.
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Fig. 5.7 SEM picture for sample CTS2012 for the determination of Ta,Os and MnO: layer
thickness
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Fig. 5.8 SEM picture for sample MK2012 for the determination of Ta>,Os and MnO- layer
thickness
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5.3. |-V characteristics

The measurement of I-V characteristics gives the necessary data for analysis of transport
mechanisms in the sample structures. The blocks scheme in Fig. 5.9 shows the experimental set-
up for measuring |-V characteristics. The experiments were performed for temperature range
from 10 to 300 K for the three series of the 7 samples in helium cryostat, and for temperature
range from 80 to 300 K for 3 series for the 7 samples in nitrogen cryostat. The results were
analyzed by the software developed in LabView environment. Power supplies HP4140B or
Keithley 4400 were used as accurate power sources for precise setting voltage across the
particular samples. During the experiments, the samples were located in the cryostat system.
The values of signals were acquired by Agilent or Keithley, which were controlled by computer
via GPIB bus. Relay arrays is controlled by RS232 and is used for measurement multiple samples
(charging and discharging). Vacuum pump and and helium pump are involved in experiments
for the temperature range from 10 — 400 K. The temperature is set via the temperature
controller (manufactured by company Lakeshore) and the sampling rate is setup in the range 0
to 100 K/min. The vacuum pump makes the vacuum inside the cryostat subsequently the helium
pump pumping the gaseous helium inside the cryostat. The temperature stability is crucial for
demand accuracy of measurements. The advantage of the system is measuring 7 samples inside
the cryostat. For the slow charging or discharging of the samples it takes couple of days or

weeks.
Cryostat with 7
10 - 400Ki samples
Vacuum pump Computer with
Labview
Temperature (1Pa) el ol
controller elay controller

0 Power source
F \ HP 4140B
GPIB / VISA
D A
N

Hellium pump a

Fig. 5.9 The block scheme of |-V or I-t characteristics

To measure more than 7 samples simultaneously, the multiplexer Agilent 34970A could
be used but the more connection places are needed on the cryostat system.
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Fig. 5.10 The electrical circuit inside the cryostat system

Fig. 5.10 shows the electrical scheme inside the cryostat system. The measurement
electrical circuit consists of DC source of resolution 1 pV up to 100 V, the relays NX, N1-N7 for
the measuring the each sample, samples Cx1-Cx7 and loading resistance Rioad. The voltage across
particular capacitor is estimated by acquisition of Riad voltage and and calculation in the
software.

The relays N1, NX are switched on and the sample Cx1 is charged and on the load resistor
is obtaining voltage. The time constant of charging (RC) may play crucial role during the I-V
measurement, thus the time delay between measurements was set to be 5-10 times of time
constant to avoid polarization current influence.

Fig. 5.11 Real connections of the cryostat system
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The different types of measuring |-V characteristics were provided with this
experimental setup. |-V characteristics were measured both in steady state and under quasi-
stationary conditions:

The steady state was realized by applying the step voltage across the sample. The time
dependence of the leakage current was measured during the capacitor charging and
discharging. Charging characteristics give information about the charge carrier transport and
storage ability for high electric field, while discharging characteristics give information about
low electric field transport.

Quasi-stationary state was realized by the application of slowly varying ramp of small-step
voltages (N = 0.1 V) and the electrical current was measured after 10 s. Equilibrium is
assumed to be achieved under these conditions. However, the measured leakage current was
slightly higher than that in stationary state due to the polarization current component.
Leakage current error was less than 0.3 mA.

At low electrical fields the charge carrier mobility is constant because scattering
relaxation constant is field independent. At high fields the charge carriers do not lose their
excess energy in scattering events and their mean energy increases (so called hot carriers). As a
consequence the scattering relaxation constant becomes electrical field dependent as well as the
sample conductivity. |-V characteristic can be divided into three regions. In the first region (low
fields) the Ohm’s law is valid because the charge carrier mobility is constant and drift velocity is
proportional to electric field strength. In the intermediate region, conductivity decreases due to
the decrease of the mobility. Corresponding drift velocity approaches the value of thermal
velocity vgs about 105 m.s1. I suppose that critical electric field is about 10 MV.m-1. This electric
field would correspond to the voltage 1 V applied to capacitor with the insulating layer of
thickness d = 100 nm. From this reason |-V characteristic is not ohmic and current is decreasing
function of applied voltage. In the last region the conductivity decreases with increasing voltage
and current reaches its saturation value. This knowledge is verified by the experimental results.

Fig. 5.12 shows experimental data where sample KOL2012 — 02 was measured for the
temperature range from 12 Kup to 150 K for both directions of current throw the structure
means normal and reverse mode.

8x10°
6X10° [
< pag®t--
2x10° -+
0 !
-25 0 25
Reverse mode VIV Normal mode

Fig. 5.12 |-V characteristics for sample KOL2012 -02 for the normal and reverse mode
from 12 Kup to 150 K

42



PhD Thesis Charge Carrier Transport in Ta20s Oxide Nanolayers with Application to the Tantalum Capacitors

5.4. C-V characteristics

The dependence for capacitance on DC bias voltage at different temperatures was
measured according the scheme in Fig. 5.13. The same cryostat system, which was used for the I-
V characteristics measurements, was involved in the C-V measurements at the wide temperature
range. The measurement set-up includes also LCR meter Agilent HP E4980A for C-V
characteristics measuring. The RLC meter measures series capacitance, and is adjustable in the
frequency range from 20 Hz up to 2 MHz and for the DC voltage r up to + 40 V. For the parallel
measuring of more samples the switching relays are included. The connections are realized with
coaxial cables. Special software in the LabVIEW was developed for measurement and evaluation
of acquired data.

Cryostat with 7
10- 400Ki samples

Computer with
Labview

Vacuum pump

Temperature ~ (1P@)

controller

<«
Z

-

Relay controller

Agilent HP
E4980A

GPIB / VISA

Hellium pump

Fig. 5.13 Block scheme of the C-V measurement

The electric circuit inside in the cryostat system is shown in Fig. 5.14. RLC meter is
connected via the relays and the capacity is measured successively on the each sample Cx1-Cx.
The relays are denoted as N1-N7. The relay is connected on the measured capacitor, then the
voltage is applied on the sample and subsequently the RLC meter read the capacity. The
temperature was changed and stabilized and then the capacity was measured for the required
voltage range.

Inside cryostat

Agilent  Hi Cx1 CxX2| v Cx7
E4980A |, Samples T —— o

Relays N1 N2 b N7 | Relay
controll

Fig. 5.14 Electric circuit inside in the cryostat system for C-V characteristics
measurements
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The concentrations of localized-energy states in insulating layer can be determined from
C-V characteristics measured for reverse bias voltage (reverse bias mode). The capacitance of Ta
capacitors is in normal mode slightly dependent on applied voltage while in the reverse bias
mode there is a strong capacitance change with applied voltage as shown in Fig. 5.15. This effect
depends on temperature dependent where capacitance increases with increasing temperature.

4 -5
1.3x10 Frequency 20Hz i | 9.1x10
Sample CTS2012 | 1 1 8%
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Fig. 5.15 C-V characteristics for 5 samples of CTS2012 series measured at frequency 20 Hz
for temperature 300 K

Increase of capacitance in the reverse bias mode can be explained under the assumption
of a potential barrier existence in the capacitor system. For the voltage lower than diffusion
potential Up, the current is controlled by barrier on interface MnO; — Ta>0s, or CP — TaxOs
respectively. The capacitance of the system is influenced by the depletion region in Ta,Os layer.

The capacitance C vs. applied voltage U in the reverse mode is given by a formula:

, \1/2
eee e Ny U
C=Aem— i 51)
520U, +U)g
Where e is elementary charge, eis the electric permittivity, Np is the donor concentration,
Up is the diffusion voltage and A is the capacitor area. In this case the square of inverse
capacitance 1/C2? is a linear function of applied voltage U as is shown in Fig. 5.16. From the

experimental results diffusion voltage Up and donor concentration Np can be determined.

Diffusion voltage Vp is determined from the intersection between fitting line and x-axis
for inverse capacitance 1/C2 = 0 F-2. The value of diffusion voltage increases with decreasing
temperature (see Fig. 5.16). Diffusion voltage value corresponds to the potential barrier on the
interface between Ta>0s and cathode.

Donor concentration is determined using the slope of fitting line from the formula
(derived from equation 5.1):

m= 2; b ND = 2;
Aee e Ny mA‘ee, e,
Having these parameters: area A = 146 cm?, & = 27 and the slope of 1/C2 = f(U),

m = 1x108 F-2V-1. Calculated donor concentration is Np = 2.6x1018 cm-3 in this case. It is supposed

(5.2)
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that donors are oxygen vacancies and theirs concentration depends on anodic oxidation

conditions.
2.0x10* / / 1.5x10°
a - Sample CTS2012- 01 m=8.7e+7
v 300K
v o 100K! ;
a4l o L+ @8 10K: ) SR ‘
1607 - : : : o 100 | F Up=-168V
- | | ! L.L. 4 | !
=]
L 300K
O v (\g | 100K
05x108 -4 N i ;””,,,,,,,,,,T,JQK,,,
CTS2012-01
Frequency 20 Hz
‘ ‘ ‘ 0 .
.8x10™
0840 ;5 0 25 5.0 -5 5
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Fig. 5.16 1/C2vs. voltage for sample CTS2012-01 for temperatures 10 K, 100 K, 300 K

CTS2012- 01 ‘ ‘
18 | Temperature range 10-300K _+ ________ o
2810 [ Cathode MnO, | |

2.6x10%

Ny [cm'3]

2.4x10%

Fig. 5.17 Np vs. Up for sample CTS2012-01 for temperatures 10 K, 100 K, 300 K

Figure 5.17 shows the correlation between the diffusion voltage and donor concentration
for sample CTS2012 - 01 for different temperature range. Diffusion voltage and the value of the
donor concentration are both inversely proportional to the temperature.
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6. Experimental results
6.1. Analysis of C-V characteristics for 10 Kup to 300 K

The capacity measurements were performed on 4 samples from each series. C-V
characteristics for these samples were measured for the temperatures 10 K, 100 K and 300 K for
series CTS2012 and MK2012, and at temperature 300 K for samples of KOL2012. The
capacitance of tantalum capacitors is slightly dependent on the DC bias voltage in the normal
mode while strong dependence on DC bias voltage is observed in the reverse mode. DC bias
voltage was set in the range -3 V up to 6.3 V and the capacitance was measured for frequency 20
Hz. The C-V characteristics at room temperature for 4 samples for series CTS2012 are shown in

Fig. 5.15. The C-V characteristics at temperatures 10 K, 100 K and 300 K for samples for
CTS2012-03 and CTS2012-05 are shown in Figs. 6.1 and 6.2.

From C-V characteristics the dependence of square of inverse capacitance vs. bias voltage
where calculated. 1/C2 vs. voltage plot for samples CTS2012 — 01, CTS2012 - 03 and CTS2012 -
05 for temperatures 10 K, 100 K, 300 K are shown in Figs. 5.16, 6.1 and 6.2. We can see that

inverse capacitance value in normal mode increases with decreasing temperature, i.e.
capacitance value decreases with temperature.
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‘ : : 0 {1 1 :
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Fig. 6.1 Measured dependence C vs. voltage and calculated dependence 1/C2
vs. voltage for sample CTS2012-03 for temperatures 10 K, 100 K, 300 K
1.5x10° YL
T Sample CTS2012 - 05 M e
1.50x10 Fl ———————— 267V
L ! 3300K
N & = 100K 10x0° [ f
P ; | — 10K DO =-1.71V
q 1N
B e T = 100K
ey L} l © '+ 300K
© \ | | | = s 110K
beoy | | 0.5A0% [ -
100x0* \EL ———————— | |
i \..Jh_ CTS2012-05
j ‘ ! ! 0 ! Frequency 20 Hz
4 ' ' I I T T T
0.75d0° =55 0 25 5.0 & 0 5
VIV VIV
Fig. 6.2

Measured dependence C vs. voltage and calculated dependence 1/C2
vs. voltage for sample CTS2012-05 for temperatures 10 K, 100 K, 300 K
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From these plots the diffuse voltage value Up and the slope of 1/C2 vs. V for reverse mode
was determined. According the equation 5.2 the donor concentration was calculated from the
slope of fitting line.

The correlation between the diffuse voltage, donor concentration and temperature was
found; with decreasing temperature the value of both diffusion voltage and the value of the
donor concentration increase (see Figs. 5.17, 6.3 and 6.4).

3.0x10'® ‘ ‘
CTS2012%- 03 ‘ ; ;
Temperature range 10 300K ! 7 10K
2 7x108 ,,Ca,tthe,Nh,,Q B S SR~ B
5 18
' 2.4x10
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1.8x10" |
1.5x10" : : : :
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Fig. 6.3 Donor concentration Np vs. Up for sample CTS2012-03 for
temperatures 10K, 100 K, 300 K
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ZD
2.25x10"
s | | |
2000 15 20 25 3.0 35
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Fig. 6.4 Donor concentration Np vs. Up for sample CTS2012-05 for

temperatures 10K, 100 K, 300 K

Measured C-V characteristics and calculated 1/C2 vs. voltage plot for samples MK2012 —
01, MK2012 - 02 and MK2012 - 03 for temperatures 10 K, 100 K, 300 K are shown in Figs. 6.5,
6.6 and 6.7, respectively. The value of diffusion voltage and concentration of donors was possible
to determine only from the characteristic measured at temperature 300 K.
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Fig. 6.5 Measured dependence C vs. voltage and calculated dependence 1/C2

vs. voltage for sample MK2012-01 for temperatures 10 K, 100 K, 300 K
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Fig. 6.6 Measured dependence C vs. voltage and calculated dependence 1/C2

vs. voltage for sample MK2012-03 for temperatures 10 K,100 K, 300 K
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Fig. 6.7 Measured dependence C vs. voltage and calculated dependence 1/C2

vs. voltage for sample MK2012-04 for temperatures 10 K,100 K, 300 K

The dependence of the diffuse voltage on donor concentration for temperature 300 K is
shown in Fig. 6.8. We can see that diffuse voltage increases with increasing donor concentration
value for different samples within this series.
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Fig. 6.8 Donor concentration Np vs. Up for sample MK2012-01, MK2012-03,

MK2012-04 for temperature 300 K

Measured dependence C vs. voltage and calculated dependence 1/C2 vs. voltage for
samples KOL2012 — 01, MK2012 — 03 and MK2012 - 05 for temperature 300 K is shown in Fig.
6.9. The measurements on temperatures 10 K and 100 K were not performed.
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Fig. 6.9 Measured dependence C vs. voltage and calculated dependence 1/C2

vs. voltage for samples KOL2012 - 01, KOL2012 - 03, KOL2012 - 05 for
temperature 300 K
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Fig. 6.10 Donor concentration Np vs. Up for sample KOL2012-01, KOL2012-03,
KOL2012-05 for temperature 300 K

The correlation between the diffuse voltage and donor concentration for temperature
300 K is shown in Figs. 6.10. In the first approximation the donor concentration increases with
diffuse voltage value.

We mentioned that capacitance decreases with decreasing temperature probably due to
permittivity dependence on temperature.
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6.2. Analysis of I-V measurements

Measured |-V characteristics were evaluated firstly by fitting with analytical function
corresponding to considered charge transport mechanism and secondly by graphical method

suitable for appropriate current component analysis. The evaluation of these results was
verified by comparison of mentioned methods.

For each studied series of capacitors 3 samples were measured in the temperature range
from 12 Kup to 250 K.

I-V characteristics in normal and reverse mode for the sample KOL2012 - 02 with CP
cathode in temperature range from 12 K up to 150 K are shown in Fig. 6.11.
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Fig. 6.11 I -V characteristics for sample KOL2012 - 02 in the temperature
range from 12 K up to 150 K for the normal and reverse mode,
left graph shows |-V characteristics for selected temperatures
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Fig. 6.12 I -V characteristics for sample KOL2012 - 03 in the temperature
range from 12 K up to 150 K for the normal and reverse mode,
left graph shows |-V characteristics for selected temperatures

I-V characteristics in normal and reverse mode for the sample KOL2012 - 03 with CP

cathode in temperature range from 12 Kup to 150 K are shown in Fig. 6.12. This sample exhibits

trap assisted tunneling current pronounced at the low electric field. This current behavior is
discussed further in Chapter 6.2.3.
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I-V characteristics in normal and reverse mode for the sample KOL2012 - 05 with CP
cathode in temperature range from 12 K up to 150 K are shown in Fig. 6.13. The measurements
of I-V characteristics performed on tantalum capacitors with CP cathode show that DCL
decreases with decreasing temperature both in normal and reverse modes.
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Fig. 6.13 I -V characteristics for sample KOL2012 - 05 in the temperature

range from 12 K up to 150 K for the normal and reverse mode,
left figure shows |-V characteristics for selected temperatures

I-V characteristics in normal and reverse mode for the samples with MnO; cathode

CTS2012 - 01 and CTS2012 - 04 for the temperatures 12 K, 100 K and 150 K are shown in Figs.
6.14 and 6.15.
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Fig. 6.14 I - V characteristics for sample CTS2012 - 01 for the temperatures 12
K, 100 K and 150 K for the normal and reverse mode
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Fig. 6.15 I - V characteristics for sample CTS2012 - 04 for the temperatures 12

K, 100 K and 150 K for the normal and reverse mode

I-V characteristics in normal and reverse mode for the samples with MnO, cathode
MK2012 — 01, MK2012 — 02 and MK2012 — 03 for the temperatures 12 K, 100 K and 150 K are

shown in Figs. 6.16 to 6.18.

10x10° 57

i + 150K I

:- A 100K ! ! ! -

0.8x10° [ -§ -4k = LK b

: — i j
T o I e e e S [0
< : ]
YTt S [ R — ./ '/
| : T

H ‘ ‘ : L

5 ] ! ! ! ! mA g
0.2x10° [k 4E -t b

! ! : : =X

. i ' | LYY

0 | | |
-4 -2 0 2 4 6 8 10 12

Reverse mode VvV V] Normal mode

I - V characteristics for sample MK2012 - 01 in the temperature

Fig. 6.16
range from 12 K up to 150 K for the normal and reverse mode
6; 10-6 — T T T
X =ft = 150K | i i /j
& a 100K} i T
3‘ = 12K ! ! /
= |15
B . o / i ./
7 B B At St SRR I &
: A
ﬁ. ‘ ‘ oAb
0 - - w
2 0 2 4 6 8 10 12
Reverse mode V[V] Normal mode
Fig. 6.17 I - V characteristics for sample MK2012 - 02 in the temperature

range from 12 K up to 150 K for the normal and reverse mode
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Fig. 6.18 I - V characteristics for sample MK2012 - 03 in the temperature

range from 12 K up to 150 K for the normal and reverse mode

We can see that the leakage current value increases with decreasing temperature for
voltage bias in normal, while for the reverse bias the DCL decreases with decreasing
temperature. This behavior is observed for the samples with MnO; cathode, both from series
CTS2012 and MK2012.

6.2.1. Analytical method for DCL components determination in normal
mode

Measured I-V characteristics Were evaluated using analytical method in order to estimate
the contribution of particular charge transport mechanisms to the total DCL value at different
temperatures. It is supposed, that at temperature below 100 K only ohmic and tunneling current
components are involved, while at higher temperatures the contribution of Poole-Frenkel
component must be also taken into account. However the contribution of PF current to the DCL
was very small even for temperatures 100 K and 150 K for the evaluated samples and measured
data were successfully approximated considering ohmic and tunneling current only.

Figures 6.19 and 6.20 show analytical method for the analysis of data measured for
samples KOL2012 - 02 and KOL2012 - 05 for the normal mode for temperature range from 12K
up to 150 K. An equation covering the ohmic and tunneling current components was used for
measured dependence fitting.
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Fig. 6.19 Analytical method for the analysis of data measured for sample

KOL2012 - 02 in normal mode for temperature range from 12 Kup to 150 K

54



PhD Thesis Charge Carrier Transport in Ta20s Oxide Nanolayers with Application to the Tantalum Capacitors

1.0x10* : 1.0x10* ‘ ‘ ‘ ‘
KOL2012-05 ! | | KOL2012 - 05 | . 150K
Normal mode | | 40K Normal mode ; ro 100K
0.8x10 | --Cathode-CP------- G M 0.8x10" | -Eathode EP-------+---------1-0----60K - [ - -1 - -
3 1 1 o 12K ' ' ' i
0.6x107™ -~ b oeeeneees O RENRN R 0.6XL07™ |- i
z | | | 3 < | | ‘
- 1 1 1 - Xz)exp(hlx) i i H
0.4x10™ | -y=axeHgXexpeh/xy 4=~ -1t 0.4x10% {axﬂgx ———————— e TE AN AR SRS
EROEH oo oo ke resi e |
T=20 K a1.6e-7, g=16.2, h=69.0 e - oo f
0.2x10% T—40Ka—377E7 9-151 h-f68—7— 777777 Y — 020 1= ,,15,Q|,<,a,,1,,2,QEJ, 1990342 w2f
0 0
0 1 2 3 4 5 0 1 2 3 4 5
VIV VIV
Fig. 6.20 Analytical method for the analysis of data measured for sample

KOL2012 - 05 in normal mode for temperature range from 12 Kup to 150 K

The analytical method by fitting was performed for all samples. Figures 6.21 and 6.22
show analytical method for the analysis of data measured for samples CTS2012 — 01 and
CTS2012 - 04 for the normal mode for temperature range from 12K up to 150 K.
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Fig. 6.21 Analytical method for the analysis of data measured for sample
CTS2012 - 01 in normal mode for temperature range from 12 Kup to 150 K
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Fig. 6.22 Analytical method for the analysis of data measured for sample

CTS2012 - 04 in normal mode for temperature range from 12 Kup to 150 K
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Figures 6.23, 6.24 and 6.25 show analytical method for the analysis of data measured for
samples MK2012 — 01, MK2012 - 02, and MK2012 — 03 for the normal mode for temperature
range from 12K up to 150 K.
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Fig. 6.23 Analytical method for the MK2012 - 01 in normal mode for
temperature range from 12 Kup to 150 K
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Fig. 6.24 Analytical method for the analysis of data measured for sample
MK2012 - 02 in normal mode for temperature range from 12 Kup to 150 K
1.0x10° ‘ ‘ 1.0x10° ‘ ‘
MK2012-03 ; MK2012- 03 | e
Normal mode 3 ; Normal mode 3 -
0.8x10° |- Cathode MnO, - 0.8x10° | -Cathode MAQy- -~ -~ ---------- fooneees 150K - -~
0.6K10° |-------==--=----- b fr 0.6x10° |-~ it R SR |
< | | < | |
- 5 ,Ig,axt(gxz,),e,xp(ltll,x,,,,,,,,,,,,,,,L ,,,,,,,,,,, .l - ) I SN SN |
0.4X10™ I *J=1 7K a=3 56E+-9, g=0.0201, h=1 'y 0440 ‘ ! ‘
T=20K a=7.94E-10, g=9.51, h=-217 Py y=axH{@)exp(h/x) 1 ‘
00’ | THOKa=LO2ES, 0237, hm229 - 0.2x10° | --TE10K a=164E-10.g=6.90, h=217  fF |
' : | : : T=100K a=3.67E-9, g=30.4, h=-200
1 1 T=150K a=2.71E-9, g=0.492, h=-190
0 ‘ ‘ 0 ‘ —
0 4 8 12 0 4 8 12
VIV A\
Fig. 6.25 Analytical method for the analysis of data measured for sample

MK2012 - 03 in normal mode for temperature range from 12 Kup to 150 K

The parameters of tunneling current component in normal mode obtained from the
analytical method shown in Figs. 6.19 to 6.25 will be evaluated further in Chapter 6.2.4.1.
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6.2.2. Analytical method for DCL components determination in reverse
mode

Measured |-V characteristics in reverse mode were evaluated using analytical method in
order to estimate the contribution of particular charge transport mechanisms to the total DCL
value at different temperatures. We consider only the ohmic and tunneling current components
at temperatures below 100 K, while at higher temperatures the contribution of thermionic
emission limited current component must be also taken into account.

Figures 6.26, 6.27 and 6.28 show analytical method for the analysis of data measured for
samples KOL2012 - 02, KOL2012 - 03 and KOL2012 - 05 for the reverse mode for temperature
range from 12K up to 100 K. An equation covering the ohmic and tunneling current components
was used for measured dependence fitting.
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Fig. 6.26 Analytical method for the analysis of data measured for sample
KOL2012 - 02 in reverse mode for temperature
range from 12 Kup to 100 K
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Fig. 6.27 Analytical method for the analysis of data measured for sample
KOL2012 - 03 in reverse mode for temperature

range from 12 Kup to 200 K

57



PhD Thesis Charge Carrier Transport in Ta20s Oxide Nanolayers with Application to the Tantalum Capacitors
1.0x10* : ‘
KOL2012 - 05! Lo+ 60K 100" :
Reverse mode 3 40K Eg'l‘grglezm%se 00K
4 . IS S ] ‘
0.8x10™  Cathode CP-- | 2K 0.8x10* | --Cathode CP; - ---- ook
e R T T SO 4 | |
| | 0.6X10™ - R oo
< y=axHg)exp(hix) | = : 1 |
= | T=12Ka=8.57E- 7 9=5.33, h=-41.2 = ‘ |
0.4x10* | “T= 20K a=1 3266, g=0.447, =335 oo oot | yEae@deaty i f _Nff
T= 40K a=1.51F-6, g=0.0816, h=-28.2 | r ggﬁ a= 4} 21715 g 928 %gggh 23.0
T= 60K a=1.44E-6, g=0.0169, h=-23.0 3 = o a= g - !
0.2XA0% s e 0.2x10% ,T,,El-QQK,@,—?{féZElQEQ,QQB, ey
ol \ \ ol : !
0 1 2 3 0 1 2 3
VIV VIV
Fig. 6.28 Analytical method for the analysis of data measured for sample

KOL2012 - 05 in reverse mode for temperature range from 12 Kup to 100 K

Figures 6.29 and 6.30 show analytical method for the analysis of data measured for
samples CTS2012 — 01 and CTS2012 — 04 for the reverse mode for temperature range from 12K

up to 100 K.
1.0x10* 1.0x10" ‘
CTS2012-01 CTS201201 | o 50K
Reverse mode Reverse mode ! o 70K
0.8x10* | - Cathode MnO, .+ 0.8x10* - Cathode MAQ, - ----------------- HOOK |
L B e e S - 0.6x10° - booneeeenoneeeae R
z )T/—alng(g)g%eégl(zNg) -0.0334, h=23.2 z o | |
= =lenas g = = y:ax+( Yexp(tix) !
T=20K a=3.17E-8,9=0.0120, h=-20,1 4l T= = Y A
0.4x10" | TZ40K 222 17E-8, G=0.00600, he-17.7 0.4x10°7 -2 %ﬁiﬁiﬁ’%ﬁ 348 0050046026 E_&g 2
T=100K a=2. 83E 9, g=0.0712, h—-QO
0.2XA0% |- T Y A Attt
0 0 1 2 3
VIV
Fig. 6.29 Analytical method for the analysis of data measured for sample
CTS2012 - 01 in reverse mode for temperature range from 12 Kup to 100 K
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Fig. 6.30 Analytical method for the analysis of data measured for sample

CTS2012 - 04 in reverse mode for temperature
range from 12 Kup to 100 K
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Figures 6.31, 6.32 and 6.33 show analytical method for the analysis of data measured for
samples MK2012 — 01, MK2012 — 02, and MK2012 — 03 for the reverse mode for temperature
range from 12K up to 100 K.
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Fig. 6.31 Analytical method for the analysis of data measured for sample
MK2012 - 01 in reverse mode for temperature range from 12 Kup to 100 K
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Fig. 6.32 Analytical method for the analysis of data measured for sample
MK2012 - 02 in reverse mode for temperature range from 12 Kup to 100 K
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Fig. 6.33 Analytical method for the analysis of data measured for sample

MK2012 - 03 in reverse mode for temperature range from 12 Kup to 100 K
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The parameters of tunneling current component in reverse mode obtained from the
analytical method shown in Figs. 6.26 to 6.33 will be evaluated further in Chapter 6.2.4.2.

6.2.3. Tunneling from HOMO level of conducting polymer

I-V characteristics in normal mode measured for sample KOL2012 - 3 are shown in Fig.
6.12 and the details of the low voltage region of |-V characteristics are shown in Fig. 6.34. We can
see that the characteristic is N-type with additional current component observed in the voltage
range 0.5 V to 4 V. This current component depends on temperature — the highest value is
observed for the temperature between 40 K and 60 K while about 10times lower value is
observed at temperature 150 K. Figures 6.35 to 6.40 show the analysis of |-V curve with respect
to the particular current components assessment. | consider here the Fowler-Nordheim
tunneling component pronounced for the voltage above 3.5 V, and the second current
component which I suppose is the tunneling from HOMO level in CP into the defect bands in the
Tax0s layer. It is supposed that with increasing voltage in NM the HOMO level in CP coincide
with the energy level of defect band in Ta>0s layer. Then the direct tunneling appears in between
these two energy levels. With additional voltage increase this tunneling component disappears.
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Fig. 6.34 I-V characteristic for sample KOL2012 - 03 sample in normal mode

for temperature from 12 K up to 150 K in detailed view
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Fig. 6.35 I-V characteristic in normal mode analysis for sample KOL2012 - 03
for temperature 12 K. Blue curve — measured dependence (A), red curve - trap
assisted tunneling from HOMO level (B), black curve — Fowler-Nordheim
tunneling component (C)
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Fig. 6.36 I-V characteristic in normal mode analysis for sample KOL2012 - 03

for temperature 20 K. Blue curve — measured dependence (A), red curve - trap
assisted tunneling from HOMO level (B), black curve — Fowler-Nordheim
tunneling component (C)
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Fig. 6.37 I-V characteristic in normal mode analysis for sample KOL2012 - 03
for temperature 40 K. Blue curve — measured dependence (A), red curve - trap
assisted tunneling from HOMO level (B), black curve — Fowler-Nordheim
tunneling component (C)
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Fig. 6.38 I-V characteristic in normal mode analysis for sample KOL2012 - 03

for temperature 60 K. Blue curve — measured dependence (A), red curve — trap
assisted tunneling from HOMO level (B), black curve — Fowler-Nordheim
tunneling component (C)
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Fig. 6.39 I-V characteristic in normal mode analysis for sample KOL2012 - 03
for temperature 100 K. Blue curve — measured dependence (A), red curve —
trap assisted tunneling from HOMO level (B), black curve — Fowler-Nordheim
tunneling component (C)
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Fig. 6.40 I-V characteristic in normal mode analysis for sample KOL2012 - 03

for temperature 150 K. Blue curve — measured dependence (A), red curve —
trap assisted tunneling from HOMO level (B), black curve — Fowler-Nordheim
tunneling component (C)

In fact two maxima are observed on the curve characterizing the trap assisted tunneling
current component — one for the bias voltage about 1.8 V and the second one for the bias voltage
about 3.2 V. The presence of two maxima shows that at least two defect bands are present in the
Ta»0s structure.

6.2.4. Potential barrier estimation

Tunneling current component is dominant electron transport mechanism at very low
temperature. In this case all temperature dependent processes are not involved in charge
current transport. From the tunneling current component parameter Ur obtained by fitting
experimental |-V curves the potential barrier height can be calculated. Results for the tantalum
capacitors with both MnO2 and CP cathode are shown in following chapter. From the I-V
characteristics in normal mode | receive the values for estimation of potential barrier on the
Ta»0s — cathode interface while from the |-V characteristics in the reverse mode the value of
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potential barrier on Ta — Ta»Os interface is obtained. Tunneling current component is further

characterized by the tunneling barrier transparency Gr which is determined directly from the I-V
characteristic fit.

6.2.4.1. Potential barrier between Ta>Os and cathode

The potential barrier energy is given as (calculated from equation 3.18):

2 6.1
_& U, 3eh 93 6.1)

et z
d8pv2m*g

Where Ur is the parameter obtained from fit of |-V characteristic, e = 1.6x101° C is
elementary charge, h = 6.626x10-34 | is Planck constant, d is the dielectric thickness and
m* = 0.1me = 9.1x10-32 kg is considered value of electron effective mass.

Figures 6.41, 6.43 and 6.45 show the dependences of the tunneling barrier transparency
on the temperatures for samples of series KOL2012, CTS2012 and MK2012, respectively. We can
see that barrier transparency increases with decreasing temperature in the range 150 to 50 K
and stabilizes in the low temperature range for samples KOL2012 with CP cathode. Different
behavior is observed for samples with MnO, cathode. Here the tunneling barrier transparency
exhibit maximum for the temperature about 50 K, while the value strongly decreases with
decreasing temperature in the range 20 to 12 K.

100 ‘ ‘ ‘
: s—a KOL2012 - 02
10 v-—v KOL2012 - 05
N>- 1 ”””””” :T ””””” T
< : ‘ ‘
g O
KOL2012| |
0.01 ¥ Normal mode ™
Cathode CP
0.001 1 : :
0 40 80 120
TIK]
Fig. 6.41 Transparency of the barrier for electron tunneling vs. temperature

for the series KOL2012 in normal mode in the temperature
range from 12 Kup to 150 K
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Fig. 6.42 Energy of the barrier for electron tunneling vs. temperature for the

series KOL2012 in normal mode in the temperature
range from 12 Kup to 150 K

The dependences of calculated energy of the barrier for electron tunneling on
temperature are shown in Figures 6.42, 6.44 and 6.46 for samples of series KOL2012, CTS2012
and MK2012, respectively. We can see that energy of the barrier for electron tunneling increases
for about 0.3 eV with decreasing temperature in the range 150 to about 50 K. This increase can
be induced by the shift of Fermi level with temperature — with decreasing temperature the Fermi
level moves close to the defect band energy level, while at the room temperature it is placed
approximately in the middle between the defect band and the conduction band in Ta>Os. The
tunneling barrier energy value is constant for the temperatures below 50 K for samples with CP
cathode while strongly decrease with temperature 20 and 12 K. The energy of the barrier for
electron tunneling value decreasing is improbably in this temperature range — this tunneling
barrier energy value decreasing can be caused by the change of value of electron effective mass.

Considered value 0.1me is probably not valid in extra low temperature range for samples with
MnO: cathode.
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Fig. 6.43 Transparency of the barrier for electron tunneling vs. temperature
for the series CTS2012 in normal mode in the temperature
range from 12 Kup to 150 K
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Fig. 6.44 Energy of the barrier for electron tunneling vs. temperature for the

series CTS2012 in normal mode in the temperature range
from 12 K up to 150K
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Fig. 6.45 Transparency of the barrier for electron tunneling vs. temperature

for the series MK2012 in normal mode in the temperature range
from 12 Kup to 150 K
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Fig. 6.46 Energy of the barrier for electron tunneling vs. temperature for the

series MK2012 in normal mode in the temperature range from 12 K up to 150K

6.2.4.2. Potential barrier between anode and Ta20s5

Figures 6.47, 6.49 and 6.51 show the dependences of the transparency of the barrier for electron
tunneling on the temperatures for samples of series KOL2012, CTS2012 and MK2012,
respectively. We can see that transparency of the barrier for electron tunneling increases with
decreasing temperature in the range 100 to 12 K for samples KOL2012 and MK2012. Different
behavior is observed for samples with CTS2012. Here the transparency of the barrier for
electron tunneling show high value for the temperature 100 K, then the value drops down and in
the temperature range 70 K to 12 K it increases with decreasing temperature.

10*| KOL2012-02 A
Reverse mode ‘
Cathode CP |
T e
2 KGRRO12 - 05 ;
= 100 j KOL2012-02- -
(D I I
ol o ‘ ,,,,,,
10" KoL2012 - 03
10 1 1
0 0 40 80 120
TIK]
Fig. 6.47 Transparency of the barrier for electron tunneling vs. temperature

for the series KOL2012 in reverse mode in the temperature range
from 12 Kup to 100 K
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Fig. 6.48 Energy of the barrier for electron tunneling vs. temperature for the

series KOL2012 in reverse mode in the temperature range
from 12 Kup to 100 K

The dependences of calculated energy of the barrier for electron tunneling on temperature are
shown in Figures 6.48, 6.50 and 6.52 for samples of series KOL2012, CTS2012 and MK2012,
respectively. We can see that the energy of the barrier for electron tunneling increases for about
0.3 eV with decreasing temperature in the range 100 to 12 K for samples of series KOL2012 and
MK2012. The energy of the barrier for electron tunneling increases for about 0.1 eV with
decreasing temperature in the range 70 to 12 K for samples of series CTS2012. This increase can
be induced by the shift of Fermi level with temperature.
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Fig. 6.49 Transparency of the barrier for electron tunneling vs. temperature

for the series CTS2012 in reverse mode in the temperature range
from 12 Kup to 100 K
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Fig. 6.50 Energy of the barrier for electron tunneling vs. temperature for the
series CTS2012 in reverse mode in the temperature range
from 12 Kup to 100 K
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Fig. 6.51

Transparency of the barrier for electron tunneling vs. temperature
for the series MK2012 in reverse mode in the temperature range from 12 K up
to 100 K
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Fig. 6.52 Energy of tunneling barrier vs. temperature for the series MK2012

in reverse mode in the temperature range from 12 Kup to 100 K
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6.2.5. Graphical method for the ohmic current component analysis

Graphical analysis of ohmic current component was performed for samples of all series.
Figures 6.53, 6.55, and 6.57 show the dependences of current density on the electric field for the
sample KOL2012 — 05, sample CTS2012 - 01 and sample MK2012 - 01, respectively, for different
temperatures. We can see that the conductance of all evaluated samples increases with
temperature and it varies in the range 10-15 to 10-14 Sm-L. These dependences in logarithmic scale
are shown in Figs. 6.54, 6.56, and 6.58. From the dependences in logarithmic scale the electric
field range, where the ohmic component is dominant, can be determined. This component is
dominant up to the electric field 0.05 MV.cm-! for sample of series KOL2012, and up to the
electric field 0.8 MV.cm! for samples of series CTS2012 and MK2012.
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Fig. 6.53 Current density J vs. electric field E characteristic for sample

KOL2012 - 05 for temperature 12 K, 60 K and 100 K for the normal mode
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Fig. 6.54 Current density ] vs. electric field E characteristic in logarithmic
scale for sample KOL2012 - 05 for temperature 12 K and 80 K for the normal
mode
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Fig. 6.55 Current density J vs. electric field E characteristic for sample
CTS2012 - 01 for temperature 12 K, 70 Kand 100 K for the normal mode
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Fig. 6.56 Current density ] vs. electric field E characteristic in logarithmic
scale for sample CTS2012-01 for temperature 12 K, 70 Kand 100 K for the
normal mode
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Fig. 6.57 Current density ] vs. electric field E characteristic for sample
MK2012 - 01 for temperature 12 K, 70 K and 100 K for the normal mode
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Fig. 6.58 Current density J vs. electric field E characteristic in logarithmic
scale for sample MK2012 - 01 for temperature 12 K, 70 K and 100 K for the
normal mode
6.2.6. Graphical method for the PF current component analysis

The evaluation of experimentally obtained data by Poole-Frenkel plot is shown in Fig.
3.15 for sample KOL2012-05 for temperature 150 K. PF current component is observed in the
range 0.1 to 0.6 MVcm-L. Here the slope of linear approximation is determined as 4.42 MV-05cmo5
and from this the Poole-Frenkel coefficient value is calculated as frr = 4.78 V-05, That is close to
the theoretical value Bpr = 5.50 V-05 for temperature 150 K. Theoretical values of Poole-Frenkel
coefficient for different temperatures, theoretical values of the slope of linear approximation in
PF plot Mprneory) and experimentally obtained values the slope of linear approximation
Mpr(measured) are shown in Table 4. We can see that only the experimental value for 150 K is
comparable with the theoretical one. For lower temperature this current component is
negligible.

Tab. 4. Theoretical values of Poole-Frenkel coefficient for different temperatures,
theoretical values of the slope of linear approximation in PF plot Mprtheory) and
experimentally obtained values the slope of linear approximation Mprmeasuredy in
normal mode for sample KOL2012 - 05

T [K] 12 20 30 40 60 | 80 | 100 | 150
Mer(measured) [MV-05cmes] | 244 | 196 | 214 | 206 | 165 | 158 | 242 | 4.42
Merctheory) [MV-05cmos] | 61.26 | 36.76 | 2451 | 18.39 | 12.25 | 9.19 | 7.35 | 4.90
Do (reory) [V-05] 6885 | 4131 | 2754 | 2065 | 13.80 | 1033 | 8.26 | 551
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Fig. 6.59 Poole-Frenkel plot for the sample CTS2012 - 01 for the temperature
150K

Figures 6.59, 6.60 and 6.61 show the PF plot for samples CTS2012-01 and CTS2012-04
for temperature 150 K and for sample MK2012-01 for temperatures 100 K, 150 K and 250 K. For
all these samples the determined values the slope of linear approximation Mprmeasured) are very
low comparing to the expected theoretical value. For the temperature 250 K the value Mprtheory)
= 2.94 MV-05cm05 which is about three times the value determined from the experimental data.
The PF current component is negligible even at temperature 150 K for series CTS2012 and at
temperature 250 K for series MK2012.
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Fig. 6.60 Poole-Frenkel plot for the sample CTS2012 - 04 for the temperature
150K
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Fig. 6.61 Poole-Frenkel plot for the sample MK2012 - 01 for the temperatures
100K, 150 Kand 250 K
6.2.7. Graphical method for the Schottky current component

The Schottky current component can be determined from the Schottky plot —i.e. from the
linear part of log J vs. VE characteristic.

As mentioned before in Chapter 3, from equations 3.11 and 3.15 we can derive the
relation between Poole-Frenkel and Schottky constants ber = 26s. These constants characterize
the barrier lowering due to the Poole-Frenkel or Schottky effect, respectively. Then also the
value of slope of linear approximation in Schottky plot is connected with the slope of PF plot as:

MpE(theory) = ZmS(theory)-

Schottky current component could be observed in the range 0.1 to 0.6 MVcml. The
expected slope of linear approximation is calculated as Mstheory)(T=150 K) = 2.45 MV-05cm05 for
temperature 150 K and Mstheory)(T=100 K) = 3.68 MV-05cm05 for temperature 100 K. Figures 6.62
to 6.65 show the Schottky plot for samples KOL2012-05, CTS2012-01, CTS2012-04 and
MK2012-01 for temperature 150 K for all the samples and temperature 100 K for MK2012-01.
The slope of linear approximation determined for sample KOL2012-05 is about twice higher
comparing to the theoretical value (see Fig. 6.62). This indicates that Poole-Frenkel current is
pronounced in this sample while the Schottky current contribution is negligible. The slope of
Schottky plot for samples CTS2012-01, CTS2012-04 and MK2012-01 is shown in Figs. 6.63 to
6.65. For all these samples the determined values of the slope of linear approximation Ms(measured)
are very low comparing to the expected theoretical value. Schottky current contribution is
negligible even for temperature 150 K.
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Fig. 6.62 Schottky plot for the sample KOL2012 - 05 for temperature 150 K
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Fig. 6.63 Schottky plot for the sample CTS2012 - 01 for temperature 150 K
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Fig. 6.64 Schottky plot for the sample CTS2012 - 04 for temperature 150 K
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Fig. 6.65 Schottky plot for the sample MK2012 - O1 for temperatures 150 K
and 100 K

Schottky current component is not pronounced in studied structures in all evaluated

temperature range.

6.2.8. Graphical method for the Fowler-Nordheim tunneling for normal

mode

The tunneling current component is possible to determine by graphical method with
Fowler-Nordheim graph. The slope of linear approximation of measured data for high electric
field range is determined from Fowler Nordheim graph. From the slope m the value of tunneling

parameter Et could be calculated according to Eq. 3.23.

Figures 6.66 to 6.68 show the Fowler-Nordheim graph in normal mode for 3 samples of
KOL2012 series for the temperatures 12 K, 60 K and 100 K, respectively. Linear approximation
is performed for the measured data for the electric field above 0.9 MVcm-1. Absolute value of the
slope of linear approximation decreases with increasing temperature and varies in the range

8.152 MVcm-1to 5.569 MVcm-L,

| m=-7.865

108 b Qe g -
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Fig. 6.66 Fowler-Nordheim plot in normal mode for the sample KOL2012 - 02
for the temperatures 12 K, 60 Kand 100 K
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Fig. 6.67 Fowler-Nordheim plot in normal mode for the sample KOL2012 - 03
for the temperatures 12 K, 60 Kand 100 K
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Fig. 6.68 Fowler-Nordheim plot in normal mode for the sample KOL2012 - 05

for the temperatures 12 K, 60 Kand 100 K

Figures 6.69 and 6.70 show the Fowler-Nordheim graph in normal mode for 2 samples of
CTS2012 series for the temperatures 12 K, 70 K and 100 K, respectively. Linear approximation is
performed for the measured data for the electric field above 2.5 MVcm-L. Absolute value of the
slope of linear approximation varies in the range 23.93 MVcm? to 15.07 MVcm?! and the

maximum value is determined for 70 K for both samples.
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Fig. 6.69 Fowler-Nordheim plot in normal mode for the sample CTS2012 - 01

for the temperatures 12 K, 70 Kand 100 K
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Fowler-Nordheim plot in normal mode for the sample CTS2012 - 04

Fig. 6.70
for the temperatures 12 K, 70 Kand 100 K

Figures 6.71 to 6.73 show the Fowler-Nordheim graph in normal mode for 3 samples of
MK2012 series for the temperatures 12 K, 70 K and 100 K, respectively. Linear approximation is
performed for the measured data for the electric field above 2.1 MVcm-L. Absolute value of the
slope of linear approximation varies in the range 22.61 MVcm? to 13.39 MVcm?® and the

maximum value is determined for 70 K for all evaluated samples.
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Fig. 6.71 Fowler-Nordheim plot in normal mode for the sample MK2012-01
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Fowler-Nordheim plot in normal mode for the sample MK2012-02

for the temperatures 12 K, 70 Kand 100 K
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Fowler-Nordheim plot in normal mode for the sample MK2012-03
for the temperatures 12 K, 70 Kand 100 K
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The results for electron tunneling current component in normal mode evaluation are

discussed further in chapter 7.
6.2.9. Graphical method for the Fowler-Nordheim tunneling for reverse

mode

Figures 6.74 to 6.76 show the Fowler-Nordheim graph in reverse mode for 3 samples of
KOL2012 series for the temperatures 12 K, 60 K and 80 K, respectively. Linear approximation is
performed for the measured data for the electric field above 0.65 MVcm-L, Absolute value of the
slope of linear approximation decreases with increasing temperature and varies in the range

4.798 MVcm-! to 2.068 MVem-,
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Fig. 6.74 Fowler-Nordheim plot in reverse mode for the sample KOL2012 - 02
for the temperatures 12 K, 60 K and 80 K

7.5x10”7
6.0x10”
45x107
>
<
T 3.0x107
=
KOL2012-03
Reversemode | | .,
Cathode! CP 3 3 .,
-7 H H H H o'}
190 3140 145 150 155 160
VE MVicm]
Fig. 6.75 Fowler-Nordheim plot in reverse mode for the sample KOL2012 - 03

for the temperatures 12 K, 60 Kand 80 K
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Fig. 6.76 Fowler-Nordheim plot in reverse mode for the sample KOL2012 - 05
for the temperatures 12 K, 60 K and 80 K
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Fig. 6.77 Fowler-Nordheim plot in reverse mode for the sample CTS2012-01
for the temperatures 12 K, 40 Kand 70 K
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Fig. 6.78 Fowler-Nordheim plot in reverse mode for the sample CTS2012-04
for the temperatures 12 K, 40 Kand 70 K
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Figures 6.77 and 6.78 show the Fowler-Nordheim graph in reverse mode for 2 samples
of CTS2012 series for the temperatures 12 K, 40 K and 70 K, respectively. Linear approximation
is performed for the measured data for the electric field above 0.75 MVcm-L. Absolute value of
the slope of linear approximation decreases with increasing temperature and varies in the range

3.18 MVcm-t to 1.793 MVem-1,

Figures 6.79 to 6.81 show the Fowler-Nordheim graph in reverse mode for 3 samples of
MK2012 series for the temperatures 12 K, 50 K and 70 K, respectively. Linear approximation is
performed for the measured data for the electric field above 0.75 MVcm-L. Absolute value of the
slope of linear approximation decreases with increasing temperature and varies in the range

3.167 MVcm-1 to 1.948 MVem-L,
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Fig. 6.79 Fowler-Nordheim plot in reverse mode for the sample MK2012-01
for the temperatures 12 K, 50 Kand 70 K
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Fig. 6.80 Fowler-Nordheim plot in reverse mode for the sample MK2012-02

for the temperatures 12 K, 50 Kand 70 K
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Fig. 6.81 Fowler-Nordheim plot in reverse mode for the sample MK2012-03

for the temperatures 12 K, 50 Kand 70 K

The results for electron tunneling current component in reverese mode evaluation are
discussed further in chapter 7.

6.2.10. Thermionic emission limited current over the Schottky barrier

Thermionic emission current component increases exponentially with the applied
voltage. Then the in the semi-logarithmic scale the thermionic emission current component is
shown as the straight line. From the linear approximation of measured data we can determine
the value of thermionic emission current constant lp from the intersection of approximation line
with y-axe and from the slope of line m the value of thermionic emission parameter Sre can be
calculated according to Eq. 3.27. Figure 6.82 shows the evaluation of |-V characteristic for
sample KOL2012-02 for the temperatures 100 K, 150 K and 200 K, respectively. Determined
values of thermionic emission current constant lp vs. temperature and inverse temperature
1000/T, respectively are shown in Fig. 6.83. From the value of lo the Schottky barrier energy e®s
can be calculated from Eq. 3.25.
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Fig. 6.82 I-V characteristic in reverse mode in semi-logarithmic scale with

linear approximation for the thermionic emission current component analysis
for sample KOL2012 — 02 for temperatures 100 K, 150 Kand 200 K
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Fig. 6.83 Thermionic emission current constant lp vs. temperature (left) and
thermionic emission current constant vs. 1000/T (right) for sample
KOL2012-02

Values of the slope m of linear approximation, calculated values of fre (from Eq. 3.27)
and the ideality factor for thermionic emission current determined from Sre (from Eq. 3.26) for
sample KOL2012-02 for temperatures 100 K, 150 Kand 200 K are shown in Tab. 5.

Tab. 5. Values of m, Sre and ideality factor n calculated for sample KOL2012 — 02
for temperatures 100 K, 150 Kand 200 K

Temperature [K] m [V-1] bre[V1] n[-]
200 114 26.24 221
150 754 17.36 4.45
100 41 9.44 12.2
1.=5.3e-11 I,=2.556-12
m=2.g§57 m=3416
% Reverse mode g Reverse mode
102 o KOLN12-03 1027, K0L201205
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Fig. 6.84 I-V characteristic in reverse mode in semi-logarithmic scale with

linear approximation for the thermionic emission current component analysis
for samples KOL2012-03 and 05 for temperatures 100 K, 150 Kand 200 K
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Figure 6.84 shows the evaluation of |-V characteristic for samples KOL2012-03 (left) and
KOL2012-05 (right) for the temperatures 100 K, 150 K and 200 K, respectively. Values of the
slope m of linear approximation, calculated values of Sre and the ideality factor for thermionic

emission current determined from pfre for samples KOL2012-03 and KOL2012-05 for

temperatures 100 K, 150 K and 200 K are shown in Tabs. 6 and 7.

Tab. 6. Values of m, Sre and ideality factor n calculated for sample KOL2012 — 03
for temperatures 100 K, 150 Kand 200 K
Temperature [K] m [V-1] bre[V-1] n[-]
200 104 23.93 242
150 7.232 16.64 4.65
100 2.657 6.11 18.98

Tab. 7.

for temperatures 100 K, 150 Kand 200 K

Values of m, Sre and ideality factor n calculated for sample KOL2012 - 05

Temperature [K] m [V-1] bre[V-1] n[-]
200 10.02 23.05 251
150 7.23 16.64 4.65
100 3416 7.86 14.75
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Fig. 6.85
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for samples CTS2012 - 01 and 04 for temperatures 100 K, 150 Kand 200 K
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Figure 6.85 shows the evaluation of I-V characteristic for samples CTS2012-01 (left) and
CTS2012-04 (right) for the temperatures 100 K, 150 K and 200 K, respectively. Values of the
slope m of linear approximation, calculated values of Bre and the ideality factor for thermionic
emission current determined from pfre for samples CTS2012-01 and CTS2012-04 for
temperatures 100 K, 150 Kand 200 K are shown in Tabs. 8 and 9.

Tab. 8. Values of m, Sre and ideality factor n calculated for sample CTS2012 - 01
for temperatures 100 K, 150 Kand 200 K

Temperature [K] m [V-1] bre[V1] n[-]
200 9.135 21.02 2.76
150 7.378 16.98 455
100 3.042 7.00 16.56

Tab. 9. Values of m, St and ideality factor n calculated for sample CTS2012 - 04
for temperatures 100 K, 150 Kand 200 K

Temperature [K] m [V-1] bre[V1] n[-]
200 8.939 20.56 2.82
150 7.18 16.52 4.68
100 3411 7.85 1476
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Fig. 6.86 I-V characteristic in reverse mode in semi-logarithmic scale with

linear approximation for the thermionic emission current component analysis
for samples MK2012 - 01 and 02 for temperatures 100 K, 150 Kand 200 K
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Tab.10. Values of m, e and ideality factor n calculated for sample MK2012 - 01
for temperatures 100 K, 150 Kand 200 K

Temperature [K] m [V-1] brez[V1] n[]
200 9.297 21.39 271
150 7.484 17.22 449
100 2741 6.31 184

Tab.11. Values of m, Sre and ideality factor n calculated for sample MK2012 — 02
for temperatures 100 K, 150 Kand 200 K

Temperature [K] m [V-1] bre[V1] n[-]
200 9.709 22.34 2.59
150 7.827 18.01 4.29
100 3.66 8.42 138

We can see that ideality factor value is in the range 2 to 3 at temperature 200 K for all the
samples which is close to the theoretical value published for Schottky diodes and MIS structures
[57], [58]. The ideality factor value strongly increases with decreasing temperature. This high
value of ideality factor can be caused by the considerable contribution of tunneling current
component to the total current.

6.2.11. Space charge limited current

Space charge limited current component was observed for several samples of KOL 2012
series in both normal and reverse mode voltage bias. Moreover the trap-charge-limited current
was observed at low bias voltage in normal mode.

Current density J dependence on the electric field E in logarithmic scale for sample
KOL2012-03 in reverse mode for temperature 12 K and 80 K, respectively, is shown in Fig. 6.87.
We can see that measured data for temperature 12 K fit to the quadratic approximation in the
electric field range from 0.02 to 0.3 MVcm-(Fig. 6.87 left graph). This corresponds to the space
charge limited current when current density increases toward the square law [56, 57]. Space
charge limited current component became negligible when increasing the temperature above 20
K for this sample in reverse mode. Figure 6.87 (right graph) shows the log ] vs. log E dependence
for temperature 80 K, where the ohmic current component is dominant up to the electric field
0.06 MVcm-L. For higher electric field range 0.06 to 0.3 MVcm-! the current density increases
with the power 3 which can cover the charge transport via the trap-charge-limited current. For
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electric field above 0.3 MVcm-! the thermionic emission limited current and Fowler Nordheim
tunneling is pronounced. Figures 6.88 (right graph) and 6.90 (right graph) show the log ] vs. log
E dependence in reverse mode for sample KOL2012-05 for temperatures 12 K and 60 K,
respectively. Here the charge limited current component is negligible, ohmic current is
dominant up to electric field 0.08 and for electric field above 0.3 the thermionic emission limited
current and Fowler Nordheim tunneling is pronounced. For electric field range 0.08 to 0.3
MVcm-? the current density increases with the power 3 which can cover the charge transport via
the trap-charge-limited current similarly as for sample KOL2012-03 at temperature above 20 K.
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Fig. 6.87 Current density (log J) vs. electric field (log E) for sample KOL2012 -
03 for reverse mode at temperatures 12 K (left) and 80 K (right)
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Fig. 6.88 Current density (log J) vs. electric field (log E) for sample KOL2012 -
05 in normal mode and in reverse mode at temperature 12 K

Current density J dependence on the electric field E in logarithmic scale for sample
KOL2012-05 in normal mode for temperature 12 K is shown in Fig. 6.88 (left graph). We can see
that measured data for temperature 12 K fit to the quadratic approximation in the electric field
range from 0.03 to 0.8 MVcm L. This corresponds to the space charge limited current component.
For electric field above 0.9 MVcm! the Fowler-Nordheim tunneling current component is
dominant (see Chapter 6.2.8). Figures 6.89 and 6.90 (left graph) show the log J vs. log E
dependences in normal mode for temperatures 20 K, 30 K and 60 K, respectively. We can see
that for lower electric field in the range 0.04 to 0.3 MVcm! the charge transport is governed by
the trap-charge-limited current (the slope in log-log graph is m = 3). For higher electric field in
the range 0.3 to 0.8 MVcm-! the trapping sites are already filled and all additionally injected
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carriers contribute to the space-charge-limited current (the slope in log-log graph is m = 2).
From the values of current density Jsci obtained from the intersection of quadratic
approximation with the line E = 1 MVcm-? we can calculate the mobility of charge carriers from
Eq. 3.9. Table 12 shows the calculated value for sample KOL2012 — 03 for reverse mode at
temperatures 12 K, and for sample KOL2012 — 05 for normal mode at temperatures 12 K, 20 K,

30 Kand 60 K.

Tab.12. Mobility of charge carriers mfor sample KOL2012 — 03 for reverse mode
at temperatures 12 K and for sample KOL2012 — 05 for normal mode at different

temperatures
Sample No. | Temperature [K] Mode Jsc1 [Acm-2] | m[m2V-1s-1]
KOL2012-03 12 reverse 2.32E-08 | 4.59E-06
KOL2012-05 12 normal 2.158-09 | 4.25E-07
KOL2012-05 20 normal 5.40E-09 1.07E-06
KOL2012-05 30 normal 8.40E-09 1.66E-06
KOL2012-05 60 normal 1.17E-08 2.31E-06

10° 10°
108 froom 108 o e e e
NE “.‘E
o 10| . i ________ 4 o 0| a4
< 10 < 10 ‘
- - i
1012 T . ”””rh’:’i ”””””” ;’""E"”Z’QK" T 10-12 ""’D” ”i’r:n’:’i ”””””” [
Sample KOL2012 - 05, . Sample KOL2012 - 05
Normal mode 1 Nofmal mode
14 ! ! 14 I I
100.001 0.01 0.1 1 10 0.001 0.01 0.1 1
E [MV. cm‘l] E [MV.cm‘l]

Fig. 6.89 Current density (log J) vs. electric field (log E) for sample KOL2012 -
05 in normal mode at temperatures 20 Kand 30 K

Figures 6.91 and 6.92 show the log J vs. log E dependences in normal mode for samples
MK2012 - 02 (temperatures 12 Kand 150 K) and CTS2012 — 04 for temperatures 20 K, 200, and
250 K, respectively. We can see that only ohmic current component and Fowler-Nordheim
tunneling current component is observed for sample MK2012-02. For sample CTS2012-04 the
space charge limited current is observed in the electric field 0.5 to 2.0 MVcm! for T = 250 K. The
value of mobility of charge carriers is 3.8 x 10-8 m2V-1s-1 (determined for sample CTS2012-04 for
T =250 K for determined value Jsc1 = 2.3 Acm2).
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Fig. 6.90 Current density (log J) vs. electric field (log E) for sample KOL2012 -
05 in normal mode and in reverse mode at temperature 60 K
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Fig. 6.92 Current density (log ]) vs. electric field (log E) for sample CTS2012 - 04 in
normal mode for temperature 20 K, 200 K and 250 K
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7. Discussion

The correlation between diffuse voltage and donor concentration for all evaluated
samples is shown in Fig. 7.1 for temperature 300 K. We can see that the lowest diffuse voltage
value is observed for samples of KOL2012 series. This is an agreement with the assumption that
potential barrier formed on the Ta,Os — cathode interface is lower comparing to the potential
barrier in capacitors with MnO; cathode. The highest value of Up is determined for samples of
MK2012 series. We can see in Chapter 6.2 that leakage current value is lowest for this series.
Donor concentration is in the range 1.6x1018 cm-3 to 2.3x1018 cm-3 for all measured samples
while the lowest donor concentration was observed for sample of series MK2012. The lowest
donor concentration and highest value of diffuse voltage determined for series MK2012 is in
agreement with assumption that the tantalum pentoxide prepared with lower concentration of
oxygen vacancies exhibit lower value of electron affinity and higher barriers on the Ta,Os/anode
and Ta»0s/cathode interfaces.
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Fig. 7.1 Donor concentration Np vs. diffuse voltage Up for all series and selected
samples for temperature 300 K
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Figure 7.2 shows the calculated values of donor concentration for the samples of
CTS2012 series for different temperatures. We can conclude that with decreasing temperature
the effective concentration of donors in Ta;0s layer increases.

4.0
CTS2012
Cathode MnO,
35| ‘
30} ‘
=
DD
2.0
15 00K

Fig. 7.3 Diffuse voltage Up vs. temperature for series CTS2012

Figure 7.3 show the determined values of diffuse voltage for the samples of CTS2012
series for different temperatures. Diffuse voltage value increases with decreasing temperature
reaching value about 3.5 V for temperature 10 K. Diffuse voltage value corresponds to the
potential barrier formed on the interface between cathode and tantalum pentoxide. This barrier
was published to be in the range from 1.8 — 2.4 eV for capacitors with MnO, cathode [15 - 18].
This value is in agreement with our results measured for temperatures 300 to 100 K while the
value determined for 10 K is about 1 V higher.

The measurements of |-V characteristics were performed in the temperature range 12 K
to 250 K. The results on tantalum capacitors with CP cathode show that DCL decreases with
decreasing temperature both in normal and reverse modes. The results measured for the
samples with MnO; cathode, both from series CTS2012 and MK2012 show, that the leakage
current value increases with decreasing temperature for voltage bias in normal mode, while the
reverse bias the DCL decreases with decreasing temperature.

Both analytical and graphical methods were used for the |-V characteristics evaluation.
From both methods it follows that ohmic and tunneling current components are dominant in the
temperature range below 100 K. For samples KOL2012 with CP cathode also additional current
components, tunneling from HOMO level and space charge limited current, respectively, were
observed in this temperature range; however they are pronounced only in the electric field
range approx. 0.05 to 0.8 MVcm-! in normal mode and 0.02 to 0.3 MVcm! in reverse mode,
respectively.

Tunneling current parameter Ur and tunneling current density parameter Er were
determined from analytical and graphical evaluation of measured |-V characteristics. These
parameters are summarized in Figs. 7.4 and 7.5 for normal mode characteristics and in Figs. 7.7
and 7.8 for reverse mode characteristics. From equations 3.19 and 3.21 it follows, that the
relation between Ur and Er is given as Ur = d.Et, where d is the thickness of Ta,Os layer.
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Figure 7.4 shows the temperature dependence of parameters Ur determined from
analytical evaluation of I-V characteristics in normal mode. We can see that Ur value increases
with decreasing temperature in the whole studied temperature range for samples of series
KOL2012 with CP cathode. For the samples of series CTS2012 and MK2012 with MnO; cathode
Ur value increases with decreasing temperature in the range 150 to 60 K. With further
temperature decrease Ur value slightly decreases and Ur value fall down in between
temperatures 20 to 12 K.

Analytical method

0 50 100 150 200
T[K]

Fig. 7.4 Ur tunneling parameter vs. temperature from the analytical method in
normal mode for the temperature range from 12 K up to 150 K in normal mode

260

Graphical method for U,

210

F"g s 160
= ¥ 10

npy
60
0 H H H H 10 ; ; ; ;
0 50 100 150 200 250 0 50 100 150 200 250
TKK TIK

Fig. 7.5 Er and Ut tunneling parameters vs. temperature from the graphical
method in normal mode for the temperature range from 12 Kup to 150 K

Identical shape of characteristics Er vs. T and Ut vs. T was determined from graphical
evaluation of I-V characteristics (see Fig. 7.5) both for capacitors with CP and MnO; cathode.
From Et and Ut values we can calculate from equations 3.19 and 3.21, respectively, the height of
energy barrier formed on cathode/Ta>Os interface. The calculations were performed considering
constant value of electron effective mass m*= 0.1 mo, where mg=9.1 ~ 10-31 kg is the electron rest
mass, and constant value of Ta,Os layer thickness given in Tab. 3. The dependences of calculated
height of energy barrier formed on cathode/Ta;0s interface on the temperature are shown in
Fig. 7.6 for all evaluated capacitor series. Energy barrier height determined for the temperature
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150 K is about 0.4 — 0.7 eV for KOL2012 series, about 1.5 eV for CTS2012 series, and 1.5 to 1.9 eV
for MK2012 series. The results determined for capacitors with MnO- cathode are comparable to
those obtained from 1/C2 vs. V characteristics evaluation. Energy barrier height determined for
capacitors with CP cathode is for about 0.5 eV lower comparing to results obtained from 1/C2 vs.
V characteristics evaluation. Considering the difference between the MnO, and CP work
functions, which is 0.6 eV, this should represent the approximate difference between the energy
barriers formed on CP resp. Mn02/Ta,0s interface. Then we should expect energy barrier height
about 0.9 to 1.3 eV for KOL2012 series. Lower energy barrier determined for electron tunneling
for capacitors with CP cathode can be caused by the incorporating of the deep donor levels or
interface states into the tunneling process.

Energy barrier height on cathode/Ta.0s interface for capacitors with both CP and MnO;
cathode increases with decreasing temperature in the range 150 to 50 K for about 0.3 eV. This
increase can be induced by the shift of Fermi level with temperature — with decreasing
temperature the Fermi level moves close to the defect band energy level, while at the room
temperature it is placed approximately in the middle between the defect band and the
conduction band in Ta20s (see Fig. 7.13).

Calculated decrease of energy barrier height value for the temperatures below 20 K can
be caused either by the decrease of effective thickness of barrier for electron tunneling due to
band-bending (see Fig. 7.13) or by the change of value of electron effective mass. Considered
value m*= 0.1 myis probably not valid in the extra low temperature range for samples with MnO»
cathode.
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Fig. 7.6 Potential barrier height from the analytical method (left) and graphical
method (right), dependence of the potential barrier on the cathode side vs.
temperature from 12 K up to 150 K for all samples of evaluated series

Figure 7.7 shows the temperature dependence of parameters Ur determined from
analytical evaluation of |-V characteristics in reverse mode. We can see that Uy value decreases
with increasing temperature in the temperature range 12 to 100 K for samples of series
KOL2012 with CP cathode and in the range 12 to 60 K for samples with MnO, cathode,
respectively. Then determined Ut value strongly increases with increasing temperature for all
capacitor series.
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Fig. 7.7 Ut tunneling parameter vs. temperature from the analytical method in
reverse mode for the temperature range from 12 Kup to 200 K
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Fig. 7.8 Er and Ur tunneling parameters vs. temperature from the graphical
method in reverse mode for the temperature range from 12 Kup to 150 K
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Fig. 7.9 Potential barrier height from the analytical method (left) and graphical
method (right), dependence of the potential barrier on the anode side vs.
temperature from 12 K up to 150 K for all samples of evaluated series

Temperature dependence of Er and Ur determined from graphical evaluation of I-V
characteristics in reverse mode is shown in Fig. 7.8 both for capacitors with CP and MnO;
cathode. Here the values of both parameters decreases with increasing temperature in the whole
temperature range 12 to 150 K for all capacitors of studied series.
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The dependences of calculated height of energy barrier formed on anode/Ta,0Os interface
on the temperature determined from both analytical and graphical method are shown in Fig. 7.9
for all evaluated capacitor series. Figures 7.10 to 7.12 show the comparison of results from
analytical and graphical method for each evaluated series. We can see that the results from both
methods are comparable in the temperature range 12 to 100 K for all samples of KOL2012 series
and sample CTS2012-01, and in the temperature range 12 to 60 K for sample CTS2012-04 and
all samples of MK2012 series. Here the energy barrier height decreases with increasing
temperature for 0.2 to 0.3 eV. This increase can be induced by the shift of Fermi level with
temperature — with decreasing temperature the Fermi level moves close to the defect band
energy level, while at the room temperature it is placed approximately in the middle between
the defect band and the conduction band in Ta20s. This process is the same as on the
Ta,0s/cathode interface. The calculated increase of barrier height indicated from analytical
method in the temperature range 100 to 200 K can be caused by neglecting additional current
components in the |-V characteristic fitting. However further study of transport characteristics
in the temperature range 100 to 300 K should be done.
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Fig. 7.10 Comparison of the potential barrier height on the anode side from the
analytical method and graphical method, dependence of the potential barrier
vs. temperature from 12 K up to 150 K for samples of series KOL2012
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Fig. 7.11 Comparison of the potential barrier height on the anode side from the
analytical method and graphical method, dependence of the potential barrier
vs. temperature from 12 K up to 150 K for samples of series CTS2012
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Fig. 7.12 Comparison of the potential barrier height on the anode side from the
analytical method and graphical method, dependence of the potential barrier
vs. temperature from 12 K up to 150 K for samples of series MK2012

c)

Fig. 7.13 Change of energy band structure in the MIS model for tantalum
capacitor: a) triangular potential barrier for Fowler-Nordheim tunneling; b)
decrease of potential barrier width for electron tunneling due to the band-
bending; c) increase of potential barrier height due to the shift of Fermi level
with temperature — Fermi level draw closer to the donor energy band
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Figure 7.13 shows the changes of energy band structure in the MIS model of tantalum
capacitor. Here the width of triangular type energy barrier for electron tunneling (a) can be
reduced due to the band-bending (b) which can lead to the increase of tunneling current. The
probability of charge excitation from the donor level decreases with decreasing temperature,
which has and impact on the decrease of ionized donor states (ionized donors are highlighted by
yellow color in the drawing). The decrease of temperature induces the shift of Fermi level — with
decreasing temperature the Fermi level moves close to the defect band energy level (c) which
leads to the increase of potential barrier on both M-I and I-S interfaces (here Dfa is barrier
height increase on the anode side and Df; is barrier height increase on the cathode side,
respectively).
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8. Conclusion

The charge transport mechanisms pronounced in tantalum capacitors, with both
conductive polymer and manganese dioxide cathode in normal and reverse mode, respectively,
are summarized in Tabs. 13 and 14. Here Ohmic denotes ohmic current component, PF is Poole-
Frenkel current component, SCHLC is space-charge limited current, T-HOMO is tunneling
current from HOMO level of conducting polymer into the defect bands in the Ta>0s layer, Tunnel
is Fowler Nordheim tunneling current through the triangular potential barrier. The electric field
range, where appropriate transport mechanism is dominant, is determined for each current
mechanism for both normal and reverse mode voltage bias. We can see that electric field range
for ohmic and tunneling current component, respectively, is not the same for normal and reverse
mode. That is influenced by the band-diagram asymmetry, where the barrier on the anode-Taz0s
interface is significantly lower than the barrier on the cathode-Ta>Os interface. Then the electron
tunneling is observed for lower electric field in the reverse mode.

Tab.13. Charge transport mechanisms summary in normal mode

Normal mode

Ohmic PF SCHLC T-HOMO Tunnel
Current components:
DE DE DE DE DE
Sample Temperature | [MV.cm-1] | [MV.cm] [MV.cm-1] [MV.cm-1] [MV.cm-1]
12 -100K <0.05 - 0.02-0.3 0.1-0.9 >0.9
KOL2012
100-250K <0.05 0.1-0.6 - - >0.9
12-100K <0.8 - - - >2.5
CTS2012 0.5-2
100-250K <0. - - >2.5
8 (250 K only)
12-100K <0.8 - - - >2.1
MK2012
100-250K <0.8 - - - >2.1
Tab.14. Charge transport mechanisms summary in reverse mode
Reverse mode
Ohmic TELC SCHLC Tunnel
Current components:
LE LE LE LE
Sample Temperature | [MV.cm] [MV.cm-1] [MV.cm-1] [MV.cm-1]
< - -
12 100 K 0.08 0.02-0.3 >0.65
KOL2012 (12 K only)
100-250K <0.08 0.2-05 - >0.65
12-100K <0.3 - - >0.75
CTS2012
100-250K <0.25 0.3-06 - >0.75
12-100K <0.5 - - >0.75
MK2012
100-250K <0.25 0.25-05 - >0.75
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Space-charge limited current and tunneling current from HOMO level of conducting
polymer into the defect bands in the Taz0s layer are the components pronounced in the certain
temperature range only. In studied samples the tunneling current from HOMO level was
observed only on capacitors with CP cathode, while space-charge limited current is not limited
to this cathode material. SCHLC was observed in the temperature range 12 to 80 K for samples
with CP cathode and for temperature 250 K for sample with MnO; cathode of CTS2012 series.

The thermionic emission limited current is pronounced in the reverse mode for samples
with both cathode types for the temperatures above 100 K. Calculated value of ideality factor is
in the range 2 to 3 at temperature 200 K for all the samples which is close to the theoretical
value published for Schottky diodes and MIS structures. The ideality factor value strongly
increases with decreasing temperature, it is in the range 4.2 to 4.7 for temperature 150 K, and
increases up to 12.2 -19 for the temperature 100 K. This high value of ideality factor can be
caused by the considerable contribution of tunneling current component to the total current.
Then I can conclude that TELC component should be considered for the temperatures above
150 K, while for lower temperatures it can be neglected.

The cathode material influences the transport characteristics in the normal mode only.
We can see (Tab. 13) that the tunneling current is dominant for electric field above 0.9 MV.cm-!
for structures with CP cathode, while for electric field above 2.1 MV.cm! or 2.5 MV.cm?,
respectively, for structures with MnO, cathode. This effect is influenced by higher value of
energy barrier on the cathode-Ta;Os interface. The conductance of all evaluated samples
increases with temperature and it varies in the range 10-15 to 10-24 Sm-1 however the values
determined for samples with CP cathode are 2 to 4 times higher than for samples with MnO>
cathode. The concentration of donor states in tantalum pentoxide layer is about 2x10-18 cm-3 for
all evaluated series, so the difference in ohmic conductivity in normal mode should be influenced
by the cathode material. The influence of cathode on the reverse mode characteristics is
negligible. The differences in electric field range for ohmic current and tunneling current
components in reverse mode are more probably dependent on the differences in electron
affinity of Ta>Os layer among different series.

Diffuse voltage determined from the CV characteristics at the room temperature is in the
range 1.3 to 1.4 V for capacitors with CP cathode, while it is in the range 1.7 to 1.9 V for
capacitors with MnO cathode. Potential barrier formed on the Ta;0s — CP interface is lower
comparing to the potential barrier in capacitors with MnO; cathode for about 0.6 eV.

Donor concentration is in the range 1.6x1018 cm-3 to 2.3x1018 cm-3 for all measured
samples at the room temperature. The lowest donor concentration and highest value of diffuse
voltage determined for series MK2012 is in agreement with assumption that the tantalum
pentoxide prepared with lower concentration of oxygen vacancies exhibit lower value of
electron affinity and higher barriers on the Ta20s/anode and Ta>Os/cathode interfaces.

From the evaluation of series CTS2012 in the wide temperature range it follows, that the
effective concentration of donors in Ta>Os layer increases with decreasing temperature for about
40% and the diffuse voltage value increases from the value 1.6 V at 300 K with decreasing
temperature reaching value about 3.5 V for temperature 10 K. The diffuse voltage value is in
agreement with potential barrier heights measured for temperatures 300 to 100 K [15 - 18]
while the value determined for 10 K is for about 1 V higher.
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Energy barrier height determined from tunneling current component for the interface
cathode-Ta,0s for the temperature 150 K is about 0.4 — 0.7 eV for KOL2012 series, about 1.5 eV
for CTS2012 series, and 1.5 to 1.9 eV for MK2012 series. The results determined for capacitors
with MnO cathode are comparable to those obtained from 1/C2 vs. V characteristics evaluation.
Energy barrier height determined for capacitors with CP cathode is for about 0.5 eV lower
comparing to results obtained from 1/C2 vs. V characteristics evaluation. Considering the
difference between the MnO; and CP work functions, which is 0.6 eV, this should represent the
approximate difference between the energy barriers formed on CP resp. Mn02/Ta,0s interface.
Then we should expect energy barrier height about 0.9 to 1.3 eV for KOL2012 series. Lower
energy barrier determined for electron tunneling for capacitors with CP cathode can be caused
by the incorporating of the deep donor levels or interface states into the tunneling process.

Energy barrier height determined from tunneling current component (graphical
evaluation) for the interface anode-Ta>Os for the temperature 150 K is in the range 0.25 to
0.4 eV for all evaluated series. The value increases with decreasing temperature for about 0.3 eV
in the range 150 to 12 K. The results determined from analytical method are in agreement with
those from graphical evaluation of Fowler-Nordheim plot in the temperature range 12 to 60 K.
For higher temperatures the increase of potential barrier is indicated form the analytical
evaluation of tunneling current component. The calculated increase of barrier height indicated
from analytical method in the temperature range 100 to 200 K can be caused by neglecting
additional current components (e.g. thermionic emission limited current) in the I-V
characteristic fitting. However further study of transport characteristics in the temperature
range 100 to 300 K should be done.

The comparison of temperature dependences of energy barrier height for the interface
anode-Ta>Os and cathode-Ta;Os shows that both characteristics increase with decreasing
temperature in the range 150 to 20 K for about 0.3 eV. This increase can be induced by the shift
of Fermi level with temperature — with decreasing temperature the Fermi level moves close to
the defect band energy level, while at the room temperature it is placed approximately in the
middle between the defect band and the conduction band in Ta»Os. Calculated decrease of
cathode-Ta»0s energy barrier height value for samples with MnO cathode for the temperatures
below 20 K can be caused either by the decrease of effective thickness of barrier for electron
tunneling due to band-bending or by the change of the value of electron effective mass.
Considered value m*= 0.1 my is probably not valid in the extra low temperature range for
samples with MnO; cathode.

[ have determined the mobility of charge carriers in the capacitor structure from the
evolution of space charge limited current component. The mobility is /7= 4.25x10-7 m2V-1s-1 in
the reverse mode while in normal mode is mobility /7= 4.59x10-6¢ m2V-1s-1. The value of mobility
of charge carriers differs in normal and reverse mode. The mobility of charge carriers for normal
mode increases with temperature in the range 12 to 60 K. In this temperature range mobility
increases with T3/2 in silicon, cadmium telluride and the other semiconductors. Very low value of
mobility was determined for sample CTS2012-04 m = 3.8x10-8 m2V-1s1 which is about for two
orders of magnitude lower than for the other samples.

I have determined basic parameters of charge carrier transport in Ta»Os oxide
nanolayers and at interfaces with cathode and anode, respectively, which can be used to
improve technology of tantalum capacitors production.
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