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CONSIDERATION OF CONDUCTION MECHANISMS
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TO STUDY ELECTRICALLY ACTIVE DEFECTS
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Abstract. In this paper conduction mechanisms which could govern the electron
transport through higkk dielectrics are summarized. The influence of various faetors

the type of higkk dielectic and its thickness; the doping with a certain element; the
type of metal electrode as well as the measurement conditions (bias, polarity and
temperature), on the leakage currents and dominant conduction mechanisms have been
considered. Ractical hints tow to consider different conduction mechanisms and to
differentiate between them are given. The paper presents an approach to assess
important trap parameters from investigation of dominant conduction mechanisms.
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1.INTRODUCTION

Since the invention of metal oxide semiconductor field effect transistor (MOSFET)
transistor in 1947 at Bell Laboratories and the first integrated circuit (IC) built independently
at Texas Instrumentkl years later astonishing progress has been made in Si technology,
achieved through continual scaling of semiconductor devices. The phenomenal scaling
trends are popularly known as Moorebds | aw which
per chip increass exponentially, doubling overyear period. The key factor enabling the
unprecedented scaling trends was the material properties (and the resultant electrical
properties) of Si@and its interface with Si. For quite a long time the main electronicelev
- MOS transistor consisted of Si substrate,,%i®gate dielectric and pe8i gate electrode.

SiO, formed the perfect gate dielectric material successfully scaling from thickness of about
100 nm 40 years ago to a mere 1.2 nm at 90 nm Addg.repreents a layer only four
atoms thick.Therefore, the ultimate scaling of device dimensions has pushed the thickness
of SiO, to its physical limits where unacceptably high direct tunneling currents were flowing
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through devices. This resulted in increasedgratdissipation, accelerated oxide degradation
and inferior reliability.Indeed, the leakage current flowing through the transistors, arising
from the direct tunnelling of charge carriers could exceed 100%Akghich lies well above

the specifications give by the International Technology Roadmap for Semiconductors
(ITRS), especially for low operating power and low standby power technologies (Hig. 1).
fact, in this thickness range the $i® not an insulator any more. The only feasible solution

of this problem was the replacement of Si@ith alternative dielectrics that have higher
permittivity (hightk dielectric§ so that the required capacitance can be obtained with
physically thicker layers. The integration of highiielectric into Si nandechnoloy posed

a lot of serious problems such as: dielectric and interface charges, reduced channel mobility,
charge trapping and degradation of parameters over operating time of the device. All these
issues are defined by the electronic structure and bondihiglirk dielectrics which are
distinctly different from those of SYOSIO, has polar covalent bonds with a low coordination.
Unlike SiQ,, high-k oxides have higher atomic coordination numbers and greater ionic nature
in their bonding due to large differamin electronegativity of the metal and O atoms. As a
result, highk dielectrics have much larger density of electrically active defects compared to
silicon dioxide. Electrically active defects are defined as atomic configurations which give
rise to electnic states in the oxide band gap which can trap carriers. These defects
influence very strongly thesapping behavioas well as théransport mechanisms, hence the
leakage currents flowing through them. Howevere @f the key requirements for MOS
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Fig. 1 Leakage current vs. voltage for various Siicknesse§l].

devices, especially DRAMapacitor &nd any kind of memory device which relies on
charge storage) is to maintain low leakage current density of the dielectric. High leakage
will cause thecapacitor to lose its charge representing the stored binary information
before the refreshing pulsé. is well known that also the performance of MOSFETs
strongly depends on the breakdown properties and the current transport behavior of the
gate dielectd film. Low leakage current is a stringent requirement to provide
standbypower consumption for severgpes of devices (scalled low power applications

(e.g. mobile phones, cameras, etc.)) (FigFdy. high performance applications (e.g. CPUSs)
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high current density can be accaple €ee gate limit in Fig.)lbut current flow through the
dielectric causes increased power dissipation and heating, which on its turn limits the reliability
of devices. Therefore, investigation of leakage currents andiciim mechanisms of high
dielectric films have attracted a lot of attention amadige research effort has been dedicated to
address this issue for all kinds of micamd naneelectronic devices. Next, various conduction
mechanisms in dielectric layease presented shortly and after that their operation in different
dielectric stacks is demonstrated. Some practical hints how to consider different conduction
mechanisms and to differentiate between them are also glseful information on the trap
paraneters as well as structural alterations in the layers obtained by these considerations is also
presented.

2. CONDUCTION MECHANISMSIN DIELECTRICS

The perfect insulator is free of traps with a negligible free carrier concentration in
thermal equilibriumThereforethe ideal MOS structure is an insulating device where no dc
current is flowing. In practice, this is not true, especially for thin dielectric layers and high
electric fields, which is the case in-tpdate MOS devicesThe macroscopic leakage
current behaviour in MOS (MIM) capacitor structure is governed most strongly by the
properties of metal/dielectric contact and the defect status of the dielectric film, hence two
kinds of conduction mechanisms are considered: elecliroided and bullkdimited
conduction mechanisms. The electrdiddted mechanisms depend strongly on electrode
material and metal/dielectric barrier height. They include injection of the carrier over the
Schottky barrier at the metal/dielectric interface by thermionic emi§Sidrottky emission)
and tunnelling through the thin barrier (direct and FoMerdheim (FN) tunneling). The
bulk-limited mechanisms are governed by the material properties of dielectric and especially
the existence of traps and ionized centers in thedaendf dielectric. Generally speaking,
the bulklimited conduction mechanisms are tagsisted mechanisms, among which the
most commonly considered are: PeBlenkel (PF) mechanism, tragsisted tunnelling and
spacecharge limited current.

2.1. Electrode-limited conduction mechanisms
Schottky emission

The Schottky effecis a thermionic emission of electrons over the potential bdryiar
the metadinsulator interface which is enhanced in the presence of electricTieddcurrent
density governedybSchottky emission is given by Richardddnshman equation.

[ 3
J =CypT 2 expl- f_bM) (1)
kT

Here, J is the current densityT is the temperaturek: is the electric field,f, is the
Schottky barrier height; is the dynamic dielectric constant and constagtg, k, h and
Crp are the permittivity of the free space, electron charge, Boltzmann constant, Planck
constant and Richards@bushman constantCkp, =120 Acnmi’K? for the free electron
approximation) respectively. The factok/a®E/4p gk, repreents the reduction othe
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surface barrief,, by the electric fieldIf Schottky emission is the dominating mechanism,

the plot ofIn(J/T%) vs. EY? called Schottky plot, should give a straight line. From y
intercept the barrier heightt, could be extracte There is a requirement fer, extracted

from the slope of the Schottky plot, to be smihsistent. This means tteavalue is between
optical (high frequency) and static dielectric constant (measured from capacitance methods)
for an examined dielectric. Usually thee value is vey close to the optical dielectric
constant, which is equal to the square of the refractive index n?). Schottky emission is

a strongly temperature dependent procEss.films where the electron mean free path is
lower than the film thickness thtaadard equation is replaced by a modified @fe [

am 6 ©-q(f,) -JqE/4
J _aT3/2E ,za;m %(pé q( b) q po& (2)
¢ - ¢ kT
where | = 3x10* As/cn? K32, * is the electronic mobility in the insulatom is the

effective electron mass in dielectaadmy is the free electron mass

Tunneling mechanisms

Tunneling can be divided in two cagedirect tunneling (i.e. tunnelingutough trapezoidal
barrier) and FowleNordheim tunneling (i.e. tunneling through triangular barrlerihe case
of thicker films, the tunnelling becomes dominant at voltages where the barrier is approximately
triangular and the electrons tunnel from #tectrode to conduction band of dielectric. This
process is described by Fowidordheim equation:

J = AE? expt- E) ®)
_ i_ﬁ(zqm*)l/szs/z -6.8% 107?%%{)3/2[\//(:[“] (3a)
c -
3 A 0
A=— I _154510°8T0 81 a2 (3b)
160%Zm'f, ¢ =7,

FowlerNordheim tunnelling is generally considered to be temperanaependent or

very little temperature dependent mechanism, taking place at higher electric fields. If the
dominant current transport mechanism is FN tunnelling, then the grdpti() versus

1/E will be a straight line and from its slope the barkieight could be extracted.

Direct tunneling (DT) current is expressed By |

_ AE? & B(rd'2- (¢ -qn¥?
T (g 'R £ @

Direct tunneling essentially operates in the low field (applied voltage) ré&idglq. For
higherV conduction is via FN mechanism as the bandiimgnunder these applied voltages
transforms the trapezoidal barrier into triangular one. DT is observed only for layets with
<45 nm.
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Fig. 2 Electrode limited conduction mechanisms: thermionic Schottkey emission,
Fowler Nordheim tunneling as welkairect tunneling (at low applied voltage
dashed ling Dotted line shows Schottkey barrier lowering.

2.2. Bulk-limited conduction mechanisms

Poole— Frenkel (PF) emission, trapssisted tunneling mechanisms
and hopping conduction

High-k dielectrics ae traprich materials and conduction mechanisms, which govern
the leakage current through them, are usually trap related. The trap states provide an
alternative path for the charge carrier to pass from one electrode to the other. Depending
on how this proess is performed different kinds of treglated mechanisms could be
distinguished. The first step is tunneling of the charge carrier to the empty state and from
there it can tunnel to the next trap of the same energy (hopping osstepltiunneling). If
the carrier energy is changed, then the process is inelastic tunneling. In this case the
carrier looses energy and occupies a trap with different energy. Hopping and inelastic
tunneling take place when the traps are distributed in a wide band of energies.

The current in hopping conduction is:

J =qgann expéagﬂg (5)
Q kT -

wheren, is the density of the electrons in the conduction bani, the frequency of
thermal vibration of electrons at trap sitass the mean hopping distance, (i.e., the mean
spacingbetween trap sites) anfilthe traps energy level measured from the bottom of the
conduction band. Eq. 5 describes the tunneling of electron from a trap to adjacent one.
However, if the density of the traps is not high enough so the mean hopping distance i
large and the tunneling probability between two neighbor sites will be quite low. The
hopping current then will result from the hopping of thermally excited electrons from one
isolated site to anothed]f

1" Eexpa 18 (6)
c kKT =
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So, in this casd obeys the Ohmic law with a temperature dependence defingd by

Fig. 3 Schematic representation of hopping conduction

Another possibility is to tunnel from a trap to conduction band of the other electrode,
i.e. similar to direct tunneling the electrooed not enter the conduction band of dielectric
(Fig. 4). This process is usually referred to as a-isgisted tunneling (TAT) and obeys
the equationg]:

4 N(X
[in(x) +[out(x)

J= an

whereN(X) is the trap density distributiom,(X) andt,(X) tunneling time constants from

the electrode to the trap and from the trap to the second electrode (these processes must
happen sequentiallygndd is the thickness of the layerespectively. Depending of the
chosen model for, and 1, calculation different expressions fdrcan be obtained, and

some models involve numerical calculatior, i6 andt, are calculated directly from the
Wentzel Kramer$ Brillouin approximation). The above equation can be writtertps [

CN.PP,

J :qnwx (8)

@)

WhereP,; and P, are the tunneling probabilities for electron tunneling into the traps and
subsequently to the second electrode @nis a function off.. The integration limits
depend on thé, andf,, andit is from 0 tod if f, >f, andX-d if 7, > f; (X = (fuo-f-Ee)/E,

E. is the total energy of the electron in the gale [

Using WKB approximation, assuming thit+Ex >>E,, the following expression fal

can be obtained’]:

0. .aexpc G +FY?/2E) 8
6} 8 9)

5 tan

with:
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42
Ri=exp(Cy/2); R=exp(Ca); C, = :—23 AdJF; A= % (9a)

or in more simplified equatior8[:

th «/m)x /2 3/2
J=a f ge(d 10
- péagshE(f €7 qEM X9)"?) (10)
whereX;i s t he most favorable position of

the trap.
M. Houssa et al.9] have showrthat in case of Si substrate injection through, 8ilgh-k
stack, TAT current at low voltages can be approximated by:

J° N, expggvs'@ htf *1,8 (11)
c KT +

where Vsio, is the voltage drop across Si@ayer, £, (usually taken as 3.2 eV) is the

barrier height at S8i0, interface andf, is the barrier height at Sihigh-k interface.

Since in most cases MIS structures with Higlayers actually are double layered (the

highk film and interfacial Si@ layer with thickness of 12 nm generally), the TAT for
the low votage region will be proportional to expgT).

(Y

Si

Fig. 4 Trap-assisted tunneling mechanism

trap

When the applied field is high enough the electron enters the conduction band of

dielectric through a triangular barrier (fieddsisted tunneling, FAT) (Fi§). In this case
by using (8) for the current in the two step tunneling process it can be obtained:

aq.[2 o}
J= 2CN.a7, exp® A 3?0 (12)
3E ® 3E 6

The last equation suggests that the process is quite similar to fdevidineim tunneling,

but in this case the barrier heightat the electrode/dielectric interface is replaced by the

energy depth of trap..

n

t
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Apart from the ground state (FAT), the electrons can tunnel also from a thermally
excited state, and the conduction mechanism is referred to as thermionic FAATYT
T-FAT has been studied in detail by Sathayia and Karmalk@rll]. In this twostep
process, thermally excited electrons tunnel from the metal into the trap level and then to
the oxide conduction band through the triangular barrier.

ME=1.5M V/em
Ay

X (A)

Fig. 5 Schematic represeniaih and comparisoaf Poold Frenkel field-assisted
tunnelingand thermally stimulated fieldssisted tunnelingnechanismslong with
the modification of the potential barriers of the trap as a result of coulombic
interaction between the electron atthrgedtrap core in the presence of electric
field. The depth of the trap is 1 eV and the applied electric field is 1.5 MV/cm

The most widely reported conduction mechanism in Higfielectrics is Poole
Frenkel (PF) emission effect. In the PF mechanism tlatretetunnel from electrode to a
trap in a forbidden gap of dielectric and then is thermally emitted to conduction band due
to the lowering of the Coulombic potential barrier when a trap interacts with an electric
field. The difference to FAT is represedtm Fig5, i.e. the electron enters the conduction
band of dielectric through different processdblermal emission and tunneling. PF effect
will dominate when the tunneling probability is low: e.g. tunneling distances are long
(TAT) or electric field isnot high enough (FAT). Once emitted in the conduction band
the carrier will be very likely captured again by another trap, so the conduction process
will resemble hopping. The participating traps have to be Coulombic ones, i.e. neutral
when the trap is @upied and charged when empty. The effect is similar to the Schottky
emission, the electric field lowers the potential barrier for the trapped charge carrier
thereby increasing the thermal ionization rate. The equation describing the current
associated wit field assisted thermal ionization of traps by Frenkdl] [treats the
presence of only one type of trap in the band gap with the Fermi level laying in the middle
between trap level and the conduction band edge. The original equation, however, often
fails to describe the experimentaV curves showing different slope than expected when
plotted in PF scale (I4(E) vs. EY?. Simmons, Yeargan and Taylor, Mark and Hartman
[13-15] have addressed the issue showing that if the dielectric besides the PFligggnor
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trap contains also another type of 8&p.g. acceptolike or neutra) reducing the density
of the available electrons from the donor cendiggss defined as:

- VOEIp @& § 1)

Jor = CPFEepog T 6
g -

Here, Cpr is constant proportional to the donor trap digng\y) and mobility and is a
coefficient reflecting the degree of compensatidrthe PF emitting traps bglifferent
trapping centers in the dielectrithere are two limiting cases for r=1 andr=2,i.er
have to be in the interval¢ r ¢ 2. Eq. 13predicts that plot IAJE) vs. EY?is straight line
from the slope of which higfrequency dielectric constakt[13] can be foundand it is
used to verify th@peration of PF mechanisidere we shouldnentionthat there is some
discrepancy in the litature about the value ofconcerning the original Frenkel formula
(describing the case when only donor traps prés&ume author assumel for the
original Frenkel expression ed.3 16-21] while others as for exampl@2-24] show that
in factr=2 shoud be usedIn the former casecommonlyr=1 is denoted as a pufer
normal) PF effect, and = 2 is referred a$F with compensation or modified PEf21].
I n Fr enk el [B2kthedlensity of aléctronsnn the conduction b&@&) due to
the emisionis ~ exp( 7/2KT) which leadsactually tor=2 in (13) As discussed, however,
by J.G. Simmons in20] and cited there reference, the abundance of shallow traps in the
insulator is expected to increase the emission rate of electrons at high elddsijcafiel
hence in case of thin films PF witkl is suggested. In this case, when shallow neutral
traps lying above the Fermi level and donor sites are introduced in the 18yerd2 is
obtained providing the density of compensating traps is approxdyrequal to the donor
ones. Note, that the existence of deep accdiyrtraps (below donor sites) will not
changer while using the=1 approach for a film with only donor traps prega/®. And
vice versa if the donor only case is treated wit@ then the deep acceptbke traps will
result inr=1[14,15], but in the presence of shallow neutral traps it will ren2aiBo, the
outlined inconsistency in the Apured PF model
of the experimental datadditionally, as pointed out if16] besides the presence of
compensating trapsin (13) depends also on the electron density in 8] the two
limiting cases are=1 if n.<N,<<Ny andr = 2 whenN.<n.<<Ny, (N i density of the
compensating trapsyince n. changes with the appliedbltagea transition fronr=1 to
r=2 could be observed in the PF plot (the transition region correspongsN\y, i.e. the
overall shape of lod(E) vs. E¥? in the whole range of investigatdlis not a single
straight line, butcan be divided on two straight line segments with different slopes.
Hence except the mere presence of some kind of compensating traps alongside with PF
emitting sitesa little can be said about, from the slope ofl-E characteristics in PF
scale. Morewer, it is actually not possible to discern unambiguouslyrtatire of the
compensating traps
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Similarly to Schottky emission, PF mechanism is a strongly temperature dependent
process. The term - \/o°E/p . can be considered as an activatioergy and is field
dependent. Hence, plotting, Eersus E? plot should be a straight line and from the
intercept of this line with yaxis, the energy location of the trafyg0 V) is obtained.

Eq. 13 was derived using Boltzmann approximation for theten occupancy of PF
traps. A consequence of this approach is that the current relations can be applied only for
E bellow p éE'rftz /q; at higherE the expressions do not have physical meaning inferring
that J saturates. Using the FerBirac function for the electron population of the donor
sites P3,25] leads to more complicated current expression but predicting the saturation at
high E and also incorporating exact ratio of the donor and compensating traps densities.

Additional attempts haveden made to extend the PF effect theory by considering
effect of the barrier variation not only in forward but also in opposite tdtigection
[26], threedimensional (3D) treatment of the Coulomb potential in the uniform iy [
and energy distrited donors48]. Nevertheless, eq. 13 is the most predominantly used
for interpretation of thad-V data of dielectrics.

PF effect is observed when the density of ionized centres is low and the coulombic
potentials of two adjacent sites do not overlap tedionization barrier lowering for PF
effect is affected only by the applied electric field. When the density of ionized traps is
high enough the coulombic field between the adjacent sites overlaps resulting in a
decrease of the potential barriers chardzing the system of traps. As a result, the
leakage current obeys the simple exponential dependence on the electii29%elthe
mechanism is known as Poole hopping conduction as the thermally excited electron pass
over the lowered potential barrierom one site to its adjacent. The Poole conduction
currentJo f or a 6 s y meestre systemawittd thetdistance between cenlres
given by[29]:

f'i-s,E
Jp =C,explt ——); s,=0qd, /2 (14)
KT

whereCp is the trap densityelated proportionalitgonstant, and is the observed trap
depth, which is the barrier height between the centres without external appliedield.
however, differs front, characteristic for nointeracting trapsf’ = £, 1 g% &kdy)). Eq.
14 is obtained assuming thsites are grouped in pairs of nearest neighbors and the pairs
are effectively insulated from one another. The minimal distagh€8,between traps at
which the interaction between sites can be considasetbgligible isd™" =./q/p & E.
As PF ad Poole conduction share very common nature (thermal excitation over a
reduced by electric field potential barrier of trap) it is interesting to see the electric field
range in which they are dominant. The deriving of the transitional field from Poole to P
regime, however, depends strongly on the model chosen to describe the Poole conduction.
In the simplest case the transitional fieldEjg,s = Nt2’3q/n &k;, where the mean distance
between trapsd, ~ N; %% More exhaustive discussion of the relationeen Poole and PF
conductions can be found i8(].
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Fig. 6 Modification of the potential energy of two adjacent traps

(distance between sites is 2 nm and 1 nm (inset)) without applied
electric field (solid lines) and &= 1.5 MV/cm (dashed lines).

Space charge limited current (SCLC)

SCLC are found in semiconductors and dielectrics under a strong carrier injection.
The occurring space charge as a result of the injection of carriers generates additional
electric field blocking the entrance of new carsi from the contactl is defined by the
matching of the space charge induced voltage drop inside the layer by applied external
vol tage. Due to the space charge the current
rapidly than the applie¥ (i.e. Jis not proportional orV). The space charge in dielectric/
semiconductor films is observed when the electron transition time became lower than
dielectric relaxation ti me. The expression
equation and the continuity equatio
In case of ideal dielectric without any traps and no thermally generated carriers, J from
single type of carriers is described by M@ttirney relation:

9 Vv?
=—e M- 1
5 73 (15

whereg is the permittivity of the layer. The presence of thermallyegated carriers with
concentration oh, leads to appearance of initial Ohmic part of thé dharacteristics
where the injected carrier density is smaller thgnWhen the injected carrier density
became equal tny SCLC regime is on and J is given Wp), Fig. 7. The applied voltage
at which Ohmic conduction is replaced by SCLC is:

d2
Vsaic = ah (16)
e
The charge carrier traps are common feature in the real dielectrics and especially in
the highk materials. In terms of SCLC the traps are didideto two groups by their
position in respect to the quasi Fermi level (in presence of electric figid)f the trap

doe

or
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energy level is above Fermi level the trap is denoted as sh&tloviE()/KT > 1, and if it

is positioned belovi it is a deep trapWhen one type of single shallow trap exists in the
material J is given by:

NC
oN,

9 Vv* &E - E; 9
J=—qge with g = ex 1
a9 EF W 9= G SR 8 @

where g is the degeneracy factor of the trap§, i effective density of states in the

conduction band\; trap densityThe devi ati on from the Ohmés | aw oc
_ an,d®
Vegc=———— 18
SCLC qe ( )

(i.e. VscLc depends o).
As E rises with the increase of the injected carriers, gradually the trap level will

come belowE;, and eventually all traps will be filled. Near theprélled condition J

begins to rise sharply for several orders of magnitude (represented onXhegglot

by almost vertical, current jump). This increase continues till all the traps are fiNgg at

after which there is not any trapping, all inett electrons are in conduction band arsl

again proportional t&>.

o ON.d?

V,
TFL e

19
For the insulator with deep trapBq{i E;)/KT > 1 the domination of SCLC begins when
the number of total injected carriers (free and trapped) is equilet empty traps in
equilibrium and occurs at:

2 4aE-E/§
VSCLC :—ql;lted ex gEkT ! 8 (20)

Unlike the case of shallow traps or trfrpe dielectric, the current aft¥gc c does not
switch to square law. Instead a rapid increasel @ observed forV > Vgc o At
sufficiently highV > Ve when all the traps are filledlis again” V? (Fig. 7).

Thus, in the simple cases of triipe dielectric or dielectric with traps represented by a
single energy level in the bandgap, the operation of SCLC can be reliably verified by
presence of) © V? in the characteristics and additionally confirmed by the thickness
dependence ofl according to (15) and (17). The traps in real dielectrics could be
characterized with rather more complex energy distribution than confinementsoreteli
energy level. Several more complex distributions have been considered such as exponential,
Gaussian and uniform distributions. It turns out that for these more complicated]dases,
SCLC regime is no longér V2. For traps with exponential disttition as well as deep traps
distributed in Gaussian manner the current obeys [22,31,32]:

J - V|+1/d2|+l (21)

Wherel is higher than 1 and depends on the specific parameters of the particular distribution.
(However J for shallow traps with Gaussian distriton follows (17) but with differerf.).



Consideration o€onduction Mechanismia High-k Dielectric Stacks...

523

SCLC:

trap-free

shallow traps

deep traps

2 .
cf : AN
L7 : Ve

logJ

VI) T
SCLC
v ¥

logl’

Fig. 7 Schematid-V dependence of an insulator in the characteristic for SCLIblpg
plot in case of traffree material and dielectric with shallow and deep traps present.
(Vahcand Ve . denotes the values W for shallow and deep traps, respectively)

If the traps are uniformly distributed within a narrow band in the forbidden gap (e.g. high
impurity concentration) thedis represented Hy33]:

o

3=2qmN g* Y exp(- BIKT)exge—00 22)

d caN,KTd
whereDE is the trap band width and, is the density of the traps per unit energy interval.
The switch from Ohmic current to SCL&4, ) can be obtained by solvinyg n dV
wherelJ is the current density in SCLC regime described by the above relations. The same
approach is used to determivig- , however, instead of Ohmic current etp)(have to be
used.

3. EXPERIMENTAL PROCEDURE

Investigation of current conduction ofenisms was performed on two kinds of test
structures metatinsulatorSi (MIS) or metalinsulatormetal (MIM) capacitors. Various
dielectrics (ZrQ, HfO,, or TaOs and their doped or mixed modifications) were used as
insulator in these structures. Seletechniques (rf magnetron sputtering, metal organic
chemical vapor deposition (MOCVD), atomic layer deposition (ALD)) were implemented
to deposit these dielectrics. In addition, capacitor structures with various metal electrodes
were prepared in order favestigate their influence on the conduction mechanisms. All
details concerning technology of experimental structures could be found in the related
publications cited in the text. Current flowing in the structures is measured in a wide
voltage and tempature ranges and in both field polarities (i.e. in the case of MOS
structures both at accumulation and inversion conditions) in order to perform complete
analysis of current conduction mechanisms. It should be taken into account that when the
MOS structuras in inversion due to insufficient amount of minority carriers the injection
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current saturates already at low voltages which hinders investigatiaorafuction
mechanisms at higher fields. To solve this probleiVv characteristics in inversion are
usudly measured under illumination to ensure a sufficient generation of minority carriers.
Another issue to consider when analyzifg turves is the thermodynamic instability of
high-k dielectrics when in contact with Si. As a result a thin,Si@erfacial layer is
usually formed and the applied voltagg distributes between the two layérshe highk
dielectric and the interfacial S}OTherefore, when considering the possible conduction
mechanisms, the stacked structure of the dielectric layer shoutakée into account.
The voltage drops across the higlielectrici Vy,, and across the interfacial layieWy,

can be obtained by the wddhown equations34]:

\Y \Y}
V,=— & _ =andV, =— & (23)
Eh it +1 ei'f% +1
& i € dy

where g and g are the dielectric catants of higkk dielectric and the interface layer,
dn and ¢ - the thicknesses of the two layers.

4. RESULTS ANDDISCUSSION

4.1. Conduction mechanisms in SiO,

Due to the nearly perfect defect free structure of, #@© main conduction mechanisms
which governs the current are the electrtidéted Fowleii Nordheim (FN)tunneling in
thicker films and direct tunneling in layers thinner than about 3Lemzlinger and Snow
[35] have shown that the conduction current in conventionaj i@ can be excelldly
described by the classical FN formula. Since thermally grown 1$® an extremely wide
bandgap and consequently a high energy barrier at its contact with an electrode, it is more
likely to show electrodéimited conduction than other insulators. Irdain, bulklimited
mechanisms are less likely to play a role because of the low trap density in the forbidden
band of SiQ@. Direct tunneling is observed in very thin dielectric films (< 4 nm). In this case
electrons tunnel from one electrode to the othesugh the dielectric film, i.e. this is a
tunneling through trapezoidal barrier and the electron does not enter the conduction band of
dielectric.Figure depicts typical-V curves (gate injection mode) of MOS capacitors with
thermal SiQwith thicknesscorresponding to DT and FN tunneling regimes, respectively. As
seen the experimental data are very well fitted with eq. 3 adgstiming thaim /m, =
0.5the thickness of the Sidayer and barrier height at Al/Sjanterface were found. The
obtained rsults agree very well with the ellipsometrically measured thicknesses and widely
accepted the values 6f for Al/SiO, interface.
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Fig. 8 Leakage currestof Al/SiO,/p-Si capacitors witlsiO, thickness of 2.3 nm (a) and
6.6 nm (b). The data is fitted DT (a) and FN (b) mechanisms usingm, = 0.5;
f,=3.05eV (a) and 3.1 eV (b).

4.2. Conduction mechanisms in high-k dielectrics

In highk materials the conduction mechanisms are usually trap related and the
domination of a certain mechanism depends noany parameters, which could be
summarized in several groups: 1) parameters of intrinsic and pindessd traps (density,
spatial and energy location, and charge state), which are directly related to the inherent
electronic structure of the highmateral as well as to the technological processes used for
their fabrication; 2) stack parameters including thickness of the dielectric and existence of
interfacial layer, structural status of the films (amorphous or crystalline), type of metal
electrode, etc.and 3)measurement conditiodsapplied voltage and its polarity and
temperature. Such a big set of parameters influencing the conduction process results in a
wide diversity of mechanisms observed in Higltielectric stacks.

Dependence on measurement dgtods (bias, polarity, temperature)

It is clear that conduction mechanisms are strongly dependent and defined by the

measurement conditions (bias, polarity, temperature). Respectively, the change of measurement
conditions could result in a change of doating conduction process in dielectric and this
change could be used for better understanding of trap participation in conduction
mechanisms as well as assessment of some structure parameters. The first example will
demonstrate the possibility to obtairetbharrier height at higk dielectric/Si interface by
measurement at low temperatur@¥/Zr-silicate/Si MOS structures have been investigated
[36] and we tried to obtain Fowigkordheim conduction in this structute measurements
were performed undeulstrate injection at low temperatures (from room dowis C).
The measurements showed indeed that below ab®0tC, thel-V curves are temperature
independent and can be well fitted by Fowhordheim equation (3). From the fitting,
we obtained a alue of 1.4 eV for the barrier height at thesflicate/Si interface. This
value is in agreement with the value of 1.4 eV given for zirconium diogide [
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Measurements at very low temperatures could give also valuable information about
the traps becausell temperature activated processes are suppressed, hence only
temperature independent processes (e.g. Favdedheim, fieldassisted tunneling etc.)
may operate. In addition, at a certain temperature the trapping and detrapping are in a
thermal equilibrim. As the trapping is slightly temperature depend88{39], while
detrapping is strongly temperature stimulated process, it is expected that at very low
temperatures detrapping does not occur, hence the influence on the leakage current of
trapping withrespect to detrapping will be maximized.

Following this idea the change of conduction mechanisms in TiNAZIOL/TIN MIM
structures (Al content less than 10%) measured in a wide bias and temperaturdGange [
has been investigated. The/ curves of suctures are measured down to very low (25 K)
temperaturegFig. 9. Despite of the symmetrical MIM structures there is a polarity
asymmetry at 25 K, while at 300 K symmetrical curves have been obi&iged®a). At
T<175 K the conduction process at botiapities is symmetrie it is FAT through one and
the same bulk traps located at ~1.8 eV below CB of dielectric. The asymmetryJe¥/
curves and the stronger temperature dependence at positive bias resulted from the
trapping/detrapping at the bottoniNThigh-k interface (where thin TiQlike layer is formed
[41,42]) and the shifDV ~ 0.40.5 V between the twdV curves at 25 K corresponds to a
trapped charge of ~8x¥cm? Consideration of possible conduction mechanisms at higher
temperaturesTO 2 &) (Fig. 9b) in negative polarity revealed that at low fields (b2 b V)
the current is due to trap assisted tunneling (T&Fough a trapezoidal barriand the
activation energy of the proces2bi ¥ esBha@§
the barrier for the tunneling electrons from trapezoidal to triangular, i.e. a change from TAT
to FAT occurs, which results in a change of the field dependence of the current. The weak
temperature dependence in the rangd @D C and the obtained acéition energy of ~0.25
eV (same as2 n\h)a.t9bHsimipted otHe thermal excitation of electrons at
the first stage of the tunneling process (i.e. injection from electrode to the trap). With the
increase of temperature above 10the probhility for thermal excitation from trap to the
CB of dielectric increases and the PF process through traps located at «Fig.&\0a)
becomes the dominant mechanism. Therefore, the results reveal existence of a trap level at
about 1.3 eV below the CB g€ of dielectric, which fully controls the transport of electrons
through the dielectric at negative polarity and gives rise to several conduction mechanisms
that dominate at different conditions. This trap level is assigned to the first ionization level
V" of O vacancy in Zr@whose energy position has been calculated at.#.2V B3]. The
conduction at positive polarity is substantially different and only one temperature activated
process operates (Fi@b), unlike the case at negative polarity. PF cantidn is the
dominating mechanism at these conditions and the energy location of traps is found to be at
~0.85 eV below the CB of the dielectric (i.e., it is substantially different from the values
obtained at negative polarity). Therefore, the curremsport at very low temperatures is
realized through 1.3 eV traps, whereas at higher temperatures different traps govern the
current at the two polarities. The feasible explanation is that 0.85 eV trap level is related to
defects resulting from the readticat the higkk/bottom TiN electrode. At very low
temperatures these defects act as traps, while at high fields and temperatures they serve as
transport sites, by this way controlling the current at positive polarity

eV.

The
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Fig. 9 J-V curves of TiN/Zi Al O./TiN capacitors measured (a) from 25 to 300 K, and
(b) from 300 to 430 K. The insets compare 3¢ curves at both top electrode
polarities and different temperaturd<].
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Fig. 10 Arrhenius plot of current density at (a) negative,
and (b) positive tp electrode polarity4Q].

Dependence on thickness

Results obtained foRu/Tg0s/SION/Si MOS structurewiill be used to demonstrate
the dependence of conduction mechanisms on dielectric thickAadssTemperature
dependent-V (I-V-T) characteristics ofteuctures with different T#s thickness in the
range 1.85 13.5 nm measured at 25 ahd0°C are shown in Fig. 11t is seen thal-V-
T characteristics measured at negative voltages show stronger temperature dependence for
the thicker dielectrics; thislependence weakens as the oxide thickness decreases and
almost disappears for 1-8n-thick oxide film. For positive gate bids. substrate injection;
V-T characteristics show a weak dependence on temperature for all thicknesses.

The considerations sk that at low electric fieldsH{g. 11), the logarithm of current
density (y) changes linearly with gate voltagé,) for Ta,0s with t,,=13.5 7.0 nm. This
is consistat with the Poole hopping, eq (ldnd can be explained with the higher defect
densityclose to Ru electrode originating from the reaction at its interface witbsTa

For higher electric fields under gate injectidg(-3], |-1.5, and|-1] V for MOS capacitors
with t,,=13.5, 7.0, and 3.Bm, respectively), observed behaviour indicatgeadual transition
from temperature dependent conduction mechanism governing leakage current in the thicker
layers to the mechanism with a weak temperature dependence in the thinner oxide layers.
Among other conduction mechanisms examined, only trandition PooleFrenkel (PF)
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emission (eq. 13) through thermionic field assisted tunnelin§A() to field-assisted
tunneling (FAT) (eg. 3,12) can qualitatively reprodud&T characteristics. For IF layer, direct
tunneling through trapezoidal barrier is amed. For MOS structure with,=13.5nm, PF
emission (eq. 13) fits wellV-T curves forVy>|-3|V and /=0.7eV is extrapolated from eq.
(13) (Fig. 12). Since electric field in the higloxides increases for thinner oxides, electron
tunneling from the &p level to TgOs conduction band through the triangular barrier (i.e.field
assisted emission) becomes domir{aid. 13. In thin layers tunneling is the more probable
process. With increasing the thickness, the tunneling probability decreases andrtiissiRif
from the traps becomes dominating.
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Fig. 11 Leakage curreiivoltage characteristics measured at 25 (solid symbols) and
100'C (open symbols) on MOS structures with different oxide thickness.
For clarity, thel—V-T characteristics of 10 nm thidkide are not displayed4].

The trap barrier heights for MOS structures with oxide thickness of 10.1, 7.0, and
3.5nm have been calculated frolV data measured at room temperature (RT) and
100°C (Enighk is defined fron eq. 3; m,,=0.3m). The trap hrrier heights measured at
room temperature are in the range 0.2831eV for TgOs with different thickness, while
those extracted from theV curves measured at 1@are systematically lower of about
10 meV. Although the difference betweépextraced at RT and 100°C is in the range of
experimental error, observed behaviour suggests that conduction mechanism in the MOS
capacitors with 3.5%,<10nm is dominated by -FAT, i.e. trapped electrons are first
thermally excited and then tunnel through thangular barrier into the oxide conduction
band.



Consideration o€onduction Mechanismia High-k Dielectric Stacks...

08 T T T I T T T I T T T
<— £,(E=0)=0.7 eV
06 |
s [ §
3; 04 |- g -
| i ~.
LI\J'E
0.2 ,_"m‘
=4
(KT (V)
00 1 1 1 l 1 1 1 l 1
0 400 800 1200

(Ehigh_k)uz (V/cm)“z

529

Fig. 12 The zero electric field trap barrier height extracted from the dependence of the

Fig. 13

activation energyHs) on € ¢} for 13.5 nm thick TgOs. Inset shows

extraction ofE, from the slope of linedrV-T characteristics afg =1 2 . 5
(squares), 13 (circles), T1T3.M4(up
'38 '34TTT\TNTYTYIYTTT[TTTT
tox=10.l nm
N < -36
S :
-39 3 -38
NE: NLIJE, _40 [
=) ~o
= Z »v o
-40 = 42 ° -
*\Y v ®
A\ A4
_4411111111111111111
0 1 2 0 1 2 3 4
(a) UE ., (cM/MV) (b) UE, g, €M/MV)
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and3.5 nm under gate injection; b) 10.1, 7.0 and 3.5 nm under substrate injection.
Insets show schematic band diagrams illustrating the current mechadrigimsryes

were measured at room temperatyi#].

For substratenjection, PF emission model did not fit/-T characteristics even for

MOS structure with,=13.5nm, while good linearity of the FAT plot for oxide thickness

ranging from 13.5 to 3.6m is observed (Fid.3b). Calculated trap barrier heights extracted
at RT range from 0.34 to 0.8%, i.e. the current is also governed by tREAT conduction
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mechanism for MOS capacitors with13.5, 10.1 and 7.0 nm. Gate leakage of the MOS
capacitor witht,, = 3.5 nm shows good linearity of the FAT plot, suggestired FAT
through the triangular barrier governs the conduction mechanism. Highfed.53 and 0.6

eV extracted at RT and 100, respectively, is also consistent with emergence of the FAT
conduction mechanism as these values approach that extrapolated at a zero electric field in
Fig. 12. Trap barrier heights extracted from the FAT plot at AD0Osuggest gradual
transition of coduction mechanism from-FAT to FAT from the same trap level in ;.

For the thicker oxides, thermally excited electrons tunnel through trapezoidal SiON IF layer
into the TaOs trap level and then through the triangular barrier into the conduction band
(inset Fig.13b). For the thinnest oxide, the high electric field in both interfacial lapédr
high-k oxide enables tunnelling of electrons directly from the Si conduction band into the
Ta,Os trap level and their subsequent tunnelling into thgd§aonduction band.

Therefore, the results imply that for both the gate and the substrate injection, the same
trap level located at about (e¥ below oxide conduction band edge and distributed
throughout TgOs bulk is involved in PF, TFAT, and FAT conduction nehanisms. This
trap level is in accordance with the theoretical predictidbisgnd experimental observations
(f ~0.8 eV) p6] of other authors which assign it to the first ionization level of the O vacancy
double donor Vin Ta,Os.

Dependence on doping

Ti-doped Ta,0Os: The effect of Ti dopant on the conduction mechanisms in sputtered
TaOs is considered in47]. Ta,Os films with overall thickness of 10 and 30 nm were

subjected to Ti doping using two techniques: #ppe ( isur f ace dopi-ngo) i n whic
thin Ti layer (0.7 and 2 nm) was sputtered on the top of th®sTand typeB ( i b ul k
dopingo) where the Ti | ay e0ds sublayeys withaegqublwi c hed bet w

thicknesses (5 or 15 nm each). After the deposition the structures were subjected to PDA
in N, at 400 °C for 30 min in order to obtain intermix of the resulting films. The obtained
results show that Tdoping can reduce the leakage currents gfDfabut the outcome
depends on both the amount of Ti (i.e. the thickness of Ti layer) and thedmeth
doping. For 10 nm layers surface doping with minimum Ti is optimal, while for 30 nm
films best results are obtained with tyedoping with 2 nm Ti sublayer. The conduction
mechanisms of Tdoped layers were interpreted in terms of Ohmic conductichRE

effect. J-E characteristics of typB doped 10 nm T&s are linear up to ~1.2 MV/cm
demonstrating Ohmic conduction. The observed change of the conduction mechanism
from PF to Ohmic is most probably due to the introduction of significant amount of
shdlow traps during the typ8 doping of the thin layers. We speculate that whejOf a

is thin enough the Ti intermixing with J@sthrough N annealing leads to a stack having
specific chemical bonds and high defect density which constitutes the deteudeidtam
mechanism. In all other cases the conduction afdfied is TgOs described with Ohmic
behavior at low electric fields and PF effect at E > 0.2 MV/cm Compared to the pure
Ta,0s, the effect of the doping consist in a modification of the compemstgator of PF
mechanism. The doping of thin I3 increases the value ofto 2, but for the thicker

onesr is reduced compared to the pure@a(Fig. 14. These results show that the type

and the density of traps are changed as a result ofidping, lut the detad of this
change depend on the film thickness rather than omitimeorporation method.
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The analysis of the temperature dependence of the current in(§:Tegyers {8]
reveal that the energy levels of the defects participating in theuctod are in the range
of 0.6:0.7 eV and do not depend on the method of Ti incorporation.

These values are close to the values typical for pug®sTsauggesting that Tdoping
does not alter the dominant defect structure but only the traps density ahepthe of
compensation in the PF mechanism.
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Fig. 14 PooleFrenkelplot of -V curves of the capacitors with pure and dopegDfa

with two levels of Ti incorporation and two thicknesses d of the stack:
a)dD10 nm, b)D30 nm. The values of k aregiven[47].

Hf-doped Ta,Os: The doping of TgOs with Hf results in a significant alteration of
the shape and temperature dependence of the leakage currers) (B@.1Generally, the
current at room temperature in-dbéped samples is higher than thapime TaOs and it
is very weakly temperature dependent. The dominating conduction mechanisms and
energy location of traps involved in them for samples with various thicknesses are
summarized imable 1. The results imply that a change of the conductiohanésn from
field-assisted tunneling (FAT) to PF emission occurs with increasing the thickness of Hf
doped Tg0s which is in agreement with results obtained above for pug®sTaith Ru
electrode. However, the traps responsible for both processes arantbeasd they are
located at ~0.39.45 eV below CB of dielectric. Therefore, the conduction irdétied
Ta0s, either fieldassisted tunneling, PF emission or even hopping, is governed by
shallower traps/~0.350.45 eV). The deeper levels (~0:0® eV)typical of pure TgOs
(Table 1) are not observed in any of the doped samples. These results imply that Hf
passivates the deeper traps (O vacancies) and the electron transport is performed through
energetically shallower traps. The obvious consequencés dfansport through shallower
traps in the doped samples are the higher level of leakage current at room temperature and
considerably weaker temperature dependence. The last result can have serious implementation
asthe increase of temperature during dewoperation will not change the leakage current in
Hf-doped samples, hence more stable and predictable behavior and enhanced reliability
could be anticipated. In fact, the leakage current at CO8°already lower in the Hfoped
Ta,0s as compared to therdoped ones.
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Fig. 15 Temperature dependehl curves of a) Al/pure T8s/p-Si structures;
the inset shows the Arrhenius plot of the current for three different film
thicknesses and BI/Hf -doped TaOs/p-Si structures; the inset represent
theresults in FN coordinatd49].

Al-doped Ta,0s: Another doping agent studied to assess the possibility for improving
the electrical properties of J@g is aluminum. Since Al atoms have lower valence than
Ta ones it was expected that they could act as tmsepnd compensate the oxygen
vacancies in T#s. Two Al-doping techniques were investigated. In the first approach, Al
was introduced in T,8s using the surface doping method (similarly as in the case-of Ti
and Hf doping) [50]. In the second approatightly Al-doped TgOs layers were obtained
by reactive sputtering in oxygen containing environment of TaAl target containing 5 at%
aluminum [51]. For the first type of Aloped stacks, the high field conductance was through
PF effect, and similarly to thease of Tidoping the effect of the dopant consists in a
modification of the compensatidactorr. The increase of Al content results in higher
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The behavior of lightly Aldoped films fabricated by TaAl target sputtering is more
complicated. Comparetb the pure T#Ds, the current in lightly Aldoped samples is
higher. Furthermore, the temperature dependencé sdams to depend on the layer
thickness as evidenced in Fi5, symptomatic of a significant difference in the dominant
conduction mechanismSchottky emission and SCLC were ruled out as a possible origin
of J-V characteristics in 10 nm films. PF mechanism can explain the characteristics at
high fields (above 1.4 MV/cm). The obtained from the fits values exhibit a clear
temperature deperdce- it decreases with the temperatude/ curves can be also well
described byl” exp(E) (Fig. 17) which is comsistent with Poole hopping (eq.)1& he two
segments could be interpreted with two sets of traps defining the current at low and high
fields respectively. The operation of Poole hopping (at gate injection) means the presence
of high trap concentration close to the gate electrode. The Arrhenius plots of the current
density at several applied voltages is depicted onl@tpgether with the caldated trap
energies according to the considered conduction mechanisms.

Table 1 Summary of the dominant conduction mechanisms and the respective traps
participating in them in dependence on the film composition and thickness

Samples d, nm Temperature Dominant Trap energy
of measurement conductionmechanism position, eV
2050°C field assisted tunneling 0.4
Pure TaOsg PooleFrenkel emission
7 60-100C 0.85
Hf-doped 20-100C field assisted tunneling 0.43
Ta205
Pure TaOs 20-100C PooleFrenkel emission 0.76
1.2<v<2.6V
field assisted tunneling 0.32
Hf-doped 15
Ta0s 20-100C 2.6<V<3.5V
hopping 0.34
Pure TaOs 20-100C PooleFrenkel emission0.750.9
Hf-doped 20 20-100C PooleFrenkel emission 0.45
T3QO5

The extracted value of’; in case of Poole process is 0.12 eV at high applied fields.
Similar value (0.14 eV) is found also for traps participating in PF mechanism. This is
again in contrast to pure ¥ for which the current is governed by PF effect through the
traps with epergy depth of 0.70.8 eV. Therefore, the introduction of 5 at.% Al into
Ta,0s tends to create much more shallower traps compared to these@f BinceJ
reflects mainly the changes in the cathode electrical field it seems that thanwelped
in theconduction mechanism are located near the gate/dbg€d interface
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Fig. 17 InJvs.E plot at different temperatures of 10 nm doped films. Symbots tef
the experimental data, solid lines to the fitting. Schematic energy band diagram
of capacitor under a negative bias is also shown in the fnsethe trap energy
depth[51].

The lack of temperature dependence of the current up to 1.3 MV/cmnm doped
films suggests a domination of tunneling proces:
excludes the direct tunneling. Representation of the current characteristics in FN plot
(Fig. 19) gives a barrier heighft, ~ 0.16 0.18 eV forT varying betwer 20° and 100° C.

The rough estimation of the band diagram of T&Os stacks givesf, ~ 1i1.2 eV.
Therefore, it is more realistic to assume the domination of FAT and the obtained trap
energy levelf, ~ 0.160.18 eV is similar to that detected also forrf films.

Therefore, the results imply that even very small (5 at.%) Al amount in the matrix®f Ta
can modify the mechanism of conductivity typical of undopegDd @espite the difference in
conduction mechanisms for sample with two thicknessegaihéetelobserved is one and the
samef; ~ 0.120.15 eV, i.e. the Atloping suppresses deep defect states locafed at7 0.8
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eV (governing the conductivity in pure JG&) but createsew shallow traps which mediate the
charge transport thereby chamgjithe dominant conduction mechanism. The exact origin of
these shallow traps is not known. A plausible explanation is that the passivation of O vacancy
by Al results in a shift of its energy state up into the band gap of the dielectric.
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Fig. 18 Arrhenius plots of 10 nm Aboped TaOs. The energy depth of electron traps
participating in PoolieFrenkel or Poole effects, and the activation energies

for TAT, extracted from the experimental fits are giyem].
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Fig. 19 Fowleii Nordheim plot of)-V curves at sveral temperatures for 15 nm doped
films. Symbols refer to the experimental data and solid lines to FN simulation.
Schematic energy band diagram for both FN and FAT process of a capacitor
under negative bias is showfis the trap energy below the comtion band
of hightk film; 7, is the Al/highk barrier height. Insetl-V curves at different
temperatures, represented in PF coordin&tts
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Al-doped HfO,: Next examples will demonstrate that the dominant conduction mechanism
could be influenced not gnby the type and amount of dopant but also by the way this dopant
is introduced into the film. Three types of layers have been deposited on nitrided Si by atomic
layer deposition (ALD) pure HfGQ (75 cy), HfGQ(36 cy)/ALOs(5 cy)/HfOX36 cy) (HAH),
and HO,(24 cy)/ALO5(2 cy)/HfOX24 cy)/ALO5(2 cy)/HfO,(24 cy) (HAHAH). More details
on deposition conditions and technologystriictures could be found inZb Temperature
dependent-V measurements (Fig0) revealed significant differences between thepdasn at
negative biases. In positive polarity the leakage current is dominated by the conduction through
the interfacial SION layer which results in similar temperature behaviour bitlcarves (for
T<120 C) for all the samples. Therefore, we will frscour attention on the behaviour of the
V curves in negative polarity.

The very weak temperature dependence up toG6fbr the pure Hf@film (Fig. 20a)
implies the domination of some tunnelling processes. Findedheim (FN) tunnelling is
considereas the layers are relatively thickLlO nm), hence the probability for direct tunnelling
is low. The obtained barrier height for FN tunneliBg#$1.5 MV/cm) isf, ~ 0.70.1 eV (m =
0.1my) [53. As the barrier height at TiN/HfOs expected to be much higr 2.6 eV)[54],
we conclude that the dominant mechanism is not FeNdedheim tunnelling but fieléssisted
tunnelling (FAT).

104 180¢C HfO, (75 cy) 180 C// HAH (36/5/36 cy)  BD

140 C 120

J (Alem?)
J (Alem?)
=
Ocn

10°3 30 —

i
o

Voltage (V) Voltage (V)
10°

10 160 C HAHAH (24/2/24/2124 cy)
4

J (Alcm’)

Voltage (V)

Fig. 20 Temperaturadependent-V measurements for: (a) H§Q75 cy);
(b) HAH (36/5/36); andd) HAHAH (24/2/24/2/23 sampleg52].
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Therefore, the obtained value-€.7 eV is the position of trafiswith respect to the CB
of HfO, and it corresponds to the energy position of oxygen vacancies p{3E86]. The
current is temperature dependentTof0 C, hence Pool€renkel mechanism (ed3 has
been considered. The obtained valueglof(from the slope of the lines) are consistent with
the refractive index of the dielectric and the limitatiof 11¢2 and it is concluded that PF is
the dominant conduction mechami and the energy position of trays~0.72 eV was
extracted, i.e. these are the same traps which govern the FAT process at lower temperatures.
Therefore, the results imply that the conduction is performed through the traps situated at
~0.7 eV below the B of HfO,. FAT dominates at low, while PF dominates at elevated
temperatures. It is worth mentioning that FAT and PF conduction shoudigtoin
principle as they both represent the escape of an electron from a trap and the current is
actually a sum dathe currents from both mechanisms.

Similarly, the current in HAH (36/5/36) sample is nedHydependent up to 6@ (Fig.
20b) and the same mechanisaiSAT atT < 60 C, and PF atf > 60 C, (B> 2 MV/cm)
have been considered. The fitting gives p #aergyf; ~1.2-1.3 eV for FAT process anf]
~0.47 0.5 eV for PF process. In other words, unlike the pure,HfCthe HAH (36/5/36)
sample the FAT and PF processes are mediated by two different trap levels. These results
give evidence that Adloping ntroduces deeper trap levels than these in pure. H@ther
considerations of the conduction mechanisms in the HAHAH(24/2/24/2/24) sample confirm
this conclusion and reveal that the way of Al incorporation into,h§Q@lso of substantial
importance. The is still a weak Fdependence up to 6@ and above 60C the current
increases more strongly compared to the HAH(36)5aéhple (Fig20c). Consideration of
FAT process as a dominant conduction mechanisi<a60 C, E, > 1.4 MV/cm gives a
trap levelf, ~ 1.4 eV, i.e. slightly deeper than that obtained for the HAH(36/5/36) sample.
PooleFrenkel does not fit theV curves well Having in mind the peculiarity of the doping
process of the HAHAH(24/2/24/2/24) sample, it is suggested that the conduatidnbe
governed by Poole conduction (eq.1Bdeed, the Poole mechanism fits well the current at
T2100 C (Fig.21a) and the activation energy of the process contrdiiakage current is
found (Fig.21b) - E, ~ 0.2-0.3eV for T<100 C, while atT2100 C a larger activation
energy ofE, ~ 0.60.7 eV is observed. For Poole conductien= 7; i sEq i.e. the
activation energy is linearly dependent Bp and the intercept of the line with theayis
gives f; = 1.2 eV (Fig.21a), i.e. very similar to tharap level which controls the FAT
process at lower temperatures both in the HAH(36/5/36) and the HAHAH(24/2/24/2/24)
samples. This result supports the conclusion that the 1.2 eV level is relateddpiry.
Therefore, the results obtained for this samgveal that FAT is dominant @60 C; at
60 C <T < 100 C both FAT and Poole conduction are present. With increasing temperature
the contribution of Poole conduction increases ant>a00 C it is the main mechanism
which governs the current in HAHAH(2424/2/24) sample. The specific way of Al
incorporation in HAHAH(24/2/24/2/24) sample results in a more homogeneous distribution
of traps and favours Poole conduction between them

The conduction mechanisms considereetaspow dominate at relatively higfelds
En > 1.5 MV/cm. As is seen in Fi@0c there is a wide electrical field regiov<|-3| V,
En < 1.3 MV/cm.) where the current increases only slightly with applied voltage and
temperature. It is suggested that in this region the conduction isngovey a space
charge limited current (SCLC) mechanigb¥]. The log-logE representation of-V
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curves gives a line with a slope €f corresponding to Ohmic conduction, which increases
to ~2 (Fig22). This behavior is in accordance with the SCLC thearyhe presence of
discrete shallow traps (i.e. trap level above the Fermi levell{&dThe voltagé/re in Fig.
22is a trapfilled limit at which all the traps are filled. Therefore, in this field range SCLC
is the dominant mechanism in the HAHAH(222/2/24) sample.
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Fig. 21 (a) Representation &V curves in Poole coordinates (InJ vg) Bf HAHAH sample.
The inset shows the dependence of activation efigrgy; - s,En« of Poole
conduction on the electric field. (b) Arrhenius plot of theent in HAHAH sample in
the whole temperature range {B00° C) andor different applied voltagd52].

Therefore, the detailed characterisation of conduction mechanisms in different stacks
revealed the existence of traps with an energy level of 0.7e@withe conduction band
in pure HfQ which is consistent with the energy of an oxygen vacancy in..Hf@e
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conduction in HfQ is performed via these traps and the dominant conduction mechanism
(FAT or PF emission) is defined by the measurement condifiamslied voltage and
temperature). In all Aloped samples the existence of a deeper levell(2.2V below

the conduction band) is undoubtedly revealed. The 0.7 eV level is not observed at all. The
disappearance of the 0.7 eV trap level could be exmlaing a reduction of the
concentration of oxygen vacancies in Hfy Al-doping, which was observed also by
other author$58]. The increase of Afloping obviously results in the formation of deeper
traps, which have been observed also by Molas ef5@], who found a trap level at
about 1.35 eV below the conduction band for HfAIO layers with Hf:Al(9:1) which is even
deeper (1.55 eV) for samples with higher Al content (Hf:Al(1:9)).

Fig. 22 logJ vs. logk curves representing the spadeargelimited
corduction at low fields in HAHAH samplb2].

Dependence on composition

In the examples considered up to now the influence of small amount of a given element
on conduction mechanisms of highdielectrics have been considered. The next example
will demonstrée how the gradual change of Hf:Ti ratio (both Hf and Ti in significant
amount) in the composition of highHfTi-silicate layers results in quite different field,
temperature and polarity dependences of the leakage currents, hence in significanhalteratio
of the dominating conduction mechanism (F28ad) [60,6]. Five different compositions
with Hf:Ti ratios in the films (100:0), (42:58), (27:73), (12:88), (0:100) have been investigated.
The pure Hisilicate (H$5Sips0.) (Fig. 23a) exhibits symmetritad-V curves and conduction
mechanisms suggesting deposition of single layers without formation of a significant
interfacial layer. This also shows that the asymmetry of the band diagram does not influence
the conduction mechanism, hence it is mostly fimked. It is found that the conduction is
governed by two different processePF emission dominates at lower fields, whereas FAT
is the more probable process at higher fields. The trap feeshluated in both processes
and both polarities is at 0.657 eV below the CB of dielectric (inset F&ga). AtT>100 C
for positive polarity another trap levé~1.1 eV is also observed. This trap has been found
to dominate also the PF conduction indilitate layers with larger Hf content ¢d§Siy.140-)

[62]. The layers containing both Hf and Ti in significant amounts (Hf:Ti (42:58) and Hf:Ti
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(27:73)) reveal a strong gate polarity asymmetry of the conduction process (Fig.3b,c). At
negative polarity PF emission is again the dominating mechanism. Howewérap levels
located at 0.7 eV and 0.9 eV below the CB of dielectric (inset®8ligc) participate in the
conduction process. As with the increase of the Ti content the conduction through the 0.9 eV
level prevails, this trap has been assigned tbofils. The later theoretical calculations of
Mufioz-Ramo et al. §3] have indeed confirmed the existence of a 0.9 eV state caused by Ti
incorporation into HfO layers. Therefore, these states are intrinsic traps related to the
inherent electronic structure dig HfTiO dielectric. The analysis of the curves has also
revealed that two phenomena give rise to the asymmetry. The first one is the enhanced
trapping of negative charge near the Si/dielectric interface which modifies the field, hence
the current. A sigficant trapping of negative charge occurs in the two samples at low
positive voltages and lower temperatures. The trapped charge exists along the whole dielectric
film and with theincrease of Ti content its centroid moves farther away from the diel8ctric/
interface. Here, the distinct difference between the traps participating in the conduction process
and those causing asymmetry of thé curves should be mentioned. The former ones serve
only as stepping sites for the carriers (i. e., the electronsrapped there and released
immediately thereafter). The later ones are states in which the carrier is trapped longer and
could be detrapped at increased voltage and/or temperature. The asymmetryraf elect
conduction in the films caot be explained onligy charge trapping especially for the Hf:Ti
(27:73) sample. A formation of an interfacial layer with a composition and/or structure different
from the bulk film is also involved for the interpretation of the obtained results. It is suggested
that the twophenomena (charge trapping and formation of a double layer stjuatere
manifestations of one and the same structural process, namely separation of phases and
formation of TiQ, HfO,, and SiQ islands in the film. Depending on the degree of phase
separdbn, these islands can act as trapping centers that only modify theHrecle!
emission in the layer (Hf:Ti (42:58)) or can form a separate layer, in this way, causing a real
asymmetry of the conduction process (Hf:Ti (27:78)e conduction in the saie with the

lowest Hf content (Hf:Ti(12:88)) (Fig. 23d) and the purssilicate (not shown) could not be

fitted by any of the commonly considered conduction mechanisms. The low temperature
(down t0-193 °C) JV measurements have revealed the participatfsoftoptical phonons

with an energy of ~20 meV in the conduction process and it was concluded that it is
governed by a phonegssisted tunneling between localized states (i.e. the current obeys the
relation J~exp@E™ [65]) (insets Fig. 23d). Thebwious consequence of this kind of
process is that the electrons do not enter the conduction band of dielectric and the
conduction takes place within the band gap. Another implication is that the conduction is
governed by the intrinsic properties of thgels. The finding that soft optical phonons
impact substantiallthe conduction gives some hints about the structural status of the films
as the phonon modes depend on crystalline (amorphous) structure and local bonding [60,61].
The substantial contributioof the soft optical phonons to the intrinsic properties of HfTiO
layers has been confirmed also by theoretical calculations [63] revealing that the increase in
permittivity mainly originates from the changes in phonon spectrum induced by the presence
of Ti.
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Fig. 23 Temperature dependeh curves of Al/Ti/HfTiSiOp-Si structures with
different dielectric layer compositions: a) Hf:Ti (100:0), b) Hf:Ti (42:58),
andc) Hf:Ti (27:73); the insets show the Arrhenius plot of the current and the
respectivdrap energy levels. d) Hf:Ti (12:88); the insets represent the Arrhenius
plot of the current andV curves in phonofssisted tunneling coordinates.
All J-V characteristics in inversion are measured under illumination to ensure a
sufficient generation ahinority carriers. §4].

Effect of the top (gate) metal electrode

The influence of the gate electrode material on the leakage currents and conduction
mechanisms in high dielectric stacks is of significant interest. Since the implementation of
high-k dielectrics in microelectronics devices inculcate abandoning theSigsites in order
to avoid the creation of SjOnterfacial layers compromising the overall capacitance, the
gate material have to be carefully selected. Generally, the choice of gatés metarmined
of its work function, as the higher work function will result in higher barrier height between
the gate electrode and dielectric and hence lower leakage currents are envisaged. It turned
out, however, that metal electrodes could also reattt the underlying highk film
generating additional traps e.g. oxygen vacancies in thekhigfj. In addition, the process
of gate deposition has to be considered carefully, as it can also introduce defects in the
dielectric and modify severely leakagied conduction mechanisms.
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The effect of the metal gate on the conduction mechanisms is illustrated by the results
obtain forTa,0s with Al, W and TiN gate electrode MIS capacitors. Two typeFa0s
layers were studied: reactively sputtered, and theyrmaltized TaOs [67,68].

In case of sputtered 7@ Al-gated structures exhibit highest leakage curi@igs 24).

wl ‘
00 02 04 06 08 10 12 14 16

E (MV/cm)

Fig. 24 J-E dependence at negative gate voltage for MOS capacitors two thickness
of Ta,0O5 and different gate electrodes [67].

Despite tie higher work function (4.95 eV) capacitors with TiN electrodes were leakier
than Wgated ones (4.55 eV was assumed as W work function). This behavior was attributed
to a lowering of the barrier height at TiNAg interface, as a result of accumulation of
radiation defects during electrode deposition. The conduction analysis showed that the
current in the investigated capacitors is generally dominated by bulk limited conduction. PF
effect governs the current in Al and W gated capacitors. Fagrepresentdeakage
characteristics in PF (a) and Schottkygb) ot s. The domi nant mechani sm wa:
level of agreement betwe&nand their refractive index. The ellipsometry determined values
of n wereD2.2, without a clear dependence onQsthickness, hence the corresponding
value ofk; is ~ 4.8. J of apacitors with W electrode is almost independert iof the low
yeld region (< 0.6MV/cm) suggesting a&a presence of
1.6MV/cm) theJ-E curves are well fitted by a modified PF mechanism (with4) in case
of 17 nm flms and normal PF for the thicker (31 nm) ones indicating that they contain fewer
traps. Al el ectroded structures arBO0lctharacteri zec
0.8 MV/cm) in which the conduction can be attributed to Schottky emission Zbty.
although the obtained from the fit values only roughly agree with ellipsometrically
measured refractive index. The conductivity in the second region can be described by the
modi yed PF 2&)f fwicth o F&Ag2 with arupemthe trend of d
increase of d. Neither the PF effect nor the Schottky emission can be invoked to explain the
conduction for TiN capacitors (the valueskp&ind r extracted from Schottky as well as PF
plots do not agree witm). The J(V) dependence (Fig6) at low voltages are linear,
indicating Ohmic behavigisuggesting hopping conduction [68} applied|V| > 0.5 Vthe
current becomes proportional ¥ characteristic of space charge limited current. This
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behavior is typical of dielectrics with substanaaiount of shallow defects which affect the
electric field inthe film by charge carriersapping.

Based on the results, it can be concluded that the type of the gate electrode affects the
dominant conduction mechanism in reactively sputtere@dlayerson Si. The observed
high leakage current for Al/T8s is a result from both lower barrier height and the larger
defect density in T®s. The former could be additionally reduced by a defects generation
at the Al/TaOs interface due to the reaction betwedrand TgOs causing appearance of
thermionic emission in these capacit{#s,67,70]. TheJ-V behavior of TiN capacitors
and corresponding conduction mechanisms is a manifestation of electrode deposition
induced radiation defects affecting in some extinedelectrical properties.

T T T T T T T T
400 600 800 1000 1200
gl2 v /Cm)uz

L B e B S B s m e
0 200 400 600 800 1000 1200

E™ (Viem)y™

Fig. 25 J-V (forward bias) curves of capacitors with sputteregOs@and different gate
electrodesn a PooleFrenkel plot (a) and Schottky plot (|§7].

The obtained results for MIS capacitors with thermajOtaand the same metal
electrodes (Al, W and TiN) are in general agreement with the data for sputte@:d617.
The lowest leakage corresponds tegéted capacitors, although in this case the conduction
mechanism was not identified. Contrary to the structures witttespdTa,Os highestJ in
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thermal TaOs was observed for TiN electrodes, and the current of the capacitors with Al
and TiN gates was substantially higher (up to 8 orders of magnitude) tifaw/ ones.

The reason for such behavior was attributed to thesipte reaction between & and

Al or TiN electrodes producing near the gate interface,AAOTiO, accompanied with
unwanted traps probably in form of oxygen vacancies. The leakage characteristics of
structures with Al and TiN electrodes in PF and Sitygblots are presented in Fi26. A

nearly normal PF effect € 1.1 atk, = 4.8) dominates the current at applied field of 0.3 to
1.7 MV/cm for the samples with Al electrode; Schottky conduction caruled out as
evidenced in Fig 26 PF effect can ab be invoked for TiN gates at low electric fields
(0.06 to 0.5 MV/cm). The obtained compensation factor is 1.2 close to the value proposed
for normal PF. Hence, thermal J& exhibits much lower (or negligible) density of
compensating centers. The eledgamaterial and deposition conditions only slightly alter
the density of compensation traps causing small variations of degree of compensation. At
higher fields the slope of PF plot is about 2.5 which is not fully consistent with the PF
theory. In this fied range J is described reasonably well by Schottky emission as the
obtained from the plot value d§ is in accordance with ellipsometrically determined
refractive index.

1 TiN gate slope = 2.
-3
d=17 nm
_ ]
2 slope =1
9 -4+
slope = 2
d=27n

-5
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-1.0 0.8 -06 -04 -02 00 02 04
logVv

Fig. 26 logJ vs. logV for TiNsputtered T#Ds/Si capacitor§67].

This change offte mechanism from bulk (low and middle fields) to electrode limited
(high fields) is strange and at a first glance it is not consistent with the indication for a
noticeable generation of defects during TiN deposition. This behavior can be attributed to
the quality of the top electrodimterface region itself (in one case electrons tunnel from
the gate into the traps located close to/in this region and in another case they overcome
the gate barrier by Schottky emission) defined by the density and enemgyuticst of
the traps created during gate deposition. If the trap concentration close to the electrode is
small the electrons could not tunnel through them iyO§ aonduction band. In this case
Schottky emission is more relevant at high fields; espedall\{fiN case this means that
the rf sputtedinduced traps are not basically in the form of traps at the electrode but rather
of interface states at Si with high density, as indicated byCthé data.It should be
mentioned however, that althoughis slightly higher than theoretical limit a2 in the
high-filed region for TiN capacitors, the overall form of the PF plot is consistihtthe
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Fig. 26 (a) PooléFrenkel and (b) Schottky plot 6fV characteristics for TiN
and Alelectroded capacitors withermal TgOs, d = 15 nm[68].

predictedin [16] one, suggesting a translation froril tor=2 with the increase d as a

result of the growth of the electron density in the conduction band during the voltage
ramp and change of inequity between the f&ertrons and donor and compensating
traps. The observed slightly higher r may be a result from some uncertainty in the electric
field determination typical for the structures with higllielectrics due to their doulile
layered nature and charge trappiktpreover, the suggestion that conduction is governed
by bulklimited mechanism is further supported by the absence of a well pronounced
effect of the gate material in accordance vitishwork function although a special study

of the work function espedls of TiN deposited under conditions used here was not
performed and the possibility that it differs from the literature values cannot be excluded.

4. CONCLUSION

In conclusion, a big diversity of conduction mechanisieolé Frenkel emission, field
assited tunneling, trajassisted tunneling, phonassisted tunneling, etc., is demonstrated
to operate in highk dielectric materials. It is shown that by performing a detailed study and
analysis of conduction mechanisms through metal gatekhitiblectric sacks it is possible
to obtain valuable information about the trap parameters as well as some stack parameters
and structural alterations in these structures. It is also demonstrated that one and the same
trap could mediate different conduction mechanisme given higkk dielectric depending
on the specific stack parameters and measurement conditions. The doping/mixingkof high
dielectrics is revealed as an effective approach to change the energy location of traps in the
bandgap of dielectric as well dkeir density in this way also changing the dominant
conduction mechanism, hence electrical behavior of structures. The results also imply that in
most of the cases investigated the oxygen vacancy is the main transport site
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between Bulgarian Academy of Sciences and Serbian Acad&uienés and Arts



546 A. PASKALEVA, D. SPASSOV, D. DANKOVIC

REFERENCES

[1] S.H. Lo, D. A. BuchanarY. TaurandVV. ~Wa n g, -niechan&al rhadeling of electron tunneling current
from the inversion layer of ultthin-o x i d e n M@EEE EctttorsDivice Lett, vol. 18, pp.209-211,
1997
[21 3. G. Si mmo rSsc, h ofitRikcyh aerfhgsottev. Leftmol. 15,pp. 96 H968,1665.
[8] K. F. Schuegraf and Glu, "Hole injection SiO, breakdown model for very low voltage lifetime
extrapolation"|EEE Transon Electron Devicesvol. 41, no. 5, ppl61-767, 1994
[4 N. F. Mot t an dhe Weob .of imMpwity €aductidn,]. Appl. Phys vol. 10, pp. 107-163,
1961
[5] A.L Chou,K. Lai, K. Kumar, P.ChowdhuryandJ.C.Lee,i Mo d e | i n gnduced leakager caners in
ultrathin oxides withthetrap s si st ed t u n mMppl. PhgsgLetivat Z0hpa3v07s3409 1997.
[6] S. Fleisher. P.T. Lai and.C. Cheng,fi Si mp | asddform drapassisted tunneling model applied to
nitrided oxi de JdApm Pleysvol 75 pp.57dE5p18,5992t or s 0,
[7] M. P. Houng and Y. H. Wang, ACurrent tranwagistadt mechani sm in
tunnel i n.gppmBhysedl. 86, p. 14881452, 1999.
8] A. Cuadr as, B. Gari do, J. R. Morante and L. Fonseca, iLeas
Sii7 x6&Cyt h e r ma | Miooelectioa. Réliabvol. 48, pp.1635 164Q 2008
[9] M. Houssa, MTuominen,M.Naili, V. Afanas'ev, A. Stesmans, S.Haukka 8hd M. He yassistedi Tr a p
tunneling in high per nAppltPhysvol.i8% ppBelt &202008 | ect ri c stackso,
[10] D.M. SathaiyaandS . Kar mal k ar , -assistetl tarmeling onndel @and itsr appfication to leakage
current in nitrided oxides and Al GppNBgavdl 9% i gh el ectron n
093701 2006
[11] D.M. Sahaiya andS . K a r maclodedfarm modelAfor thermionic trap-assistedtu n n e | IEBEQg 0 ,
Trans.on Electron Devicesol. 55, pp.557-564, 2008
[12] J. F r e n k-Bréakdowih Blmenofen& in Insulators and Electronic-8emin d u cPhys.rReviql.
54, pp 647-648, 1938.
[13] J. G. S i m+Aenkd effectfiaRdoSchiotiky effect in matsulatorme t a | sPhys.tReynos O ,
155, pp. 65%60, 1967
[14 R. Yeargan and H.ZrLenKkTealy | Bfrf, e ciitT hwvei tRioApflaPmseoh sati on Present |
39, pp.56005604, 1968
[15] D. Mar k and T. ddfnguisting hetweennthe Schdadtky and P@etenkel Effects in
I n s u lJafpp. Plyysval. 39,pp.21632164, 1968
[16] W.K.Choimmd C. H. Ling, @Anal y-dependent behavidr ef therraallyioadizedon i n t he fi e
tant al um 4 AppldRays fol. 75,ps 3987 3990,1994
[17] S.M. SzePhysics of Semiconductor Devicedley, New York, 1969. p. 812.
[18] R.L. Angle andH . E . Tall ey, AEl ectrical and chaifgjien st orage charac
di oxi delEHE&narsElextion Devicesvol. 25, pp. 12771283, 1978
[19] C. Chaneliere, S. Four, J.L. AutrandR. A. B. Devine, i Co mp a ofiamasphousb et ween t he pr ¢
and crystalline T®)st hi n f i | ms Mierpeledront Relb vol.139, #.261-268,1999
[200 J. G. Si mmons, fiConducd PhysaD: Appl. Phylsvol.i, pd6136b7e ct ri c fi | mso,
[21] FC.Chi u, AA revi ew nems incdelectlidi d tmAdvancesrire Mateaals Science and
Engineering vol2014,art. no. 578168 (18p.)024.
[22] K.C.Kao,Dielectric phenomena in solidSan Diego. Elsevier Academic Press, 20044.
[23] W.R. Harrell and C. Gopalakrishnai,| mp | i af advanced reodeling on the observation of Hoole
Frenkel ef fTaic3olidsimmsvolrd@stpp. 20624 7,2002
[24] R.G. Southwick,J. ReedC.Buu,R. Butlera andG. Bersukey fiLimitations of PooléFrenkel conduction in
bilayer HfQ/SIO,MOS Devicao, IEEE TransDevice and Mater. Rigb., vol. 10, pp. 202207, 2010
[25] R. Ongar o and renkdP(PH) &eacrt n ehti,g hii Pyodklde Phya. tApphola24, ppo n O
10851095, 1989
[26] M. leda, G. Sawaand S. Kato,i A Con s i der artenke fiEffecd 6n ERario Canduction in
I ns ul JApplrPhyévol. 42, pp.3737%374Q 1971
[27] J. L. Ha thtedtimensiahal PoelE r e n k e | J. Appl. Pleysvol.i89, pp 48714873 1968
[28] R. Ongar o, and A. Pill onne&e,ct i @en érr adloinzoerds PRdoioslter i Foruet nekde i n(
Revue Phys. Applol. 24,pp.10971110, 1989.



[29]
[30]
[31]
[32]
[33]
[34]
[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]
[48]
[49]
[50]
[51]
[52]

[53]

Consideration o€onduction Mechanismia High-k Dielectric Stacks... 547

B. De Salvo, G. Ghibaugo G. Pananakaki s, B. Gui |l | au-lmigd and G. Rei mbo
transport analysis of a 10 nm thick oxide stiessd u c e d | e aSklid$tate Eleaironvab 44t pp ,

895903, 2000

A. Pillonnet and R. Orland&evue PhysAppl. vol. 25 pp. 229-242,1990Q

P. Mar k and W. Hel frich, ASpace JcApph Phygevol.I33, pp. t ed currents i
205215, 1962

J. S. Bonham, ASCLC t heorAustflcChemeol 28,ppREIBHMOBt rap di stributio
A. Rose, fiRecombination pr ockRas.Revgol97,pp.3228331958.t or s and semi con
C. Chaneliere, J.L; Autran, R.A.B. Deviremd B. Balland,i Tant al um pOgnhindims fdre ( T a

advanced di el eMaterrSciEngavpl.[22, pp2 6§ O i1 GWBR O ,

M. Lenzl i nger a-Nadhedin tunigling wo thefnfally growe 1IStD,). Appl. Phys.yol.

40, pp.278283 1969

M Lemberger, A Paskalay S Zircher, A.J Bauer, L FrendH Ry ssel , AEl ectrical characteri
reliability s pect s of zirconium silicate fi IMtmeleotort ai ned from nov
Eng.,vol. 72,pp. 315320, 2004

J. Robertson, AEl ect r oni-dieledrica aurcst tuar ret  alfiiRSt Belll, aahxdi doefsfos,et s of hii
27, pp. 217221, 2002

S. Kalpat, H.H. Tseng, M. Ramon, M. Moosa, D. Tekleab, Ph.J. Tobin, D.C. Gilmer, R.l. Hegde, C.
Capasso, C. TragndB.E. WhitedJr, ABTI characteristics afimbwihechani sms of me
enhanced i nterf ac elEBtUrhnsDepice Matex. Raliabvol e pp.LG36, RA0% 0

M. Aoul ai che, M. Houssa, R. Degraeve, G. Groeseneken, S.
dependence of bias temperature instabilities in HxSAN/ TaN gate stackshi, I'n Proceeding
EuropearBolid-State Device Research Conference ESSDERC, Grenoble, FranceEEE)Sp. 197 200

A. Paskaleva, M. Lemberger, A.J. Baumnd L . Frey, Al mplication of oxygen vacarl
conduction mechanisms in TiN&ZrAIOY Ti N MI M sl.tAppuRhyswol. @9 d@rf. no.076101

(3p),2011

W. Weinreich,R. Reiche, M. Lemberger, G. Jegert, J. Mueller, L. Wilde, S. Teichert, J. Heitmann, E. Erben,

L. Oberbeck, U. Schroeder, A. Bauer andH. Ryssel,ii | mp a c t of intevdndCGwe variations on
polarity asymmetry of MIM capacitors with amorphous and crystalliggy&HO. f i | Misraelectron.

Eng, vol. 86, pp.18261829,2009

A. Paskaleva, M. Lemberger, A. J. Bauer, W. Weinreich, J. Heitmann, E. Erben, U. Schrdder, and L.

Ob e r b lefludnge of fhe amorphous/crystalline phase of iZAIxO, hightk layers on the capacitance

performance of metal insulator metal stagks Appl. Phys.vol. 106,art.no.054107 2009

J. Robertson, K. Xiong, a nydhigh® . g la & Ix EERET@eNS. Deviced Poi nt def ect s
Mater. Relab. vol. 5, 8489, 2005

M. Tapajna, A. Paskaleva, E. Atanassova, E. Dobrocka, K. Husekda. Fr ohl i ch, @A Gate oxide thic
dependence of the | eakage curr entSemammud8cafiechean i n Ru/ Ta205/ S
vol. 25, art.no.075007 2010

H. Sawada and K. Kawakami, fEI| eGotJrApph Physya.86pp.ct ure of oxygen
956959, 1999.

W. S. Lau, L.L. Leong, T. HaandN.P. Sandlerfi Det ect i on of o xajegie capacitars ancy def ect s
with ultrathin TaOsfims by zerebi as t her mal |y st i mAppaRhgsdettoal 83 ent spectrosco
pp.28352837,2003

E. Atanassova, D. Spassov, A. Paskaleva, Mi- Georgieva and
doped Ta205 st EioRotidFinswlp546; pp866848692 2008

D Spassov, E Atanassova, A Paskaleva, N Novkovski and A Skepafowski,e ct r i cal-doped havi our of Ti
Ta2050n N2@and NH3n i t r i &emiton& Bad Technold. 24, art.no075024(10pp.) 2009

A. Paskaleva and E. At anassova, fiEvi diegpedcTads0f, or a conducti o
Mater. Sci. Semiconérocess vol. 13, pp.34955, 2010.

A Skeparovskil, N Novkovskil, E Atanassova, A Paskaleva andlVakz ar ov A Ef fect of Al gate o
electrical behaviour of Aloped TaOss t a &J.kPkys. D: Appl. Physvol. 44 art. n0.235103 (10pp 2011

D. Spassov, E. Atanassova awd. Pas k al e v aqped TdOi: dlectritaly propetties and

mechanisms of cod u ¢ t Misraelecgran., Reliah vol. 51, pp.21022109,2011

A. Paskal eva, M. Rommel , A. Hut zl er, Properepa s sov , and A. J
HfO,MOSd evi ces by alAC3App. Mater.dntefacesod f pp.1702-17043,2015
Ww. J. Zhu, T. P. Ma , T. Tamagawa, J. Kim and Y. Di , ACurre

s t r u dBEH Elextéon Device Leftvol. 23, pp97-99, 20Q.



548

[54]

[55]

[56]

[57]
[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]
[68]

[69]

[70]

A. PASKALEVA, D. SPASSOV, D. DANKOVIC

V.V Afanasobdev, A. St esmans, L. P &.¥ Chers 4 A &ittl, DS . Ci mi no,
Wouters and MHOJ nwnezdlacen DiMol e i ndApplePthys.lthatt., oxy gen

vol. 98, art.no.132901(3pp.),2011
J. L. Gavartin, D. Mufoz Ramo, A. L. Shlacapa@es in G.
HfO; as charge traps in high s t ApplkPhys., Lettvol. 89, art.no. 082908(3pp.), 2006

C. /

Sscavenc

Bersuker a

C. Mannequi n, P. Go-Romai nC,, Alal B®eesy,. H.at Grampei x,

J o u s s e au Anelyced fedkage eusret and trggneration in HfQ thin filmso J. Appl. Physvol.

112, artNo. 074103(9pp.),2012

M.A. Lampert and P. MarlCurrent injection in solidsNew York and London, Academic Press, 1970.

T.J. Park, J.H. Kim, J.H. Jang, C.K. Lee, K.D. Na, S.Y. Lee, H.S, ddngim, S. Han and C.S. Hwang,
AReduction of electrical deflenct $yiCGhdnaMarmpolc?loayer
pp.41754184,201Q

G. Mol as, M. Bocquet, J.Buckl ey, H. Grampei x, M.

X. Garros, F. Martin, P. Brianceau, V. Vidal, C. Bongiorno, S. Lombardo, B. De &ad\®. Deleonibus,
Al nvest i ga t-alummatecalloys Inaet ofiintegration as interpoly dielectrics of future flash
memorie® SolidState Electron vol. 51, pp.1540-1546,2007.

A. Paskal eva, A. J. Bauer M. Lemberger, and S.

through thin higkk HfcTiySi,O flms due t o t he v alrAppliPlgys vbl.fo5, ppdb58TF i rat
559Q 2004

A. Paskal eva, A. J. Bauer, and M. Lemberger, fi
trapping in thin higkk Hf,TiySi,O  f i J. ApploPhys vol. 98, art.no 053707 2005

M. Lemberger, A. Paskal eva, S. Z¢ircher , A. J.
hafnium silicate films obtained from asingleour c e MO C V DMicpeleetmomn Raliah vab 45,
pp.819-822, 2005

A. S

depositec

i 00,

G®ly, J.

Zircher ,

An asymmet

Bauer

D. Mufioz RamoA . L. Shluger, and G. Bersuker, AAb initio

properties of Fdoped HfQ0 Phys. Rev. Bjol. 79, art. no035306, 2009.

A. Paskaleva, M. Lemberger, E. Atanassova, and A. J. Bauer, "Traps and trapping phenomena and thei
implementations on electrical behavior of higleapacitor stack"J. Vac. Sci. Techngolvol. 29, art. no.
01AAO03 (10pp)2011

G. A. Niklasson and K. Brantervit, An a | y s i Foltagé characteristiesroft medabulator composite

f i | dnAppl,Phys,vol. 59,pp.980982,1986

R.M. Fleming, D.V. Lang, C.D.W. Jones, M.L. Steigerwald, D.W. Murphy, G.B. Alersi. YWong, R.B.

1

L.

study

van Dover, J.R. KwoandAM. Sergent fiDefect dominated chalOsthip transport in

f i | dnAppl, Phys vol. 88, pp. 85@62 2000

D. Spassv, E. AtanassovandD . Virovska, A EIl ec t0s baseal Icapaciforawithct er i stics of

di fferent dppl BhyseAva. 82ipp. 65562 2006,

E. Atanassova, D. SpassandA. Paskalevafivetal gats and gatelepositioninduced defects in B@s

st ack c MgraetectronoRekavol. 47, pp2088 2093 2007

L. Mi chal as, M. Kout soureli, E. Papandreou, A.
dielectric charging for f mems capaciv e s wiFdcta HUeiwemGitatis, SeriesElectronics and
Energeticsvol. 28, pp. 113122, 2015

N. Novkovski, APhysical model i ng -+ faOeHased MOS c al
capaci t or BactaUnivessitatis, Seie&lédronics and Energeti¢csol. 27, pp. 25973,2014

Ganti s, G

and

diel e



