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Abstract

Modern dielectrics in combination with appropriatectal electrodes have a great
potential to solve many difficulties associatedhagbntinuing miniaturization process in
the microelectronic industry.

One significant branch of microelectronics incagies dynamic random access
memory (DRAM) market. The DRAM devices scaled foen35 years starting from 4
kb density to several Gb nowadays. The scalinggs®ded to the dielectric material
thickness reduction, resulting in higher leakageesnt density, and as a consequence
higher power consumption. As a possible solutianttics problem, alternative dielectric
materials with improved electrical and materialeacie parameters were intensively
studied by many research groups. The higher dredecbnstant allows the use of
physically thicker layers with high capacitance Istitongly reduced leakage current
density.

This work focused on deposition and characteripatd thin insulating layers. The
material engineering process was based on Si deanrcompatible Hf® thin films
deposited on TiN metal electrodes. A combined nadterscience and dielectric
characterization study showed that Ba-added,HB2aHfO;) films and Ti-added BaHf©
(BaHfy sTips03) layers are promising candidates for future gdrmreof state-of-the-art
DRAMSs. In especial a strong increase of the diglegermittivity k was achieved for
thin films of cubic BaHfQ (k~38) and BaHfsTios03 (k~90) with respect to monoclinic
HfO, (k~19). Meanwhile the CET values scaled down tonlfor BaHfQ and ~0.8 nm
for BaHfsTiosOs with respect to Hf@ (CET=1.5 nm). The Hf ions substitution in
BaHfO; by Ti*" ions led to a significant decrease of thermal letifigpm 900°C for
BaHfOs; to 700°C for BaHfsTip sOs.

Future studies need to focus on the use of ap@atepmetal electrodes (high work

function) and on film deposition process (homogendor better current leakage control.
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Chapter 1

Overview

1.1 Goal of the study

Since the dawn of the electronic era, memory orage devices have been an
integral part of electronic components. As the tetegc industry matured and moved
away from the vacuum tubes to semiconductor deyicesearch in the field of
semiconductor memories intensified as well. The isenductor memory industry
evolved and prospered along with computers revartufl]. In 1970, the newly formed
Intel company released the “1103”, the first dymam@ndom access memory (DRAM)
chip and by 1972 it was the best selling semicotmunemory on the market defeating

magnetic core type memory (Fig. 1.1).

Figure 1.1: Intel “1103” first DRAM chip [2].
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High density and low cost of DRAMs have earned thempredominant role in
computer main memories. During the last four desattee number of DRAM chips has
increased four times every three years and thepaydhit has declined by the same factor
[3].

The DRAM scaling progressed successfully for overygars from the 4 kb
density up to several Gb nowadays, resulting itnarease of chip complexity by many
orders of magnitude, i.e. memory technology witt@M products has undergone a
280000-fold increase in density, 20000 times deseréa power per bit, and a 10 to 100
times increase in speed during the last twentyymars, resulting in a 650-fold reduction
of the cost per bit of memory (Fig. 1.2) [4, 5].
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Figure 1.2: Time evolution of DRAM generation anBA&M cost.

Memories are used for writing, storing and retmgyvilarge amounts of data,
which represent either information or software nnstions that are coded in combination
of binary digits “0” and “1” and can be further dsby the processor unit for specific

manipulation.
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To the main attributes of DRAM memory belong castiability, density, speed
and power consumption. Progressively the electrdaeigces become smaller, faster and
cheaper, as the rapid scaling process proceeds.

However, reducing device dimensions leads alschéothickness reduction of
electrical barriers in the device. These barrieith weduced thickness can not provide
sufficient insulation anymore, resulting in higheakage current density and higher
power consumption. In DRAM, one of the main conitibns to the higher power
dissipation is the leakage through the storage aitpadielectric. As a remedy for this
problem, alternative dielectric materials are stddiThese materials are called high-k
dielectrics. The term high-k refers to a materi@hvwa high dielectric constant k (also
called dielectric permittivity,) as compared to silicon dioxide (S)OHigh-k dielectrics
are required as means to provide a substantiattigeh (physical thickness) dielectric for
reduced leakage and improved capacitance, in otleeds for enabling continued
equivalent oxide thickness scaling, and hence lpgghHormance of microelectronic
memory.

The goal of this thesis is the preparation andasttarization of new dielectric materials

with respect to their application in MIM storageeaitors of future DRAM generations.
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1.2 Organisation of the thesis

The thesis is organized as follows:

Chapter 2 takes up with reader’s introduction ®ttipic. After recalling the main
microelectronic memory types, it reviews the DRAREa@ation principle. In the next step
the miniaturization approach is presented with $oon the replacement of the current
insulator in DRAM storage capacitors by an altaugabne. The main requirements for
potential candidates are listed in detail.

Chapter 3 provides a general overview of film dépms and characterization
methods used in this study. Description of depmsitequipment and measurement
techniques is provided.

Chapter 4 summarizes the results of physical aadtredal characterization of
high-k materials developed in this study. It isided into two main parts. The first part is
focused on Hf-based alkaline earth perovskites éorimy addition of BaO to HfO The
second part is focused on the further engineerinigroary compounds, by addition of
TiO,. The main focus is put on BaHili4Os.

Chapter 5 summarizes obtained results and staggestions for future work.
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Chapter 2

Introduction

2.1 Memory types

In the past, data storage used several memory dkxies, i.e. magnetic tapes,
hard disks, floppy disks, core memories, opticacsliand semiconductor memories.
Magnetic and optical media belong to the nonvdatiemory (NVM) family as well as
other, non-charge storage types including FerrtiidedRandom Access Memory
(FeERAM), Magnetic RAM (MRAM) and Phase Change RARCRAM) [6]. Within the
NVM group, once the information is written, it istained permanently, even if the power
supply is disconnected. In opposite, volatile meaestoose the information after the
power is switched off. Some loose information ifsitnot refreshed over certain periods
of time [3].

MEMORIES —l

Nonvolatile memories

Magnetic Optical
memories memories

| N
| I

I |
| I

I N

Volatile memories

cost, performance,
— >
-

cost
—

Source: Infineotr ! | |

Fig. 2.1 Memory types [after T. Mikolajick].

14



An exact illustration of memory types is given iig.F2.1. To the nonvolatile group
belongs read only memory, usually known by its agno ROM. Because data stored in
ROM can not be modified, it is mainly used to disite firmware. Programmable ROM
(PROM) is a form of digital memory where the seajtof each bit is locked by a fuse or
antifuse. Such units are used to permanently giargrams. The difference with respect
to a ROM is that the programming is applied aftex tlevices are constructed and they
are mostly used in electronic dictionaries. The mentan be programmed only once
and it is an irreversible process. Erasable prograbnle ROM (EPROM) is a NVM type
that consists of floating-gate transistors indiliyiprogrammed by an electronic device
which supplies higher voltage than normally usedigital circuits. The EPROM can be
erased by exposure to strong UV light (253.7 nm).contrast, electrically erasable
programmable ROM (EEPROM, often written &°EBOM) is a type of memory used in
electronic devices to store small amounts of dathé case of power removal, i.e. device
configuration. When larger amounts of data havebéo stored, a specific type of
EEPROM is used, namely flash memory. It can betbadly erased and reprogrammed.
The last one from this group, NVRAM gathers allégmf RAMs which do not lose their
data upon power removal. This is in contrast wifRAM which belongs to the volatile
memory group [8]. SRAM is a type of memory where thord “static” indicates, that,
unlike DRAM, it does not need to be periodicallfreshed. SRAM uses bistable latching
circuitry to store each bit, however it is stilllable in the conventional sense that data is
lost when the memory is not powered. The focusisfwork is on the last semiconductor

memory type, namely DRAM.
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2.2 DRAM
In the following subchapters, the DRAM working mmipple is described. It is followed by

capacitor structure and capacitor physics.

2.2.1 DRAM working principle

At present, a so called one-transistor-one-capait®-1C) structure is usually
used as a memory component of the DRAM unit céll [9g. 2.2 shows in the left upper
corner an access transistor (T) and a capacitoc€C)Yenlarged on the right side) with
top and bottom plate and Zg@ielectric between them. The storage elementnaected
via contact 2 and contact 1 (bit line - BL) to thensistor (Fig.2.2 left, down) with CaSi

metallization for electrode contacts (word line L)WV

(apacitor !
Ldielectric:

Figure 2.2: 1T/1C DRAM cell unit [10].

In the following, the processes of writing to am@ding from a DRAM cell are shortly

described.
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Writing

The word line applies a write voltage such thatadheess transistor is in the “on” state
and behaves like a metal wire. During the writimggess, the BL applies a voltage which
is dependent on the information to be stored (F3y-4t results in charging the storage
capacitor.

W T |
I 0 | Stores 1

=3

W N
I T Holds 1 A poor ‘1"

L N |
I
1
'—\

o8]
=

Figure 2.3: Schematic representation of writingcess; “0” and “1” state during writing

process (bottom, right).
If the applied voltage is slightly higher than thalf of Vpp (Vpp stands for positive

power supply and “D” denotes that the supply isnemted to the drains), a logical “1” is
stored in the cell. If the value is slightly lomyan 1/2\4p, a logical “0” is saved. The
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main advantage of the half-voltage method is thatdstablished insulator field is twice

smaller than in ¥p method what contributes to a better reliabilit§][4
Reading

In the reading process, the BL is precharged tostitage \6.=Vpp/2 whereas the word
line (WL) remains closed (Fig. 2.4). In the nexpsWL opens and voltage is applied to
transistor gate. The channel is conducting andtretecharge flows through the source
and drain. If the storage capacitogh@ld a logical state “1” (called also “high” state)
then the potential on the BL will be equag ¥AVs (Vs stands for voltage on storage
element S). The potential on the BL capacitog Cwill be slightly higher than the
applied one, and the charge will be transferredhi direction G-Cg.. The opposite
situation suggests a logical state “0” at the gfereapacitor becauseyCwill be depleted

in charge. It has to be mentioned that readingguore is a destructive process; released

charge is lost [7].

Voltage at
VH(VDD)
Voltage at
storage node
-7 Precharge

~

Voltage A
. at BL

.
’
-

Activate WL Activate Sens€]

Amplifier

Figure 2.4: Schematic representation of DRAM regglirocess.
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2.3 DRAM capacitor structure

The geometric structure of the storage capacitsrben evolving throughout the
years of scaling [11, 31]. Different forms have megpplied to obtain improvements in
capacitance density. One can distinguish two nagsigns: planar and three dimensional
(3D) structures [3]. The working principle is tb@me in each.

Fig. 2.5 shows how the DRAM capacitor structureles through the shrinking
technology nodes. Colors represent different fumeti materials; red stands for metal
gate (WL), blue for metal plate of the capacitaean for the dielectric and grey for p-Si.
BL is shown on the top, along the unit cell.

Planar capacitor design:

As an example 16-KBit to 1 MBit DRAMs in early 7@sthe mid- 80s belonged
to the planar device cell family. This structuresééd on a transfer device (n- or p-channel
MOSFET) and a capacitor placed horizontally alohg transfer side and occupying
typically 30% of the DRAM cell area. Two kinds adgacitor structures were used; poly-
insulator-silicon (PIS) and poly-insulator-poly B}l The change from PIS to PIP
reduced the silicon depletion layer, acting as giicaseries capacitance and reducing the
total capacitance of the unit cell.

1Mb [ amp [ 16Mb [ 64mb 256Mb | 512M/1Gb
coB
P 20-1
| =
| \ ’
fPIanar o B
—Bit Line -
s anan
{ Gate Plate
| =
Node

\@_
==

[Trench| = [Trenchfll

Figure 2.5: DRAM capacitor structure, schematicictgm; colors in the figure: red
stands for metal gate (WL), blue for metal platehef capacitor, green for the dielectric
and grey for p-Si [48-49].
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3D capacitor design:

Fabrication of 4-Mbit DRAM required the introduati@f 3D structures to follow the
scaling trend without effective capacitor area ctun. One of the ideas was to position
the capacitor within a deep trench (DT) (Fig. 2[52, 48]. Trench developed very
quickly by increasing the depth/width (D/W) ratindausing thereby more efficient the

silicon substrate area.

TRENCH

Within the 16 Mb up to the 256 Mb DRAM cells, ddagsenhancing innovations
focused on techniques as shallow trench isolat®H)([13], BL contact borderless to
word line [14], and self aligned buried strap [1356 Mb DRAM generation
manufactured in 2001 had a cell size of approxilmaiel6 unf and a minimum pitch o
0.28 uni[16, 17]. Furthermore, 70 nm and a 58 nm technolegse reported [18, 19] as
well as 40 nm DRAM cell [20]. A trench aspect rabib90 was presented for the 70 nm
technology node and an aspect ratio of 120 withen40 nm node. By the year 2007,
scaling of DT structures became problematic. Magsues included technological
difficulties with further increasing of the aspeatio and uniform filling with electrode
and dielectric materials, as well as very highnerbudget which these materials had to

withstand (~1000 °C); for these reasons the stagtktacture became most popular.

STACK

The second type of 3D structure is the stack cémachs it was introduced, the
requirement for the dielectric constant of the matechanged towards higher values in
order to keep the same capacitance thickness. #el@ nm technologies, a cylinder
capacitor structure utilizing the inner and outg@intler surface area and a cup capacitor
structure was proposed. It delivers only half & tdapacitor area at the same aspect ratio
as DT but is mechanically more robust [21, 22]. Tgyeometric structures were
distinguished here — capacitor-over-bit-line (CClBid capacitor-under-bit-line (CUB).
Both solutions present the same major concern: kibep same aspect ratio for

20



contacts/vias whatever the generation for manufabtlity is [51]. Stack capacitor is the

mainstream technology nowadays.
2.4 DRAM capacitor physics

To understand the physics of DRAM, one has to famushe dielectric between
the metallic conductors, a polarisable insulatiragemial.

M. Faraday found that placing an insulating matebatween metal plates
connected to a voltage source, increased the clarghose plates by a factor gf
called dielectric constant or relative permittivitf the material [50]. Dielectric medium

has no free charges, in other words, positive aghtive charges average over the scale

of an atom, however an external electric fieldcauses them to displace, forming an
induced dipole. The electric field between eleatodstores energy until they are
connected. If it occurs, the field collapses anarghs neutralize.

The ability of a passive element to store thesegehearriers is called capacitance
and describes the number of Coulombs of chargectdrabe placed on a capacitor plate
per unit of voltage applied [23]:

Q=ClV (2.1)

Using Gauss’s law we can determine the electrild fitween the plates. The
electric flux through a closed surface A, surromgdihe region V is proportional to the
electric charge Qin this region:

¢:§Emﬁzijpdv:% (2.2)
A EO \% EO

where vectordA is a surface vectolE electric field,p is the total electric charge density
and gy is the dielectric permittivity of vacuum. The digc field is then equal to the

electrical flux divided by the area:

E=z—=—S2 =~ — (23)
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In homogenous parallel plate capacitor electrillfiE=V/d, where d stands for thickness

(or distance between plates), therefore:

=V _ClV (2.4)
d Az,
and finally C= A([fo (2.5)

Figure 2.6: Parallel plate capacitor

To complement the case with dielectric materialveein metal plates the equation takes
the form:

c=10"r (2.6)

whereg, stands for the dielectric permittivity of the m@éand is often replaced by k. In
DRAM, if the capacitor area A is shrinking, thente€ has to remain constant, nominally
30-40fF/storage cell [11]. This is because the ghan the capacitor must be large
enough to generate a BL voltage change that carrebably sensed, including
compensating for various noise sources (radiatieakage current and electrical
imbalances between pairs of BLs) [24, 25]. To k€eponstant with decreasing A, a
reduction in d is required.

Decreasing the dielectric thickness can resulhimarease of the leakage current density
due to direct tunneling (DT). According to the geelassical Wenzel-Kramers-Brillouin

(WKB) approximation, DT current can be expressed as

J=1J, dﬂ @xpﬁd—AE{/z) ~ (5 + eV)exrﬂ—A ¢ +eV) }

JOZ% and A =407ld mn_l}
207 [d b h

2.7)
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where ¢ stands for mean dielectric barrier height abovemiFdevel, d for oxide

thickness, m* for effective electron mass, e factlon charge, h for Planck constant and
V for voltage across the film [26]. As a consequentfollows from the DT formula that
the DT current increases exponentially with dedrgpglielectric film thickness d.
Therefore, dielectric thickness could not be reduicdinitely to satisfy leakage current
and high capacitance density requirements at time $eme. Therefore, to enable further
miniaturization, another solution must be targetalternative dielectrics with higher
dielectric permittivitye, [34, 44].

To compare electrical performance of higherdielectrics with that of Sig) a term
named CET was introduced. Capacitance Equivaleickiss (CET) is determined by:

Alego €
CET=—"22 (2.8)

meas

where GneasiS the measured capacitance at defined voltagesandthe SiQ relative
permittivity. CET indicates how thick would be Si@®m in order to provide the same
capacitance as the high-k material and is extrécted electrical data.

During material deposition on metallic electrodepaaasitic interface layer can appear

which adds a parasitic capacitance contributinpéctotal capacitancergr (Fig. 2.7):

Electrode J_

—_Chigh—k 1 _ 1 4 1 -
nterrace —l—CIF CTOT Chigh—k Cu: (2.9)
Electrode

Figure 2.7: MiM structure with performance limitiimgerfacial layet.

Accordingly, the equation for CET changes its faon

! The interface from top electrode is neglected utite assumption that Au/Pt does not react with the
dielectric layer.
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1 1 1
CET = AlZg,, (£, [EC—}A@SQ Z, [ﬁ +—} (2.10)

TOT high—k CIF

Ea Ea
CET=—2 [y +— = O (2.11)

Ehigh-k IF

If the denominatorenghk Of the first part in equation (2.11) is high, thdre ratio
€siod Enigh-« Might be neglected in comparison with the secarti\where the denominator
is small [27]. The total capacitance is then deteech by the interface layer. This is why
great care must be taken to avoid interfacial |dgemation between high-k dielectrics
and metal electrodés

According to the International Technology Roadmap $emiconductors (ITRS), CET
values scale with technology node, starting withrim in 2007 and ending with less than
0.2 nm in 2022. The maximum tolerable leakage ctrmensity is defined as Toa/cm?

at 0.5V [6]. Regarding equation (1.7) and assunuegl dielectric (without defects and
interface) and tunneling barrier of 2.3 eV, witleefive mass 0.2 gn(parameters in
agreement with literature with respect to Hff52]), and combining those parameters
with CET, one can estimate (Fig. 2.8) the predidedectric permittivity for the year
2012 according to the roadmap to be about 50 [B8}ase of “real” materials which are

very likely to contain defects, even higher dialectonstants will be required.

! In this work, the impact of quantum effects is maiuded: the influence on the CET value is intbgion
of 0.05 nm which is within the marginal error afraneasurement.
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Figure 2.8: Dielectric constant vs. year, DRAM atgg node cell of MIM capacitor

shown by solid line, values on the plot refer taresponding CET values [28].

2.5 DRAM dielectric

First DRAM's were based on SjtGand manufactured in the silicon-insulator-
silicon (SIS) form. Then SigSisN, (ON/ONO, oxide-nitride and oxide-nitride-oxide,
respectively) was introduced. The $ifad a relative dielectric constant of 3.9 while th
SisN, about 6-8 depending on stoichiometry. From 200Wards, radical dielectric
material changes were introducedsNgiis abandoned in stack architectures due to its
high thermal budget but it remains mainstream dtatein DT caps [29]. MIS stacked-
capacitors using high-k materials and metallicatgrtrodes are reported with 1 Gb chips
using TaOs and 4 Gb using AD3 in 100 nm technology. DRAM then enters sub-100 nm
technology CMOS nodes, focusing on design and egapdn issues. New high-k
dielectric materials, as Hiand ZrQ, with low thermal budget, are introduced to replac
TayOsin stack capacitors, along with the introductiorvtiM cells [30].

Figure 2.9 presents the memory ground rule vs. G&Tstack and trench
technologies below 90nm. Trench DRAM utilized ONtlre SIS structure up to 65 nm
technology node. In order to scale it below 50 am,ntroduction of MIS construction
and new material (HfSiO) was necessary. The 90 rourgl rule stack capacitor based
on HfAIO in MIM configuration. As further scalingrpceeds, ZrAlO will be in focus
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until sub-40 nm technology node. Continuing prognedl demand admixture of Ti{to
binary compounds, resulting in ternary dielectridhere are no known solutions

concerning dielectric materials for the future 28 technology node.

6.0 today SIS MIS MIM
0 Ton on A A A
* * _ON #Trench | T5
5,0 v ® Stack
= 4,0 MIS AIO 140
£ MIS HfSiO 20 z
= 3,0 ¢ Qo
o MIM HfSiO %
270 2]
MIM HFAIO 120
? ZrAlo ZrAIO
1,0 hd ¢ ZrAI0 T 40
# SiTio 1
60
0,0 T
90 70 50 30

groundrule [nm]

Figure 2.9: Design rule vs. capacitance equivaieickness. DRAM structure, dielectric

material as well as the electrode material chaA8g [

Therefore, making use of its well—established Si@3/compatibility, we will use Hf®
(& ~ 20 for amorphous and monoclinic phases) asdy shaterial and make an attempt

to improve the dielectric parameters (i.e. leakdgesity, dielectric permittivity) in such a

way that it fulfills the requirements of the futu28 nm technology.

Dielectric constant engineering

As described by the Clausius-Mossotti equation,dietectric permittivitye, is defined

as a function of dielectric polarizabilitg)and the molar volume @y:

1+ 2o
3 V.
R
1~ @G

m

(2.12)

Hence, increasing. and decreasing y of the dielectric compoound, inc

dielectric permittivitye, of the material.
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The static dielectric permittivity is frequency @gglent and in the frequency regime of

interest there are two main contributions:

£ror =k =k +k, (2.13)

where k and k correspond to the lattice and electronic contrintrespectively. Atoms
with a large ionic radius (i.e. high atomic numbexhibit more electron dipole response
to an applied electrical field. The electronic cdmition therefore, tends to increase the
dielectric permittivity for higher atomic numberoats. The ionic contribution can be
however larger than the electronic part in caspavbvskite material, e.g. (Ba, Sr)&O
[37]. Due to the fact that ions respond more slotayan applied electrical field than
electrons, the ionic contribution decreases at Wégh frequencies in the range of 410
Hz.

Concerning the electronic polarizability plot vessionic radius for divalent cations
(Fig. 2.10), one may conclude that the electrorotafizability of Ba belongs to the
highest one, showing = 65 A= 6.5.10%cm® [38, 39]. Numerous literature suggests
that admixture of Ti@can be beneficial for increasing k. Li@as a large k which arises
through a strong contribution from soft phononsoiming Ti ions and is not exhibited by
the other group IVB metal oxides [53].

Taking into account the considerations above, @upra@ach to engineer the dielectric
constant of HfQwill be focused on three points:

1. Adding Ba to HfQ to increase the electronic polarizability.

2. Obtaining crystalline BaHf@preferably in the high symmetry cubic perovskite
phase (ABQ) to decrease Y [40-42].

3. Substitution of a part of B-site atoms by Ti torattuce easily polarizable Ti-O

bonds to further enhance dielectric constant [53].
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Fig. 2.10: Electronic polarizabilities ¢410%‘cm?®) of divalent cations
vs. (ionic radius)[38].

According to the C-M equation, this should allowdbtain higher permittivity values
than that of pure Hf®

2.6 Requirements placed on dielectrics materials forapacitors

The dielectric materials prepared according todiseussed approach, will be evaluated

in this work with respect to the following criteria

PO DD P

Dielectric constant, > 50

Leakage current densityai< 10® A/lcm? at 0.5V
Low thermal budget < 650 °C

Capacitance equivalent thickness CET < 0.7 nm
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2.7 Capacitor electrode

It has been shown that dielectrics with higher etigic constant usually show
smaller band gaps (BG) [44-45]. This trend is itated in Fig.2.11. It can be seen that
BG is roughly inversely proportional to the perimity (more exactly E~k®®°[33, 46)).
The decreasing BG means a reduced energy distataedn the oxides valence band
maximum (VBM) defined by occupied O 2p states amel ¢conduction band minimum
(CBM) which in most of the oxides of interest idided by metal d-states [46]. However,
not only the total size of the BG is of importanGée energetic positions of CBM and
VBM with respect to Fermi Energy gEof the metal electrode, defining the so called
conduction band offset (CBO) and valence band o{f#BO), are far more critical.

o ,SIO
*Alzos
8 -
< TiN
7 ,Cao I
= ZrSio, # HfSIO,
2
& « 20 1O;
_g; I Y203* 2 K
g Si,N; 30 La,O,
m
* *
4 BaO
Tio, | Ru
3 *
T T T T T T T T T T T T
0 10 20 30 40 50 60

Dielectric constant

Figure 2.11: Band gap vs. dielectric constant [47].

Usually, the CBO for candidate oxides on Si or T8Nsmaller than VBO [46-47]. This
makes the value of CBO more critical for obtainilogy leakage currents. For some
oxides with very high dielectric constant, the CBQeduced to values well below 1leV.
Such barriers can not ensure ultra low leakagesntsmrequired by DRAM. A solution in
this case may be the application of metal elecsadigh higher work functions (WF)

than that of TiN. Using this approach, the Fermaelecan be shifted towards the mid-gap
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position of the insulator. As a result, the CBOnisreased (at the expense of VBO) and
leakage can be reduced. For this reason, theitnaaitTiN electrodes may be replaced in

the future by metals with higher WF, e.g. Ru (sep E11).
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Chapter 3

Experimental methods

This chapter gives a short description of experitaemethods applied in this work for
the preparation and characterization of dieleatnaterials and metal electrodes. For a
detailed description of the different materialsesce and electrical characterization

techniques, the reader is referred to the correfipgriterature.

3.1 Thin film deposition

To characterize the properties of new dielectricemals, planar metal—insulator—metal
(MIM) capacitors were prepared. In the followingaterials and methods used in the

preparation process are described.

3.1.1 Substrates
4—inch, boron—doped (5-X3cm) Si (001) wafers covered with thin TiN layer@@¢~-~nm)
were used as substrates. The TiN layers were mesr DC magnetron sputtering of Ti

in Argon/Nitrogen ambient at 300°C.

3.1.2 Dielectric material deposition

A large variety of deposition methods was appliedthe research of new dielectric
materials including Chemical Vapor Deposition (CYBjomic Layer Deposition (ALD),
Atomic Vapor Deposition (AVD), Physical Vapor Dejtam (PVD), Molecular Beam
Deposition (MBD) and sputtering [54].

Most thin films used in microelectronic industryeadeposited using CVD or ALD.

Although they offer a very good control over thémfistoichiometry and uniformity,
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expensive precursor chemistry, instrumentationscastl high reproducibility make them
suitable for industrial production.

However, due to the low flexibility of CVD and ALDor research tasks, MBD by
electron beam evaporation (e—beam) and effusidri(Keldsen cell) was utilized in this
study. This method offers clean, cost effective aaquid solution for primary material
screening studies. In the electron evaporatorcasked electron beam heats the target (in
this study: HfQ, Ti,O3) and source atoms are evaporated towards theratgstn
Knudsen cell (in this study: BaO), high temperatsrapplied to the material by indirect
ohmic heating in the effusion cell leading to mialeevaporation [55]. The parallel use of
both sources allows stoichiometric deposition omptex compounds. The purity of
materials evaporated in this study was better §8a89%.

The dielectric deposition experiments were carpat in an ultra high vacuum (UHV)
molecular beam epitaxy (MBE) system (DCA MBE 60@ysigned for handling 4—inch
wafers. The setup consists of a load-lock, prejperaand characterization chamber,
shown in Fig. 3.1, connected by an UHV transfee.lim the load-lock stage, samples
were degassed (200 °C for 20 min at’¥fbar) to free the surface from contaminations.
During the dielectric deposition the pressure west laround 10 mbar.

The substrate temperature was set to 400 °C ddepgsition and the deposition rates
were typically in the range of 0.01 to 0.05 nm/s.

X-ray source

Deposition chamber Load-lock XPS Analyser

Fig. 3.1 DCA 600 UHV Molecular Beam Deposition chmn for preparation (left) and
in situ characterization (XPS, UPS) (right) of thin dietecfiims used in this study.
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3.1.3 Post deposition treatment

Selected samples were directly after depositioreal®d for 15 s using a Rapid Thermal
Annealing (RTA) tool from Jipelec (Jetfirst 100)ostm in Fig. 3.2. The annealing
ambient was bMand temperatures were varied in the range fronP60@ 900 °C.

t
Halogene lamps’  wafer” gas - fans

Fig. 3.2 JIPELEC JETFIRST Rapid Thermal Annealiaghéice

3.1.4 Top metal electrode deposition
For top metal contact evaporation a MSBA-580 TSENdl¢ & Schmidt) metallization

chamber was applied (Fig. 3.3).

PVD tool for metal contacts

Fig. 3.3 Metallization chamber MSBA-580 TSEW (M&lzSchmidt) for 4 and 8 inch
wafers for TiN, Al, Au, Pt and Ti metal contacthyadow mask for metal contact
preparation

Two types of metal electrodes were evaporated tir@ishadow mask: Gold (Au) and
Platinum (Pt). For Au electrodes resistive thermalporation was applied. The material
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is evaporated by passing a large current througin@ble (in the boat form) which has a
finite electrical resistance. For Pt contacts, laateon beam evaporation source was used
[Fig. 3.3].

3.2 Characterization methods

In this subchapter, characterization methods whatlowed the deposition process will

be described.

3.2.1 Materials science characterization

3.2.1.1 X-ray photoelectron spectroscopy

The characterization chamber shown in Fig. 3.1walfor in situ control of the
chemical composition of the dielectric layers uskgRay Photoelectron Spectroscopy
(XPS). It is equipped with a non—monochromatized K&l (1486.6 eV) and Mg K
(1253.6 eV) X-ray radiation sources and a SPECS IBBS-100 hemispherical
analyzer. This study utilized Al JKadiation at 100 W power.

XPS is an element sensitive method to determiaeiemical composition of the
surface [56]. It involves irradiation of a sampledhotons of known energy (E#h As a
consequence, electrons are liberated from theinthatates with binding energy Bnd

are analyzed with respect to their kinetic energy BE-ig. 3.4).
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Fig. 3.4 X—Ray Photoelectron spectroscopy workiniggiple, ¢ — the take—off angle

under which the electrons are collected

The kinetic energy (gn) of the emitted electrons is then given by the rgye

conservation law:

Eo =hv-®-E,

(3.1)

where® stands for the analyzer work functianfor the frequency and h is the Planck

constant. The so—called photoelectric effect wagrally postulated by Einstein [57].

The photoionization process can be illustrated sinaplified way as an initial and final

state (Fig. 3.5):

INITIAL STATE
Vacuum Level

—@—@— Core Level

N -

FINAL STATE
Vacuum Level

———@-

lew

Ep

hv

Fig.3.5 Photoelectron initial and final state pretu

In the simplified one electron picture, the fintdte wave function represents an atom

with a hole in the core level. If one assumes thatspatial distributions and energies of

the final state electrons are the same as in thial istate before emission of the electron,

35



then the binding energy is simply equal to the tiegaorbital energy of the emitted
electron. This approximation is called Koopmangditem and does not always correctly
describe the photoionization effect.

The binding energy of an emitted electron includexdditional effects can be more
correctly described by:

E, = E, +AE,_ +AE, . +AE

chem jonic relax (32)

Eop stands for the undisturbed binding energy of tkendrom which the photoelectron is
excited and is tabulated in the literature [58].

AEchem. IS the chemical shift which is directly correlatedth the change in electron
density at the ionized atom when the atom is placetsolid. Passing from the isolated
atom to the compound layer, atomic orbitals becaméecular orbitals. In consequence,
valence electrons form molecular orbitals and @eetrons change their energy due to
the screening effects of the nucleus in the newnated environment. Thus,gschanges
enabling chemical state identification of the elame

The influence of more distant atoms is givenABy,c which is also called “Madelung
energy”. This component is strongest in ionic coomuts.

It is noted that the “sudden approximation” phenoajewvhich states that the primary
excitation is rapid with respect to the relaxatiorocess of the remaining electrons,
provides a one—electron picture with the abiliteiglain the contributions to the binding
energy mentioned so far.

The last term in the equation 3.RE.lax Stands for complex multi-electron process
corrections as i.e. shake—up and shake—off lings é&citation of plasmons) [59, 60].

In this work, the preparation of thin dielectritriiwas followed by quantitative analysis
according to the formula:

Ny _ la (ASR

N_B 1 Ak (3.3)
where N stands for the concentration of elementdB, | is the obtained XPS intensity
and ASF stands for Atomic Sensitivity Factor. THeFAparameter was calibrated using
additional Rutherford Backscattering Spectroscdtiy}) measurements. More details

are given in chapter 4.
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3.2.1.2 X-ray Absorption Spectroscopy (XAS)

X—ray absorption spectroscopy (XAS) measurememtdased on excitation of electrons
from a core level to partially filled or even empstates in the same system [61]. Since
the absorption peak positions and their intensiy directly related to the nature of
unoccupied electronic states, XAS in contrast t&XdHows for probing of the empty
orbitals.

XAS excitation obeys the dipole selection rule, ebhstates that the change in angular
momentum quantum number should Me+1l between the initial and final states. The
absorption of X—rays gives rise to an electronicitexion from a core level to an
unoccupied state and a core hole is created.

Experimentally, XAS spectra are recorded by meaguegither the electron yield or
fluorescence yield as a function of incident photenergy. In this study, XAS
experiments were carried out at the U49/2—PGM-2ilatdr beamline of Bessy Il using
the ASAM end-station [62-64The XAS experiment requires a tunable source ofggne
therefore the measurement must be done at synchnatdiation facility.

Spectra were acquired in the total electron yieloden To learn about the energetic
positions of the lowest unoccupied states in thelediric materials of interest, XAS
O K-edge scans were performed. This measuremeolvie transitions from O1s to O2p
(Fig. 3.6) states which are hybridized with the coupied d states of metal cations
forming the conduction band minimum (CBM) [65]. Asesult, the location of the CBM
with respect to the Fermi level can be obtained.[66 combination with UPS, which
probes the occupied states at the valence bandmmaxi(VBM), this method allows

determination of the electronic band gap of theemaltunder investigation [67].

Empty states [ O 2p*+TM nd* |

hv

E Core level - 0 15 (~535¢eV)

Fig. 3.6 Effects involved in the XAS emission ()d&9], schematic representation of the
transition investigated by XAS at the @&dge (right) [66].
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3.2.1.3 X—Ray Reflectivity (XRR)

X-ray reflectivity (XRR) is a non-—destructive methdo study the thickness and
roughness of thin layers and multilayer systemq.[WO this work, to measure XRR
spectra, a Rigaku DMAX 1500 diffractometer of theagg—Brentano type and Rigaku
Smart—Lab diffractometer with a Cylsource X=1.5406 A) were utilized.

In XRR, the sample is irradiated with a monochromaf—ray beam of a known
wavelengthA under an incident anglé, and the reflected intensity is measured at an
angle 20 [71]. XRR operates typically in th&erange between 0 and 10 degrees. For an
incident angle below the critical andle, a total external reflection is observed. Above
the 6¢c value, the X—ray penetrates into the sample. Atingrto the electron density
difference between the layer of interest and neaghing films, oscillations (so called
“Kiessig fringes”) are observed. Due to the refectbeam interference, a certain
periodicity and intensity fluctuation can be obsstwvhich gives the information about
thickness and roughness of the film, respectividre, the thickness d is defined by the
use of classical theory (Fresnel equation):

d= m (3.4)
where the denominator is the angular distance ltwe/o neighboring interference
maxima Bn.1 and D, (see Fig. 3.7). To obtain the thickness, a modéh wlectron
density, surface roughness and thickness paramstasgd. The simulation is done with

the RCRefSim software [72].

Intensity [cps]

26 [degree]

Fig. 3.7 Example of XRR measurement (red) and st (green).
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3.2.1.4 X-Ray Diffraction (XRD)

X—Ray Diffraction was performed using the same pau@nt as for XRR. The
measurements were based on two different experahgabmetries described below (Fig.
3.8): speculab-20 and grazing incidence XRD (GIXRD).

Specular 8-26 ‘ Grazing Incidence XRD (GIXRD) |
(ooL)
A
Incident P " va
beam .-~ s,
. 0] (00L) Detector
Detector
f P
) CP \ K
Dielectric od
X-ray || @ e
source Ko
[ 1 L/

Fig. 3.8 XRD setup in two geometries: 186#20 specular scan, right—-Grazing Incidence
XRD (GIXRD).

Specular0—20 measurements

To obtain information about crystallographic sturet of the film, speculaf—-20
measurements were performed. These scans invaiyertti angles than XRR ranging
between 10° and 60° and reveal information abaitctlgstallographic structure of the
material.

In this process, electrons oscillate similar totel@lipole at a frequency of the incident
beam and become the source of electromagneticedipaldiation. Due to the periodic
arrangement of the atoms in a crystal and similaredsions of the wavelength and
interatomic distance, constructive or destructiméerference appear, resulting in the
observation of Bragg peaks.

Fig. 3.8 (left) shows the Laue condition in theteedorm. The incident plane wave has a
vector K whose length is 1/ If no energy is gained or lost in the diffractiprocess
(called elastic scattering) then the|#K;|, where Kis the diffracted plane wave vector.

A Bragg peak is observed when the impulse trangfetor K, (equal to the difference
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between Kand K) is identical in the magnitude and direction te tieciprocal lattice
vector Hp).
The lattice d—spacing in a single crystal has tlewing relation to the reciprocal lattice
vector [73]:

1

d, = (3.5)
" Hu |

Using the geometrical relationship shown in Fi@. @eft),

:|th|| 1
2 K|

sind (3.6)

allows deriving Bragg's law for X-ray diffractiondm the Laue condition in vector

form:

1 2K, sind = leinﬁ (3.7)

i A

As a result, the scattering of X—rays on crystahpk with a spacing d is described by:
nA =20d,, 3ind (3.8)

where n is the order of reflection (integer) ahds the Bragg reflection angle. For

amorphous materials with random atomic orientatiendiffraction peaks are observed.

If atoms are arranged in a periodic form, the wadiéfsacted from the parallel atomic

planes can interfere constructively resulting irorsg diffraction maxima characteristic

for a given material according to Bragg’s law (B®).

Grazing Incidence XRD (GIXRD) Analysis

To gain surface sensitive crystallographic inforioratabout thin dielectrics used in this
work, a so called Grazing Incidence XRD (GIXRD) dstuwas performed. Grazing—

incidence diffraction is a scattering geometry comnly the above described Bragg
condition with the conditions for X-ray total extat reflection from crystal surfaces.

Due to the strong enhancement of the electric fatlthe surface under total reflection
condition, this provides superior sensitivity of XD as compared to the other

diffraction schemes in the studies of thin surfigers, since the penetration depth of X—
rays inside the slab is reduced by three ordemagnitude—typically from 1-10m to
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1-10 nm [74]. In our experiment, the X-ray beans lite surface at grazing incidence

(«=0.8°) while the detector angle is scanned over @ge from 24° to 55°.

3.2.1.5 Atomic Force Microscopy (AFM) for roughnessletermination

The AFM was developed to overcome a basic drawbaitk scanning tunneling
microscopy (STM) [75] —which could image topologlyamnducting or semiconducting
surfaces only. The AFM has the advantage of imagingpst any type of surface. Most
AFMs use a laser beam deflection system (showngn39), introduced by Meyer and
Amer [76]. In this work, we used an Omicron varabémperature (VT) UHV AFM. It
operates by measuring attractive or repulsive ®lmgween a tip and the sample [77]. In
the repulsive mode, called “contact mode”, theptgced at the end of a spring cantilever
touches the surface. Two scanning modes may bmglisghed in this case: constant
height mode and constant force mode. The formeri®described elsewhere [78]. This
study utilized constant force mode. In this caBe,dantilever vertical deflection reflects
repulsive force acting upon the tip. The deflecimmaintained by the feedback circuitry
on the preset value. With changing topology thedgmple force is kept constant while
the piezotube is moving. This allows Z—coordindteight) acquisition. For X and Y
information, light deflection from the back side thie tip is used and monitored by a
Position Sensitive Detector (PSD). Main advantafjghe constant force mode is the
possibility to measure with high resolution simokausly topography and other

characteristics, e.g. friction forces, spreadirgistance or leakage current.
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Fig. 3.9 Left: Omicron UHV Atomic Force Microscop@JHV C-AFM); Right:

Schematical AFM working principle

41



3.2.2 Dielectric and electrical characterization

3.2.2.1 Capacitance—voltage (C-V)

To measure capacitance of the prepared MIM capacitG—V measurements were
performed. In this measurement, a small AC sigdgh¢~20 mV) is superimposed on a
DC (Vpc) signal and applied to the plates of the capac{sme Fig. 3.10, left).
Subsequently the DC voltage is varied in a degiaede (in this study: -1 V+1 V) and a
relationship between the capacitance and the DG higltage is obtained. CV
measurements were performed using Keithley Semiadod Parameter Analyzer
4200-SCS with integrated auto balancing bridge riegle [79]. In this measurement
method, the impedance |Z| of the capacitor andpbiase shifth on the capacitor are
measured. Subsequently, the capacitance valueldalatead assuming an appropriate
equivalent circuit which best describes the capad80]. In this study, the tested
capacitors were modeled as non-ideal elements csedpaf a parallel combination of a
capacitor and a resistor (Fig. 3.10, right). Acoogdo this model, the capacitance can be

expressed as:

C,= !

P 1
Z 1+—— 3.9
Z|ew | 5 (3.9)

where a is the angular frequency and Q stands for quéditior and is expressed as:

Q =|tang| (3.10)

Voltage

| |
|

| B
o

Time
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Fig. 3.10 C-V: Applied AC amplitude followed by Déltage sweeping the bias range
(left), parallel equivalent circuit for C-V acquisn (middle), simplified schematics of

C-V measurement; J-V: Simplified drawing of J-V si@@ment setup.

The capacitance values were then used to extractdtblectric constant of the

investigated dielectrics according to the parafidte capacitor model where C is
described in Eq. 2.6.

The simplified schematic of C—V measurement sefighown in the Fig. 3.10.

3.2.2.2 Current—voltage (J-V)

Macroscopic leakage current curves (J-V) were aedubased on the configuration

shown in Fig. 3.10. The characteristics can berdszb by using a simple measurement
setup consisting of a DC voltage source and a ggemirrent meter [81]. The DC leakage
current was obtained at room temperature while pimgethe applied bias voltage. For

leakage current mechanism study, temperature depéendl-V characteristics were

acquired in the temperature range of 210-390 KguSidSS PMV-200 Vacuum Prober.

3.2.2.3 Conductive Atomic Force Microscopy (C—AFM)

Nanoscopical leakage current investigation wasezhout using a C—AFM instrument. It
utilizes the same working principle as the abovecdbed AFM. Additionally to the
topography measured in contact mode, leakage ¢umfammation is acquired [82, 83].
The experiments were done under UHV conditions'tt0bar) and prior to the C—-AFM
studies the samples were heated indirectly (ragiptat 150 °C in order to free the film
from hydrocarbon and water contamination. The domas in UHV chamber (residual
gases’ desorption) were controlled using an Infic@ss spectrometer. We used diamond
coated tips due to the wear off resistance and riesistivity with a force constant of
2.8 N/m. The sample was grounded and the tip padriCurrent maps were acquired at
a constant voltage. At certain points of interdsly characteristics were measured. The

acquisition was followed by data evaluation usiRiFSSoftware [84].
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Chapter 4

Results and discussion

This chapter summarizes the experimental results.divided into two parts: in the first
part the focus is put on comparison of Bakl#tdd HfQ dielectric layers on TiN metallic
substrate; second part shows an approach to optithz dielectric properties of thin
BaHfO; films by introducing Ti ions on the B position tife cubic ABQ perovskite

structure.

4.1 Characteristics of BaHfQ dielectric films

4.1.1 Macroscopic study
This subchapter is split into 4 parts with regawdthe goal of the analysis: chemical

composition, structural properties, electrical eleéeristics, and band gap investigation.

4.1.1.1 Chemical composition
To achieve the target stoichiometry, BaO and Hfituixes were calibrated using
quantitative analysis of XPS spectra. In this asialyif a photon of energywhonizes a

core level X in an atom of element A in a solicg fhotoelectron curren Is given by:

I ,(X)=Ka,(hu, X)B,(hu, X)N A, (E, Yosd 4.1)
wherecoa(hv, X) is the photoelectric cross—section for ionmatof the X core level by
photons with energywh Ba(hv, X) the angular asymmetry parameter for above sons
N, the atomic density for the element A averaged dher analysis depth), the

inelastic mean free path (IMFP) in matrix M contaghatom A at kinetic energy AE
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(Ea= hv-Eg), and 6 is the angle of the emission to the surface narmalis a
proportionality constant containing fixed operaticmnditions (X-ray characteristic line
flux (Jo), transmission (T(x, y, B) and efficiency D(k) of the analyzer at a givemkE
Values forea andpa have been calculated by Scofield and Reilman easgely [85, 86].
For a homogenous material, the photoemission titensity can be expressed as:

|, O0C,o,(hu)N A, (E,) 4.2)
where G is a constant containing the proportionality cansK, angular asymmetry and

angle of the emission. The formula fof(Ea) was derived by Seah and Dench [87]:
Ay (E)) = AME,)Y* where A= 04Inm‘?ev"? (4.3)
where Av(E) is in monolayers, d is the “monolayer” thickeesn nanometers

(d*=—12
p [N

x10%* with A-atomic or molecular weightp-bulk density in kg-, n—

number of atoms in molecule and N-Avogadro numbed E is in electron volts. If we

define an atomic sensitivity factor for an elemards ASH:

ASF, =C,0,(hu)A,, (E,) (4.4)
then the intensity from Eq. 4.2 is given by:
|, =N, ASF, (4.5)

If we wish to know the relative material amount&inompound formed from material A
and B, it is necessary to know the sensitivitydaxfor the elements and to measure the
area under XPS photoemission lifi@8, 89]:

N TToTAst 9
In this work, the ASF parameters were calibratadgisidependent analysis of chemical
composition based on Rutherford Backscattering tBpempy (RBS) measurement. The
correction was below 5% with respect to the singlements data given in XPS

handbooks [60].
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Figure 4.1: XPS for Hfg BaHfO; and BaO compounds; (a) Ba 3d (b) Hf 4f/Ba5p, (c)
O 1s photoemission spectra. The red plot preshetsatw data; the black line shows the
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According to this description, the stoichiometrformation was calculated in five steps:
1. Background extraction — Shirley background type agslied,

Energy range definition,

Single peak fitting with asymmetric Gaussian—Lozent function,

Area integration under the photoemission line,

g > w DN

Application of Atomic Sensitivity Factor (ASF) olmad from [58] as
demonstrated by C. D. Wagner [90] and correctedadcordance to RBS
measurements.

Table 1 summarizes the results obtained from ouf Xdpectra analysis (Fig. 4.1)
according to Eq. 4.5 and Eq. 4.6. The results laogva separately for each line (Bas3d
Hf 4f, O 1s) and contain area under photoemissioa followed by data divided by
respective ASF value. Finally, below the singleeéin a summary result from the

measurement is shown for each compound.

Dielectric compound Ba 3d;,, (ASF=7.469)
XPS peak area Area/ASF
HfO, 15 (noise) 2.0 (noise)
BaHfO3 219900.5 29441.8
BaO 204718.9 27409.14
Hf 4f (ASF=2.639)
XPS peak area Area/ASF
HfO, 305568.5 115789.5
BaHfO; 92271.3 31964.5
BaO 15 (noise) 5.7 (noise)
O 1s (ASF=0.711)
XPS peak area Area/ASF
HfO, 162032.63 227894.9
BaHfO; 65575 92230
BaO 19566.7 27520
FINAL RESULT (including ASF)
HfO, Hf:0= 1:1.97
BaHfO; Ba:Hf:O =1:1.08:3.13
BaO Ba:O = 1:0.992

Table 1: Example of quantitative analysis for HfBaHfO; and BaO obtained from XPS
measurement. In the left column, the integratedh aneder XPS curve, right column
includes the atomic sensitivity factor in the cédton. For final result, the right column

is considered
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All samples taken into further consideration exietithe target BaHfQstoichiometry
(Ba: Hf: O~1:1:3) with a maximal deviation of 5 %.

The analysis of chemical shifts of the Ba,3dHf 4f and O 1s photoemission lines is
illustrated in Fig. 4.1. Here, the sample thickmesswere close to 20 nm. The discussion
starts from the marginal values of the pure compgsuiere Hf@ and BaO), then they
are compared with BaH#Xompound with regard to the chemical shift.

Fig. 4.1 (a) shows Ba 3d photoelectron emissicthénenergy range from 774 to 785 eV.
For pure HfQ film, only noise signal is observed as expectedB&O thin layer, the
Ba 3d,; peak appears on the reference position 7 79 eNs iBhin agreement with
literature data for oxidized B valence states [91]. The photoemission line of the
intermediate compound, BaH{Gppears on higher binding energy (779.6 eV). Hiie s
in binding energy equals 0.5 eV and is caused,rdoupto the electronegativity rules, by
an increased ionicity of Ba in BaH{With respect td3aO [92].

Fig. 4.1 (b) shows the photoemission lines in thergy window from 10 to 23 eV. For
HfO,, two peaks centered at 16.5 eV and 18.2 eV amlgleisible. These signals are
characteristic of Hf 4f, and Hf 4§, photoemission lines in fully oxidized H$O
compounds. The binding energy distance of spintesplitting components (SOS) is
close to the handbook XPS data [58] and equal®\.7#or BaO, the photoemission
energy range detects the Ba 5p line splitting iBpa, (14.0 eV) and 5 (15.5 eV)
[93, 94].No contribution from Hf component is observed. BaHfO; two main peaks
can be clearly identified: the Hf4f and Hf 4§, components distanced by 1.7 eV. The
binding energy shift with regard to HfOGs equal toAE=— 0.4 eV. In the initial state
picture this can be explained by higher electrotieitya of Hf compared to Ba ions (1.3
and 0.89 in Pauling scale, respectively) [95]. Aalinshoulder on the lower binding
energy (~13 eV) can be attributed to Ba 5p statéashwoverlap with the Hf 4f line. Here,
the Ba 5p components are also visible; howeveirtemsity is almost two times lower.
The corresponding O 1s spectra are shown in Fig(c}. For HfQ the main O 1s peak is
located at 530.9 eV. For BaO it is visible at 528Vf The BaHfQ exhibits an O 1s
photoemission line between HfOand BaO at 530.4eV. According to the
electronegativity rules, this indicates the formatof a mixed BaO—-HfO compound [32].

Furthermore, in case of inhomogeneous mixed congmwye.g. phase separated KIfO
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and BaQ), two photoemission peaks would be visible duesudficient XPS energy
resolution. In this study, however, for BaHf@nly one peak in the O 1s energy range
was resolved. This indicates the formation of a bgemous BaHf@ film. At higher
binding energy in Hf@ and BaHfQ, the Hf 4s peak appears (532.4 eV). In BaO the
additional peak around 532 eV is attributed to fhrenation of Ba(OH) and/or BaCQ

[96] at the film surface.

Summarizing results from this subchapter, simubbaseBaO and Hf@deposition results
in the formation of a homogenous mixed oxide layéh the stoichiometry of BaHf©
(within 5 % analytical error). This result is fugthcorroborated by the following XRD

structure investigation.

4.1.1.2 Structural properties

The deposition and in—situ chemical characterimapoocess was followed by ex—situ
investigations. This part summarizes the experiaigesults obtained by XRD. The data

present the structural properties of Hféhd BaHfQ layers.
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Figure 4.2: Specula®—-20 analysis from (a) as deposited 21 nm monoclini©i{b)
as-deposited 43.5 nm amorphous Bagf@nd (c) 43.3 nm cubic BaHfO after

post-deposition treatment
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Fig. 4.2 (a) shows a speculdr20 scan obtained for a 21 nm thick BHf@m. The as
deposited (400 °C) layer shows diffraction peaksesponding to the monoclinic H$O
phase (m-HfQ) [35]. Additionally, the (200) diffraction peakdm the TiN metal
electrode as well as the (200) peak from Si sutestame visible. The latter one is
normally forbidden in kinematical scattering thedsyt it can be visible due to the
covalent bonding character of Si which results idexiation from spherical electron
distribution around Si atom. In addition, furtherttensity change might result on the
Si (200) Bragg peak position from so called “Umwaggungen” according to the
experimental geometry [97].

Fig. 4.2 (b) shows the diffraction pattern fromdeposited 43.5 nm thick BaH{Qayer.
After the deposition process, no reflection apeoinifthe Si and TiN signals are visible.
Clearly, stoichiometric admixtures of Ba atoms itite pure HfQ layers prevent the film
to crystallize and the compound is X-ray amorph@usBaHfQ). The XRD pattern
changes dramatically after RTA treatment at 800P@. the a—BaHf@ layers, post—
deposition thermal treatment induces crystallizattmd the XRD spectrum is a finger
print of the cubic BaHf@ perovskite structure [98] with lattice constantai6 A, as
will be discussed later in the subchapter 4.2.t.15 noted that for thin BaHfQlayers
below 10 nm which are the goal for DRAM applicatitime crystallization process starts
at higher temperature and the samples remain amospéven after RTA at 800 °C (data
not shown). In this case, higher annealing tempegatare required (~900 °C) to induce

crystallization towards the c—-BaHi@hase.

4.1.1.3 Electrical characteristics

We now present the results of electrical characaéon for Pt/high—k/TiN MIM
structures. Fig. 4.3 (a) compares the dielectriostants of the investigated insulator
layers. Here, CET (introduced in Eq. 2.8 and Eq1Pwas plotted as a function of
physical thickness. The k—values were extractedrdaony to the slope of the linear
regression of single points obtained from C-V measents. The intersection with zero
thickness point gives information about the exiséeof low-k interface.

The k—value of the monoclinic H#Os around 19, which is in good agreement with
literature [36].
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Figure 4.3: (a) Comparison of the dielectric constalues for m—HfQ a—BaHfQ and
c-BaHfG;; (b) Influence of the RTA process on the leakagreants in BaHfQ dielectric.

Admixture of Ba results in a slight increase of thelectric permittivity so that a value of
about k~23 is obtained for amorphous Bakif@ompound. Crystallization in the
c-BaHfO; phase upon thermal treatment (proved by XRD) eoeapanied by an abrupt
increase of the dielectric constant to about 38tHeumore, for c—BaHfg) the presence
of an interface layer within the +0.1 nm error dan excluded from the plot. The CET
values for m—HfQ@ are twice higher than for c-BaH§Jor the same thickness (8 nm) the
CET for m—HfQ is close to 2 nm whereas the same c—BaHlfizkness results in CET

close to 0.9 nm.
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Figure 4.4. (a) Temperature dependent J-V charsitsr measured for 8 nm thick

c-BaHfQ; layer; (b) Corresponding Arrhenius plot and (c)tivation energy (B as a

function of square root of electric field (&

Figure 4.3 (b) illustrates the influence of the RTkatment on leakage currents in

BaHfO; films. Two samples were selected to show the Jehabior of this dielectric. As

can be seen from Fig. 4.3 (b), amorphous BaHé@ers exhibit leakage current values of

108 Alcm®. RTA induced crystallization of these films resui a significant reduction

of the CET (<1.5nm) which is a result of the imprd dielectric constant. As a
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consequence, a substantial increase in the lea@gent density (from 1.7-1DA/cm?

(@ 2.65 nm CET) to 8.6-T0A/cn? (@1.6 nm CET) and for the second sample from
2.8:10° Alcn? (@ 2.35 nm CET) to 6-10A/cm? (@ 1.4 nm CET) at 0.5 V) is observed.
Thus, the leakage current density on c-BagHfyer is beyond the current limit (dashed
line) defined by ITRS.

To learn more about the leakage mechanism, we rpeeftb temperature dependent J-V
measurements shown in Fig. 4.4 (a). Here, J-V clenatics are shown in the
temperature range from 210 K to 390 K under TiNss$wthe injection. The currents
detected at voltages below 1 V are noisy and tieenperature dependence is weak. We
attribute this regime to macroscopic defects, fhgsiue to Ti contamination from the
underlying TiN metal electrode [99]. In the highmitage range, the leakage mechanism
is dominated by point defects [100], presumablyoeiséed with so called “hot spot”
areas. In this strongly temperature dependentg®ltagime, the concentration of carriers
is dominated by trapping and detrapping phenomamith voltage dependence
resembling a Poole—Frenkel effect. In the Pool-kgkmodel, field—-enhanced electrons
trapped in localized states are expelled to thelgation band due to thermal fluctuations.

The electric field dependence of the Pool-Frenualent is given by [101]:

_ _a _/ qE
JPF—AEEEX;{ T EEgaB mweoﬂ (4.7)

where A is the effective Richardson constant, théselectric field, g—elementary charge,

ke—Boltzmann constant, T-temperatuig, —effective trap depth, and_ —the high—
frequency dielectric constant (equal to the squangtital refraction index) ands, the

dielectric permittivity of free space. Here, E ketelectric field given by the applied

voltage V and film thickness d:

E=

v
4 (4.8)

! Note that the dielectric constant in Eq. 4.7 is high—frequency,, , not the low—frequency, . This is

because the atomic vibrations which are respongible€, are not fast enough to respond to the motion of

an electron [28].
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The determination of the effective trap degthfrom J-V characteristic is as follows: the

current—temperature dependence of Eq. 4.7 canvoéten as:
1 qE
IN(J) =In(A) +In(E) - - 4.9
(Jep) =In(A) +In(E) kBTm(% ‘/775005()} (4.9)

In(J ) = In(A) +In(E) - le Eq(% —ﬁ\/E) with B = ,qu (4.10)

Further discussion focuses on extractiongpfand S parameter from the electrical data

obtained by J-V. The Pool-Frenkel effect is scherally shown in the Fig. 4.5. Here,
the solid lines show the Coulomb barrier withouteemally applied electric field, the

dashed line shows how the potential profile charades the application of electric field.

The termg, from Eq. 4.7 is marked on the plot.

o
=
=
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i

Conduction band

[ ~. Conduction band
edge atE

(The ground state ‘
of the trap)

Figure 4.5: Schematical representation of Pool-#ekeffect [102], (a)-trap without
applied voltage, (b) trap with applied voltage

In this study, we can use the data obtained frovhakquisition and extract thg, value.
The graphical representation of Eq. 4.10 known abkékius plot is shown in Fig. 4.4 (b).
Each group of symbols on the plot, corresponds teréain value of applied voltage
(ranging from 1+2.5 V) measured at different tenapares (210-390 K). As seen from
Eq. 4.10, the slope varying indicates the fieldedetence of the activation energy E

E,=q -BJE (4.11)
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The dependence of the activation energy on thersqoat of the electric field is shown
in Fig. 4.4 (c). The trap deptf, is obtained from the intercept with the y-axisrighing

applied voltage). In the case of BaHf@iscussed here, a trap depth of 0.86 eV was
extracted.

As HfO,—based materials are reported to be an n-type ialatee trap energy level can
be interpreted as an electron trap level belowctreduction band [52, 103]. Moreover,

the curve slopg can be determined and compared with theoretidalevexpected for

1/2

Pool-Frenkel emission. In our case, it equals 8E3.(mV)¥? (extracted from the

slope in Fig. 4.4 (c)). We can conclude that th&t pésembles the ideal Pool-Frenkel
behavior, as the B value is close to the theotetiglme of 3.8E-5mV)"? within a

deviation of 5%. This confirms the Pool-Frenkeleeffas a dominating mechanism of
leakage current for the discussed range of appicdihges in case of BaHfJilms on

TiN metal electrodes.

In summary, as a result of Ba incorporation int@4lfthe dielectric permittivity of the
amorphous dielectric increased by about 20% frontol23 for materials deposited at
400 °C. Thermal treatment of BaHfQRTA~800 °C—-900 °C) resulted in a crystallization
in the c—-BaHfQ phase and the k—value increased to ~40. As a i@&sdikelectric constant
increase, the CET values were scaled down to <lHwwever, an abrupt increase in
leakage current density was observed (8-1&/cm’ at 0.5V for CET=1.4 nm).
Temperature dependent J-V analysis allows condjudirat the leakage current is

governed by the Pool-Frenkel effect in case of EHBg films on TiN metal electrodes.
4.1.1.4 Band gap and band alignment

This subchapter addresses the fundamental electstmicture of Hf@ and BaHfQ on
TiN. To explain the origin of leakage current arainginsight into the band alignment, we
performed a combined XPS—XAS study. In this metlbd, occupied states are probed
by synchrotron radiation excited valence band pimiesion, while the unoccupied

states are sampled by XAS measurements.
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Figure 4.6 compares the VB photoemission specirarfd the XAS spectra at the O
K-edge (b) for the Hf@ and BaHfQ films. The valence band maxima (VBM) for the
investigated materials shown in the Fig. 4.6 (&) farmed by O 2p states. For Hi@he
VBM is located at around 3.7 eV below the TiN Fetavel. The corresponding values
for a—BaHfQ and c-BaHfQ are 3.6 and 3.7 eV, respectively. It is therefwwacluded,
that the VB offsets for both a—BaHfGand c—BaHf@ layers on TiN do not differ
significantly with respect to the values obtainedrh—HfO,.

To investigate the energetic position of the lowasbccupied levels, XAS O K-edge
scans were performed (shown in Fig. 4.6 (b)). Heyeapplying dipole selection rules as
described in 3.2.1.2, the unoccupied part of tigp@inal states, which hybridize with Hf
and Ba metal d states, can be reached from thelifitls core level. [104, 105]. It was
shown that the conduction band edge (CBE) is terg good approximation defined by
the position of the leading XAS peak [67]. The kimwa of the CBE relative to the Fermi
level is obtained using the binding energy of th@<Opeak in the corresponding XPS
spectrum [106]. For Hf@film, the O K—edge reflects the unoccupied Hf Eatess which
hybridize with O 2p valence states. The leadingogii®on peak is located at around
532.9 eV. For a-BaHf9and c-BaHfQ@ the O K—edge shows the Ba 5d states located at
532.6 and 532.5 eV, respectively.

(@ XAS O1s (b)
: Hf 5d

intensity (arb. units)
intensity (arb. units)

% c-BaHfO

12 10 8 6 4 2 0o -2 525 530 535 540 545 550
binding energy (eV) photon energy (eV)

Figure 4.6: (a) Valence band spectra of pf@-BaHfQ and c—BaHf@ acquired at
hv=200 eV, (b) corresponding XAS spectra at the Odgee
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From the comparison of XAS and XPS peak posititims,band alignment was deduced

as shown in Table 2. Below the table, a graphigatesentation of the data is shown.

VBO XAS XPS (O 1s) | CBO=XAS-XPS | BG=VBO+CBO
leading peak main line (0.1 eV)
position
HfO, 3.7 532.9 530.9 2.0 5.7
a—BaHfO; 3.6 532.6 530.4 2.2 5.8
c—BaHfOs 3.7 532.5 530.2 2.3 6.0
4 Band gaps
3_' ~5.7eV ~5.8eV ~ 6.0eV
2
S 14
2 1TINE
5 od----- - B
Q
Qo i
o 4
24
-3
-4
HfO, a-BaHfO, c-BaHfO

Table 2: Band offsets and band gap calculationdbaseUPS, XAS, and XPS; notation:
VBO-valence band offset, CBO—conduction band aff8&—band gap; below the table,
a graphical representation of band gaps and bdsetsis shown

Summarizing, Ba addition to HfOresults in nearly no shift in the VBO, even after

application of the RTA treatment for BaHf@around 3.7 eV in Table 2). A slightly

different situation is observed in the CBO regiéifter Ba ions incorporation in Hf§)
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the CBO shifts by aboutE=0.3 eV towards higher values. In consequenceptineation
of amorphous BaHf@does not result in a significant change of the \Bi@ respect to
HfO,. After RTA, BG remains within the experimental @rnearly unchanged with a
value of ~6.0 eV for c—BaHf©

4.1.2 Nanoscopic investigation

The macroscopic study of leakage current mechamsBaHfO; layers presented in the
subchapter 4.1.1 is now supplemented by nanosdopistigation to reveal spatial
inhomogeneities in the leakage current characiesist

4.1.2.1 Conductive Atomic Force Microscopy (C—AFM)

Here, we focus on the leakage current behavior #D,Hand BaHfQ samples
investigated on the nanoscale using C—AFM. For shisly, we chose only crystalline
layers (m—HfQ and c-BaHfQ). Leakage currents of the corresponding a—BaHdé@ers
were below the detection limit of our C-AFM equiprth€l0 pA).

Figure 4.7 shows data obtained on 5 nm m—Hé&9er. The scan area was 500x500.nm
The film was measured at two voltages (2 V in Big. (b) and 4 V in Fig. 4.7 (c)) and as
a reference, a 0 V measurement is shown (Fig.ad)7Kirst we discuss the topology, and
than the current maps. The results from this ingagon are summarized in Table 3.
Both topology and current are followed by respextiistograms. The Gaussian
distribution shows random feature appearance whepkd skewness introduces values
higher or lower than the average value. This suggegher or lower current trend,
respectively.

The bright spots on the topology pictures (Fig. @)~(c)) refer to high topology values.
The dark points mark lower positions in the topglpgcture.

In the topology picture, we obtain maximum heightues (Zangd Of about 1.6 nm and
this is similar for all acquisitions. Voltage amaltion to the layer (2 V in Fig. 4.7 (b) and
4V (c)) does not lead to a significant changehm topology: the information is obtained
by the root mean square (RMS) value which is fanscat 0V, 2V and 4 V equal to
1.02 nm, 1.013nm and 0.98 nm, respectively. Adddlly, it is clear from the

histograms shown in Fig. 4.7 (d) that for all thequisitions the curves resemble a
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Gaussian shape. This suggests a random grain bdisbrn characteristic for
polycrystalline samples [107]. The main conclusimre is the stability of the sample
surface under voltage scans, suggesting that litmeigi not modified and the electrical
data are comparable.

As a next step, the leakage current measured sinadusly with the topology data is
described (Fig. 4.7 (e)—(g)). Here, the white poss refer to the low resistive points of
the measured area. The dark areas represent higheating regions. In the leakage
current map taken at 0 V (Fig. 4.7 (e)) only a a@gynal is visible. The maximal current
value (Jnggd of around 14 pA and the RMS value for leakageasurRMSa=6.7 pA are
obtained. With the preamplifier used in this stutlys is a very stable and low noise
result. After voltage application (2 V in Fig. 4()), the map becomes non-uniform:
single “hot spots” with a maximum value of ~716 pare visible and the
RMSea=132.5 pA is demonstrated. The amount of brightspmd non—uniformity of
current map increases after further voltage ine@ddsV in Fig. 4.7 (g)): the leakage
magnitude intensifies with a maximumn,&2.38 NA and RM@u=956.6 pA. The
histograms below the current maps (Fig. 4.7 (hpwslthe current distribution for all
three cases: the reference measurement exhibitssstaawistribution which is typical for
the noise signal and random current values; the awgpired at 2 V shows the tendency
for hot spot establishment with currents highenttiee average value (positive skewness
of the histogram); for the measurement at 4 V nvadties are gathered around 1 nA,
suggesting a different current behavior. In theefatase, the whole layer becomes more
leaky with single weak insulating points. Here, theckground is insulating and the
leakage path is dominated by the mentioned “hotsSpo

Now we compare the topology maps and parallel otireecquisition. As the 0V
measurement exhibits current noise level of the RBAAit is not further discussed. For
the measurement at 2V the correlation betweenldggoand current maps is not
straightforward. In comparison, the weak pointstioa current map at 4 V correlate to
lower positions in the topology and are therefasé attributed to the material properties
but to film thickness inhomogeneities due to thpadition technique.

Figure 4.8 shows four correlation examples betwepology and leakage current map. It

illustrates that low topology regions exhibit hitgakage behavior. This result indicates

59



that a more homogenous film deposition technigke €VD results in more insulating

HfO, layers.
HfO 2 Zranqe RM Stopo Jranqe RM SIeak
oV 1.61 nm 1.02 nm 14.01 pA 6.7 pA
2V 1.68 nm 1.013 nm 715.7 pA 132.5 pA
4V 1.54 nm 0.98 nm 2.38 nA 956.6 pA

Table 3: C-AFM acquisition on 5 nm HjQayer at 0V, 2V and 4 V; topological
(Zrangemaximum topology value, RMss—root mean square from topology picture) and

electrical (dnge-maximum current, RM&k-root mean square values for current maps)
results
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Figure 4.7: C-AFM on 5 nm m-HfGilm; (a), (b) and (c) 500 nfrtopology pictures at
0V, 2V and 4V, respectively; d) Morphology higtams at 0V, 2V and 4 V; (e), (),
and (g) simultaneously measured leakage curreft\gt2 V and 4 V respectively; (h)
Current histograms forO V, 2V, 4 V.
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Figure 4.9: C-AFM on 5 nm c—BaHi@iIm; (a), (b) and (c) 500 nfrtopology pictures at
0V, 2V and 4V, respectively; d) Morphology higtams at 0V, 2V and 4 V; (e), (),
and (g) simultaneously measured leakage curreft\gt2 V and 4 V respectively; (h)
Current histograms for0 'V, 2 V, 4 V.
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BaHfOS Zranqe RMstopo Jranqe RI\/Isleak
oV 7.035 nm 2.277 nm 50.36 pA 20.6 pA
2V 10.34 nm 2.185 nm 4.026 nA 3.025 nA
4V 5.704 nm 2.345 nm 333.3 nA 86.2 nA

Table 4: C-AFM acquisition on ~5 nm BaHf@ayer at 0V, 2V and 4 V; topological
(Zrangemaximum topology value, RMss—root mean square from topology picture) and
electrical (dngemaximum current, RM&k-root mean square values for current maps)

results.

The nanoscopical investigation of Hf@as followed by a similar analysis based on a
~5 nm thick c-BaHf@Ilayer. The results are shown in Fig. 4.9 and sunzein Table

4. The left panel corresponds to the topology abua voltages (0 V, 2 V and 4 V in Fig.
4.9 (a)—(c), respectively) and is followed by regpe histograms. The right panel
illustrates enlarged data (100 Hnfrom the main measurements in order to discuss th
results in detail.

For the reference sample measured at 0 V (Fig(&3)9a ZangeOf 7.035 nm and an RMS
of 2.277 nm is obtained. Single grains can be bladistinguished in this case. One can
notice that the grain size for c-BaHf@s larger in comparison with the previously
presented Hf@layer (22 nm+2 nm for BaHf©vs.16 nm+2 nm for Hf@obtained from
AFM line scans in XY direction). For the measuretaequired at 2 V, (Fig. 4.9 (b)) the
values are 4nge=10.34 nm and RMS=2.185 nm. For the 4 V (Fig. 4¢Pnfeasurement,
the Zangedrops (5.704 nm) whereas the RMS increases (hB895These values do not
show any trend as shown in morphology histogramg. (E.9 (d)), however, it is
important to note the change. This may be a redult/o processes: surface modification
in the reduction—oxidation reaction after voltagglecation as described by K. Szot
[108] or local surface thickness variation. It @ed that the surface modification can be
excluded in our case: after each set of measuretiesurface was controlled with larger
scan area acquisition without bias voltage to $ee previously scanned region; this
reliability check did not reveal morphological clges with respect to the “fresh”
background area. In consequence, we attribute laages in surface morphology to

local thickness variations.
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Following the topology description, leakage curmeraps will be described (Fig. 4.9 (e)—
(9)). The 0V acquisition (Fig. 4.9 (e)) revealsvlooise measurement withyh=50pA
and RM&a=20pA. Leakage current appears after 2 V (Fig(8)®pplication exhibiting

a maximal value ofghge=4 NA. This is approximately four times larger iongparison
with HfO, at same measurement conditions. The mean valudates: here around
RMSea=3 NA. Further voltage increase (4V in Fig. 4.9)(teads to preamplifier
saturation; however this happens only on one cegasition (the brightest point on the
current map followed by a black shadow along tme)li This is probably due to a
measurement artifact. Therefore, the average diwedne RM% =86 nA is much lower
than the single saturation point. In the histogtsstow the current maps we see again a
Gaussian distribution of the leakage for the refeee measurement (0 V). Voltage
application (2 V) results in strong contributiororn points exhibiting current values
around 3 nA. The right skewness of the plot suggtsit most points appear above the
middle value which suggests local leakage curmreiase. The whole layer is insulating.
However, the grain boundaries formed after Ba duadion, results in a local strong
current increase. The average current is one afleragnitude higher than in case of
HfO,. For 4 V measurement, the current changes by tdere of magnitude (~100 nA
with respect to Hf@values). It is noticed that the same trend ofdgistm skewness, as
for 2 V measurement, is obtained.

Using additional information from the enlarged press (left and right 100nfhwe can
investigate the correlation of leakage current waibology maps (the 0 V acquired noise
signal is an exception since there is no infornmation the current map). For
measurements at 2 V and 4 V, a clear current—tggatorrelation can be observed: the
weakest points exist between and around singleagjréarming low resistive paths for the
current as already suggested before.

The results shown for m-H#JFig. 4.7) revealed “hot spots” with higher leagamirrent.
The exact analysis of topology—current correlatied to the conclusion that higher
current appeared in thickness reduced regions.cHdaHfO; (Fig. 4.8) the leakage
current mechanism was different: here the low tesisareas were located at grain

boundaries. It is noticed, however, that the gtanindary areas are thinner than the
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grains. In consequence, it is at present uncleativeln a difference in material properties
or just a thickness variation is responsible fer igher leakage current.

4.1.2 Conclusions
The study of Ba—added HjQ@lielectrics on TiN metal electrodes reported is tthapter
Is summarized in the following:

1. As evidenced by XPS data, simultaneous depositioBa® and HfQ
resulted in the formation of homogenous mixed oxldger with a
stoichiometry of approximately BaH§O

2. According to the XRD data, BaHfdeposited at 400 °C is amorphous;
further temperature treatment is required for efjigation. RTA at 800 °C
triggered BaHfQ crystallization in the cubic perovskite phase fitms
>10 nm and confirmed the XPS result with respedh#o formation of a
homogenous BaHfQayer formation.

3. For a—BaHfQ, the dielectric permittivity is 23 and it incredsby about
20% with respect to HfO(k~19). Crystallization in c-BaHf©by thermal
treatment resulted in k~40. As a result of enhankedalues, the CET
scaled down to 1 nm. However, the leakage curremisity increased
significantly (from 2.8 1§ A/cm? for a—BaHfQ to 6-10" A/cm’® for
c-BaHfO; with CET=1.4 nm, both measured at 0.5V). Tempeeat
dependent leakage studies revealed that the leakmgnt in c-BaHfQ@is
governed by the Pool-Frenkel effect.

4. By photoelectron spectroscopy studies, the bandetdffor m—HfQ,
a-BaHfG;, and c—BaHfQ@ with respect to the TiN metal electrode Fermi
level were derived: here, VBO was 3.7 eV, 3.6 eWl &7 eV, respectively.
For CBO measurements, XAS data were presented; BéreV, 2.2 eV
and 2.3 eV were obtained, respectively. This resaltband gap values of
5.7eV, 58eV and 6.0eV for m-HiOa-BaHfQ and c-BaHfO3,
respectively. In other words, the band gap valuesndt significantly

change for these three compounds.
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5. C—AFM studies under UHV revealed low resistive “lspiots” in HfQ
layer: the exact correlation between topology amdent revealed higher
current in thickness reduced regions. For c-Bajif@he leakage
mechanism is different: the low resistive areas lacated at the grain

boundaries.

These results for Ba-added Hftayers prove that BaH#Js a promising candidate for
future DRAM memory applications in terms of dieksctconstant and CET values.
However, to fulfill the ITRS requirements for fuluDRAM generations, further CET
scaling and strict leakage control is necessarythtn next chapter of this work, an
atomic—scale engineering approach, aiming to imprtwe electrical parameters of
BaHfO; will be presented.
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4.2 Substitution of Hf by Ti ions in BaHfO; dielectric layers

Driven by the demand of decreasing CET by increpsie dielectric permittivity
and the need for lower crystallization budget, deposition of stoichiometric BaH{O
(BHO) was followed by a further material enginegrapproach. This was accomplished
by partial Hf substitution by Ti in BaHf The TiQ—based compounds have been
studied intensively for high—k applications [1090] and are attractive because of the
expected high permittivity values depending on tmgstal structure and deposition
method. The high permittivity arises through a sgr@aontribution from soft phonons in
Ti-O bonds and is not exhibited by other IVB medaides. The substitution of Hf ions
for Ti is expected to result in a significant inese of the dielectric constant [111, 112].
For thick films, W. H. Payne et al. reported abauvork done on the BaTg©BaHfO;
material systems [113]. However, there are onlyyJenited studies available on the
properties of very thin BahifTiOs films deposited on metallic electrodes.

Figure 4.9 shows the polarization dependence (Rlextrical field (E) applied to
compounds with different BaklfTiO; composition from pure BaTi#d (x=1) to
BaHfy 3Tio 703 (x=0.7).

Compounds with stoichiometry G:¥<1 were reported as ferroelectric dielectrics
whereas lower Ti content resulted in a linear FEY (elation which is preferred for
dielectrics used in DRAM. It is crucial since thargelectric properties allow using
half-V4q method (described in chapter 2.2.1) which redticesnsulator field and avoids
reliability problems [49].

Based on the bulk property study, it was our gaalréalize paraelectric
BaHf;.« TixOs thin films with x<0.7 and high permittivity. Spetifocus was devoted to
BaHf,., TixOs (BHTO) films where half of Hf atoms are substituted by*Ttations.
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Figure 4.9: Hysteresis loops P=f (E) where P—ppéaion, E—electrical field for different
compositions in the BaklkTixO3 system for 0.x<1 [114].

4.2.1 Macroscopic study
This part of the thesis is divided into subchaptsording to the data which will be
discussed: chemical composition, structural pragerelectrical characteristics, and band

gap investigation.

4.2.1.1 Chemical composition

To achieve the desired stoichiometry, BaO, H&2d TO;3 fluxes in the MBD chamber
were adjusted and controlled using quantitativdyaisof XPS spectra. The substitution
process is schematically shown in the Fig. 4.10e Thmposition was confirmed by
independent RBS measurements (data not shown).

B HO BH TO

1:0.5:05:3

.IE

BaO

BaO

HfO, Hfo, |20

Figure 4.10: Schematical description of thé H$ubstitution process by “fiin BaHfO;

in molecular beam deposition (MBD) chamber.
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Here, the HfQ flux was reduced (50%) to introduce small amowfthe Ti-ions into the
BaHfO; compound and to establish a new dielectric withoickiometry
Ba:(Hf+Ti):O= 1:1:3. The TO; target was chosen because it is easier to evapibrai
i.e. TIO or TiQ. Since the deposition was carried out in oxygein renvironment
(oxygen background pressure of Idbar) the targeted Tivalence state was achieved.
As a first step after the deposition process, thentdcal composition was determined
using quantitative in—situ XPS analysis (Fig. 4.1Ah example of such a study is
summarized in Table 3 (for data evaluation, Eq.wa8 used). The data evaluation was

carried out according to the procedure discussetiapter 4.1.1.1.
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photoemission lines. The red plot presents the data; the black line shows the fitted
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Table 5 summarizes the results obtained from XR&tep (Fig. 4.11). The results are
shown separately for each photoelectron line (BaHdif, O 1s and Ti 2p) and contain
area under photoemission line followed by data radimed by the respective ASF values.

Finally, below the single lines, a summary resudtrf the measurement is shown for each

compound.
Dielectric compound Ba 4d (ASF=3.224)
XPS peak area Area/ASF
BaHf1TixO3 65042.9 20174.6
Hf 4f (ASF=2.639)
XPS peak area Area/ASF
BaHf1«TixO3 26815.41 10161.2
O 1s (ASF=0.711)
XPS peak area Area/ASF
BaHf, «TixO3 129322.8 61290.44
Ti 2p (ASF=2.111)
XPS peak area Area/ASF
BaHf, 4TiO3 6875.37 9670.01
FINAL RESULT (including ASF)
BaHf; ,TixO3 Ba:Hf:-Ti:O =1 :0.504:0.479:3.038

Table 5: Example of quantitative analysis for BaHiO3; obtained from XPS-area
under photoemission line and normalized area végpect to atomic sensitivity factors
(ASF); final result indicates a Bag#Tio 503 stoichiometry.

All samples taken into further consideration exi@ti the target BahlfTixOs
stoichiometry with x 0.5 with a maximal deviation of about 10 % [114].

The analysis of chemical shifts of the Ba 4d, Hiid O 1s and Ti 2p photoemission
lines is illustrated in Fig. 4.11.

Figure 4.11 (a) shows the Ba 4d core level emissadrBHO and BHTO. For BHO, two
dominant peaks are located at 90.0 eV and 92.5w\ich are characteristic of the

Ba4d,, andBa 4g, spin orbit components, respectively, in amorphous
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BaO-compounds [115]. The spin—orbit splitting (SA$)2.5 eV. Ba 4d core level of
BHTO shows that addition of Ti ions to the BHO caapd results in a shift of the Ba 4d
XPS lines towards higher binding energiesAty= 0.3 eV (SOS is equal to 2.5 eV as in
the BHO).

The Hf 4f photoemission lines are shown in Fig141d). For BHO, two peaks centred at
16.8 eV and 18.5 eV are clearly visible. These amgmare characteristic of Hf 4f and
Hf 4fs;, photoemission lines in H—compounds, respectivehe binding energy distance
of SOS peaks is close to the handbook XPS dataaja@lequal to 1.7 eV. For BHTO, the
two main peaks are present at 17.1 eV and 18.®eWff4f;, and Hf 4§/, respectively.
As a result of Ti ion substitution, Hf 4f photodiem lines shift towards higher binding
energy byAE = 0.3 eV. In the initial state picture, this che explained by higher
electronegativity of Ti compared to Hf ions (1.54dal.3 in Pauling scale, respectively)
[92, 95] A small shoulder on the higher binding energy (e¥2 can be attributed to
O 2s states which overlap with the Hf 4f line. Tdmall peak appearing on the lower
binding energy side of Hf 44 is due to the Ba 5p photoelectron emission. Ingamson
with the spectrum for BHO, the intensity of the Hflines drops after Ti incorporation by
about 50 % (extracted from peak area) and the sitienf Ba 5p line remains nearly
constant (by otherwise constant experimental coordj.

The corresponding O 1s spectra are shown in FIg. @). For BHO, the main O 1s peak
is located at 530.3 eV. At higher binding enerdye Hf 4s photoelectron line appears
(533 eV). BHTO reveals the main XPS line at 535 8imilar to BHO, Hf 4s peak
appears on higher binding energy, however, thegityeis much lower here. The main O
1s peak shifts towards higher binding energy in dase of BHTO, resulting in
AE = 0.2 eV. Replacement of Hf ions with Ti resuttsan increase of the O 1s binding
energy. This is in agreement with literature fompmunds containing titanium as for
example BaTi@(BTO) [116]

Figure 4.11 (d) shows the Ti 2p core level emissiéor BHTO, Ti2p, and Ti 2@,
peaks are centred at 458.7 eV and 464.4 eV, regplgctBoth peak positions and the
distance between SOS components, which is close7teV, are in agreement with the

literature data for fully oxidized T cation in TiQ[117].
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The important experimental findings of this parttieé study, namely the detection of a
50 % intensity decrease of the Hf lines after suligin by Ti in combination with the
detected Ti" valence state in the dielectric, gives strong enig for the formation of a
homogenous Bakld§TipsOs film in which Ti substitutes the Hf ion in the Begition of
the A”B**O; perovskite structure.

4.2.1.2 Structural properties

The deposition and in—situ chemical characterimapoocess was followed by ex—situ
investigations. This part summarizes the experialgesults obtained by XRD.

Figure 4.12 (a) shows grazing incidence XRD (GIXR&gans acquired for a ~30 nm
thick BHTO sample at various preparation stageds Hiffraction technique is very
sensitive for thin layers: in our experiment, thaay beam hits the surface at grazing
incidence ¢=0.8°) while the detector angle is scanned ovér@m2ge from 24° to 55°.
The as—deposited sample at 400 °C is clearly aroaghs no peaks, apart from the TiN
(200) substrate reflection, are visible. Upon RTéatment, at 600 °C the thin film starts
to crystallize exhibiting BHTO (200) and (110) d&€tion peaks at 44.6° and 31.1°,
respectively. After RTA at 750 °C, the oxide peaktsongly gain intensity which
indicates crystallization in the cubic perovskiteape. An additional peak appears on
34.7° which can be ascribed to the monoclinic H{G20) reflection. This can be an
indication for a starting partial decompositiontioé dielectric film at high temperatures.
The inset in Fig. 4.12 (a) shows a transmissiontela microscope (TEM) image of the
polycrystalline material after 750 °C RTA treatmeiridicating a smooth interface
between the dielectric and the TiN electrode.

Figure 4.12(b) shows comparative XRD spectt#0 scans of BHO and BHTO films
which were subjected to RTA treatments. Temperaturie 800 °C and 600 °C were
chosen because the crystallization onset is obdat/éhese temperatures for BHO [32]
and BHTO, respectively. The thickness of the dieiedayers is in each case about
30 nm. The results indicate that BHTO crystallizaédower temperatures compared to
BHO. It might be speculated that this is due to féoet that BHTO is an intermediate
compound between BHO and BTO. The latter has @rblwv crystallization temperature
(200 °C-500 °C), where the exact value dependa@deposition method [118,119].
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In Figure 4.12(b) both measurements show TiN (2fifiyaction peak at 42.7 degree
belonging to the underlying electrode. The BHO {(2&td BHTO (200) peaks are visible
at 43.5 and 44.7 degrees, respectively. Positionpaoison of the cubic BHO with the
cubic BHTO, reveals that the BHTO peak is shif@dards higher @values.

We assume in a first approximation undistorted quistalline cubic films and follow
Bragg's law in order to calculate the d—spacingveen the planes in the atomic lattice
and extract thus the cubic unit cell parameter vaith4.1602 A and a= 4.0643 A, for
BHO and BHTO, respectively. The difference equal2.8 %. Those values are close to
powder data for bulk BHO and bulk BHTO (cubic spaceup Pm3m with a= 4.167 A
and a= 4.0914 A, respectively).

Based on XRD scans shown in Fig. 4.12(b), the gswe was calculated from the
FWHM Bragg peak values [120]. The broadening of fiéiections due to strain and
instrumentation was neglected in this rough appnation. The grain size was found to
be 16 nm for BHO and 6.0 nm for BHTO in the growtirection. This result indicates
that 30 nm thick polycrystalline BHO and BHTO filnage not composed of columnar
grains extending over the whole film thickness tather of various grains stacked in the
growth direction.

Figure 4.12 (c) summarizes the lattice parametaugision for BHO and BHTO. Powder
diffraction parameters for bulk films and experirtamata for thin layers as a function of
titanium concentration are plotted. Experimentaiadabtained for bulk and thin cubic
BTO films are included for completeness [12A] linear relation exists between the
crystal lattice parameters of those alloys andTthenetal concentration. According to
Vegard’s law [122], the experimentally observedng®in the lattice constant parameter
between BHO and BHTO indicates that about 50 % ©f Was substituted by i a
result fully in line with the above quantitative 8Btudy. Difference between values for
bulk material and thin films (averaged for BHO, BBI'Bnd BTO ~0.56 %) is visible on

the plot. A possible origin might be given by stra the dielectric material.
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Figure 4.12: XRD analysis from BHO and BHTO; a) & for BHTO as—deposited
and RTA treated at 600° C and 750° C; the insetstam XTEM image of BHTO layer
after RTA at 750°C; b) Speculé+26 scans for BHO at 800 °C and BHTO at 600 °C; c)
Lattice parameter extracted froh20 scans as a function of Ti—concentration,
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bars show 5 % deviation.
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4.2.1.3 Electrical characteristics

We now present the results of electrical measurésrfenPt/high—k/TiN MIM structures.

Figure 4.13(a) shows the dielectric constant k Asation of RTA temperature for BHO
and BHTO. To extract the k values, CV measureméntthe range of -1+1V and

100 kHz were performed and CET values were platigainst physical thickness [123]

After deposition at 400 °C, BHO and BHTO show k &1 ~18, respectively. These
values are too low to meet future DRAM specificasio
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Figure 4.13: Electrical characteristics of Pt/higfi+N MIM structures; a) Dielectric
constant dependence on RTA treatment for BHO andlf®H (inset-capacitance
equivalent thickness (CET) as a function of physibackness for BHTO); b) Leakage
current density at 0.5V as a function of CET foH@® and BHTO. As deposited
amorphous samples are compared with polycrystaléigers for BHTO and BHO after
RTA at 700 °C and 900 °C, respectively. Dasheditideates ITRS requirements.
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Subsequent RTA increases k so that at 700 °C valud8 for BHO and 90 for BHTO
are obtained. In consequence, substitution &f lehs by Tf* results in BHTO to a three
times higher dielectric constant as compared to BHO

In the inset, a plot of capacitance equivalentkimss (CET) as a function of physical
thickness for three BHTO samples is shown. As dised above, from the slope of this
plot we can extract the dielectric constant valtialmut 90 for BHTO. The intercept of
around 0.3 nm CET indicates the existence of aerfatial low—k layer between the
high—k BHTO layer and the TiN metal electrode. Aufe non—destructive SR-XPS
study (similar to a work on p&l>_4Os (x=0-2)/TiN systems) is recommended for further
investigation of the nature of this layer [124].

Figure 4.13(b) illustrates the leakage current grextracted from J-V characteristics at
0.5V as a function of CET. As—deposited and areteabmples of BHO and BHTO at
900 and 700 °C, respectively, are compared. Falepssited BHO we obtained current
density of 5.1-18 A/lcn? at 1.4 nm CET (dashed line marks the ITRS requéreém
Jea<10® Alcm? at 0.5 V for CET 0.3-0.5 nm). After annealing 809C, the CET scales
down to ~1 nm and the current density increas&s16’ A/lcm”. For amorphous BHTO,
we detect a leakage current value of 6.F-Afn? at 0.5 V and 2.8 nm CET. This quite
high value can be due to low conduction band off6&0) of BHTO on TiN which will
be discussed in the next subchapter. Crystallizatib the film upon RTA treatment
results in a decrease of CET to ~0.8 nm but anpabngrease in the leakage current is
observed (4-I0A/cm? at 0.5 V). The increase in leakage current cainfeenced by
two factors: the already mentioned low CBO in camalibn with grain boundary
governed leakage. An approach to study the latteg will be presented in the
nanoscopical C-AFM study chapter discussed fuibeérw.

The electrical characterization suggests an adganvé using Ti—doped BaH{Jayers
with respect to BHO. The film shows promising dattee permittivity and, what is
important for processing, lower thermal budgets.t@other hand, the leakage current
density regime is too high with respect to the e¢argalues. This indicates that an
approach for optimizing the leakage propertieshof BaHb sTip 505 films on TiN metal

electrodes is necessary.
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In summary, due to Ff substitution with T", the dielectric permittivity increased after
RTA from 30 to 90 and the CET value was accordiriglyered. However, at the same
time the leakage current density increased subslignby the required RTA treatment.

An increased leakage current density can be camgad improper band alignment at the
dielectric—metal interface and grain boundary fdroma after temperature treatments
[125, 126]. To address the band gap alignment &spex performed a study on the
electronic properties (i.e. band gap values andd kignment) presented in the next
sections.

4.2.1.4 Band gap and band alignment

To gain insight into the band alignment in BHTO witespect to TiN, we performed
synchrotron-based XPS #200 eV) combined with respective spectroscopic
ellipsometry (SE) study and synchrotron-based XAR-KAS) measurements. For
comparison, the band alignment in BHO was included.

The XPS spectra plotted in the Fig. 4.14 (a) shalence band (VB) spectra for c-BHO,
a-BHTO, and c-BHTO. For c—BHO, the VB maximum (VBi)ymed mainly by O 2p
states is located at aroung=B.7 eV below the TiN Fermi level fEat B=0 V).
Substitution of Hf" ions in the cubic perovskite by “Tidoes not introduce dramatic
changes neither in the shape of the VB spectrajmitre position of the VBM which for
a—BHTO and c-BHTO is located ag£3.4 eV and E=3.3 eV, respectively. This is in a
good agreement with theoretical and experimentplagmations, as VBM is formed in the

oxides mainly by O 2p states [65].
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Figure 4.14: Band structure of c-BHO, a—BHTO andH¥O, a) XPS spectra; b)

Ellipsometry measurements.

Band gaps of BHO and BHTO were measured using ' [farameters discussed below.
The optical constants, refractive index (n), antdnetion coefficient (k) are determined
by a combination of SE at 70° angle of incidencd anormal incidence reflectometry.
The dependence of the absorption coeffictefti=41k/A) on photon energyvhhas been

evaluated according to the relation:

ahu= Athv-E )" (4.12)

where Fis the optical band gap energy [127]. The consfarmontains the oscillator
strength or the optical matrix element and the cedueffective mass. The formula was
derived by E. J. Johnnson [128] and R. A. Smith9[1Z&assuming direct interband
transitions between the valence and conduction lbatidsimple parabolic bands. This is
a reasonable approach to determine the band g&is@fand BHTO in our case because
we expect the VBM—conduction band minimum (CBMnsiéion from O 2p to metal d
states (O 2p-Hf 5d for BHO and O 2p-Ti 3d for BHT)be dipole allowedA|= %1).
[130].
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The results of Emeasurements are shown in Fig. 4.14 (b). The aptiand gap of c—
BHO is about ~5.8 eV, of a—BHTO about ~4.6 eV, drad of c-BHTO ~4.0 eV.

Table 4 shows the summary of XPS and SE measuremédditionally, a graphical
representation of the band offset and band gapmrakgt was included below the table.
We combined the XPS and SE data to estimate the dlagnment of BHO and BHTO
on TiN. It is seen that after the substitution df ibhs by Ti, the VB offset remains
almost unchanged whereas the CB offset (CBO) shrdrkstically from 2.1 eV to the
value of about 0.7 eV. This decrease in CBM valsahie to the fact that, with respect to
BHO, not Hf 5d but typically lower lying Ti 3d st form the CBM [46,99].

VBO BG CBO=BG-VBO
(Ellipsometry)
c—BaHfO3 3.7 5.8 2.1
a—-BaHfysTips03| 3.4 4.6 1.2
c—BaHfysTips03 | 3.3 4.0 0.7
i Band gaps
~ 5.8eV ~ 4.6eV ~ 4.0eV

energy (eV)
o
]
-

1 ———— — c-BaHf_ _Ti .O
-4 C-BaHfO3 a-BaHfO‘STIO‘SO3 05 ‘0573

Table 4: Band offsets and band gap determinatisedan XPS and SE; notation:
VBO-valence band offset, CBO-conduction band offB&—band gap; below the table,

a graphical representation of band gaps and bdsetsis shown.
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Similar trends were experimentally observed for BaHixOs; layers using XPS and
X-ray absorption spectroscopy (XAS) [131].

Figure 4.15 compares a combined XP&=@00 eV) in (a) and XAS (b) measurement for
c-BHO and c-BHTO. The VBM are formed in both cabg< 2p states. For c-BHO, the
investigated offset is located around 3.7 eV beltve TiN Fermi level. The
corresponding value for c-BHTO is 3.3 eV. It isrfere concluded that the VBO value
for c-BHTO does not change significantly with resip® c-BHO.

To study the CBO of the materials under investaygtihe lowest unoccupied levels in
the CBO region were monitored by XAS O K-edge meaments (Fig. 4.15 (b)). The
electron is excited from the O 1s core state intgpty O 2p states (dipole-allowed
transition) and hybridized with metal d states Myaforming the conduction band. The
location of the CBO can then be derived by the gnédifference between the O 1s XAS
peak and the O 1s XPS peak. [106]. In our casgy §&t&es hybridize with Hf 5d states in
BHO and O 2p with Ti 3d states in BHTO as marke#im 4.15 (b).

b
(@) [XASOls .., (b)
t%
1 §
: Ba 5
D/ D‘m%‘[ %a Hf 6s
(m]
—~ m DI ﬁ [
2 = | % BHO
c >
S . |
- o] 'D
o] = 4
2 D
g BHOHHHHH %
(3 £
= : =
E_-TiN

BHTO
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binding energy (eV) photon energy (eV)
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Figure 4.15: Band structure of c-BHO and c-BHTO, XS spectra; b) XAS

measurement.
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We compared the XAS scan for c-BHO and c-BHTO .hia ¢ase of c-BHO, the CBO is
formed mainly by Hf 5d metal states and thereftwe talue of 2.2 eV is obtained. The
situation changes dramatically after Ti ions in@ogtion-the CBO shifts to the value of

0.6 eV. This is caused by lower lying Ti 3d metakss as shown in the spectra.

VBO XPS XAS CBO BG
c—BaHfO; 3.7 530.3 532.5 2.2 5.9
c—BaHfysTigs03 | 3.3 530.5 531.1 0.6 3.9
i Band gaps
3
~5.9eV
2 =
S 1 ~ 3.9eV
> E,
D 0T
&
-2
-3
-4—- c-BaHfO | c-BaHf Ti O,

Table 5: Band offsets and band gap determinaticedan XPS and XAS; notation:
VBO-valence band offset, CBO—conduction band aff8&—band gap; below the table,

a graphical representation of band gaps and bdgetsfis shown.

Table 5 summarizes the results obtained from coethiXPS-XAS measurements. It is
followed by a graphical band offset representatlidere we obtain the values of 5.9 eV
and 3.9 eV for c-BHO and c-BHTO, respectively. Thest pronouncing difference is
visible in the CBO region.

Such low CBO in ¢c-BHTO is likely to be the sourdeleakage problems. As a result,
high work function electrodes might be requiredfuture to improve the CBO and in

consequence the leakage characteristics of BHTCfitms.
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4.2.2 Nanoscopical investigation

In this part of the thesis, we focus on the leakageent behaviour of BHTO samples
investigated on the nanoscale using C—AFM. Measem¢snfor a 10 nm thin sample,
subjected to different thermal treatments, are @egh We first discuss the topology
results (Fig. 4.16 (a) and (b)) and the currentsn@&pg. 4.16 (c) and (d)). At the end, we
focus on the correlation between topology and ciireages.

Figure 4.16 (a) shows topology images obtained jon”Iscan area for the as—deposited
sample and after RTA treatments at 600 °C and €00 °

In the morphology maps, we see white and dark areagsponding to high and low
feature in the topography, respectively. With iasiag annealing temperature, the
numbers of large hillocks and in consequence thenmogeneity of the film decreases
since the maps become more uniform.

Figure 4.16 (b) presents histograms extracted filmentopology height. The histogram
distribution is similar for all samples. This dibtition reflects the root mean square
(RMS) values of the roughness which are in consetpi@lmost identical for the three
images (as-deposited 1.71 nm, 600 °C: 1.74 nm @8@Q: 1.66 nm). More interestingly,
the middle point of the curve,shifts toward smaller values with increasing RTA
temperature. The difference between these averagessx is >2 nm. With an absolute
film thickness of ~10 nm, this change in the filmommhology can certainly strongly
contribute to different leakage current behaviasrdiscussed in the following.

Figure 4.16 (c) shows nanoscopical current mapsigedjparallel to the topology. Bright
spots represent high leakage current and dark ogfér to low current values. With
increasing RTA temperature, the number of low teg@oints increases and the current
map becomes less uniform.

Figure 4.16 (d) presents current histograms ifitkdog (as deposited film) and log—log
(RTA treated samples) scale. The number of scapoeds with constant voltage (4 V)

is plotted as a function of the detected leakage=otl
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Figure 4.16: C—AFM measurements on BHTO as depbsitel after RTA treatments at
600 and 700°C; a) topology imagegnt size. The white points represent high
morphology structures. The Z-range refers to theximam values from each

measurement. Arrows and circles refer to the caticel with current maps; b) Height
histograms for three thermal treatments (data nlieetato 1); c) current images at 4 V
bias acquired parallel to the topology, white poss# represent highest current, d)
Current histograms in the lin—log scale for as dé&pd sample (upper axis) compared
with two RTA temperatures in the log—log scale (bt axis). Data extracted from DC

current maps.
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For the as—deposited sample, we obtain a very lawnegt signal which is close to the
noise level of the C-AFM instrument. For the sammi@ealed at 600 °C, we obtained
uniformly distributed current in the nA—range. Bample annealed at 700 °C, a broader
distribution of current is observed. Most pointe ar the range <50 nA. Single features
appear at lower and higher current values; howtheeamount of high leakage points, so
called “hot spots”, is larger. This is indicated the plot by the number of points at
higher current values.

Comparison of topology and current data suggesirilation between morphology and
leakage current distribution (the as—deposited s&ammn exception where a well known
piezo “creep” or “wrap” effect appears [132]).

For the sample treated at 600 °C, we observe tghehfeatures on the topology image
(some examples are marked with arrows) correspotolt current positions. However,
this morphology—current correlation showing thaickhfilm area correspond to low
leakage regions is not always that straightforwdrdis was marked with red circles
showing no correspondence of topology and currexgam

For the film annealed at 700 °C we can distingtiiske “hot spots” on the im? scale
(marked with arrows) which mostly contribute to thigh current range. As seen in the
topology maps, these “hot spots” in the currentrespond to hillocks areas with an
average size of about 50 nm. We suspect local aishgdmetries within the dielectric
thin film to be the origin of this high leakage rent behaviour, as previously reported
for C-AFM studies on BaZrg]133].

In summary, the AFM topology becomes smoother asfitm is subjected to thermal
treatment. As a result of film densification, tleakage current increases. Additionally,
the current magnitude is strongly influenced by fibrenation of “hot spots”. In general,
the nanoscopic C-AFM studies confirm the macroscapiV measurements trend,
namely the leakage current increase as a funcfi®Té temperature for BHTO system

on TiN electrode.
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4.2.3 Conclusions
The study of Ti-added BaH#Oayers on TiN metal electrode reported in this
subchapter is summarized in the following.

1. As evidenced by the quantitative XPS study, tHesstution of Hf* by Ti*" ions
in BaHfG; resulted in the formation of BaHfTixOs layer. The detection of 50 %
intensity decrease of the Hf 4f photoemission lafeer substitution by Ti in
combination with the detected “Tivalence state in the dielectric gives strong
evidence for formation a homogenous Baflf, 503 film stoichiometry.

2. The complementary XRD study revealed lowered clyzation temperature for
BaHfy 5Tip 503 (600 °C) compound which renders this dielectrimpatible with
the thermal budget of DRAM processes. The experiatignobserved change in
the lattice constant parameter between Batd@d BaHfsTipsOs corroborates
the fact that about 50 % of Hfwas substituted by i (which is in line with the
quantitative XPS study).

3. The electrical data showed that, due t§"Hubstitution with T¥, the dielectric
permittivity increased after RTA treatment at 7@0three times (k~90) with
respect to BaHf@(k~30) at the same conditions whereas the CETegalvere
accordingly scaled down to 0.8 nm. An increasedkdga current density was
observed for BaHfsTipsO3 which was attributed to film inhomogeneities (grai
boundaries etc.) influence or a low CBO at theatitlc—metal interface.

4. The combination of XPS and ellipsometry measuremergvealed that
substitution of Hf by Ti ions did not significantipfluence VBO whereas the
CBO shrunk drastically from 2.1 eV to the valuedof eV. This is because lower
lying Ti 3d states with respect to Hf 5d statesrfaghe CBM. Similar values were
obtained by a combination of XPS and XAS techniqu&sch low values are
likely to be the source of leakage problems. Astaré step, high work function
electrodes are required which could improve thetetal leakage characteristics.

5. The macroscopic study was corroborated by nanosalogtiudy based on C-AFM
measurements. The topology became smoother, a$ilthavas subjected to
thermal treatment. As a result of the crystall@atprocess, the leakage current

increased which is the effect of “hot spots” forioatassociated with local film
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non-stoichiometries and/or by the formation of giaoundaries introducing low
resistive leakage paths.
In conclusion, the Ti—doped layers show a promisapgroach for improving the
dielectric properties of BaHfn view of future DRAM storage applications. Fuath
investigation should focus on electrodes with higlierk functions (i.e. Ru or Ru(
Furthermore, the deposition under fully professior&—cleanroom condition
probably leads to more homogenous film thicknessegroving further the leakage

characteristics.
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Chapter 5

Summary and outlook

5.1 Summary of technical achievements

The goal of this research study was to evaluateptitential of Si CMOS compatible

HfO,-based dielectric layers for future DRAM applicaso For this purpose, the

materials science and dielectric properties of Hi®ed to be further developed. In this

work, we prepared the following two materials scegystems:

1) Ba-added HfO, — BaHfO3

A simultaneous deposition of BaO and Hf@d to the BaHf@ dielectric. The
electrical data revealed increased dielectric @mswith respect to Hf© The band
gap investigation showed that addition of BaO t@Hfloes not influence the band

gap values in BaHf@and band offset with respect to TiN metal elearod

2) Ti-added BaHf03 — BaHfo_sTi0,503
Hf** ions substitution by 1 in BaHfO; resulted in an increased dielectric constant
and lowered thermal budget. Meanwhile, the lealageent density increased what

was attributed to improper band alignment and fhinkness inhomogeneities.

In the following, the main results are summarizediore detail.

BaHfO; vs. HfO, dielectric films
Figure 5.1 shows the monoclinic structure of Kf@) and cubic cell of BaHfO(b)
obtained in this study. The HfQell consists of hafnium atoms (blue) and surraugd

oxygen atoms (red). For BaHfCan additional barium central atom (grey) is Misib
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Figure 5.1: Unit cell structure of m-H§@a) and c-BaHf@(b).

Figure 5.2 compares the electrical (a) and elemtrdata (b-c) for m-Hf@, a-BaHfQ and
c-BaHfGs. The electrical data indicate an increase of ditgteconstant from 19 for HfO

to 23 for a-BaHfQ. Crystallization of the BaHf@compound leads to further increase of
the dielectric constant to about 38. The CET vahresscaled down to 1 nm with respect
to HfO, (~1.5 nm). Meanwhile, the electronic structureg(/.2 (b)) shows that the VBO
does not change with respect to TiN metal electr@deium addition to Hf@ does also

not influence the CBO formed by Hf 5d metal states.

6
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Figure 5.2: Comparison of electrical data for m-kHf@-BaHfQ and c-BaHfQ. The
electrical data represented by CET=f(physical théds) in (a) and electronic structure

with respect to valence band offset (b) and condndiand offset (c).
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In conclusion, BaHf@ is a promising candidate i.e. for DRAM trench teaclogy
applications in terms of increased dielectric canstind decreased CET values. A very
nice result is given by the fact that the improvatmef dielectric permittivity does not

influence the band gap of this material.
Substitution of Hf by Ti ions in BaHfO5 dielectric layers

Especially for DRAM stack technologies, thin digtex films with higher k-values are
required. A further engineering approach of Baklf@yers was undertaken by
substitution of Hf" ions by Tf*, schematically shown in Fig. 5.3. Additional Toats
(green) appear on the positions of Hf atoms siheegbal was to substitute half of f

ions by Tf* on the B position of the AB"Y*O; perovskite structure.

Q2% @ 8 & & o Q ¢ &
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Figure 5.3: Unit cell structure of c-BaH{@a) and c-BaHhfsTip 505 (b).

Having formed a stoichiometric Bag#Tio 503 compound (proven by XPS and XRD) we
investigated the electrical and electronic propsriof the newly formed compound and

compared it with respect to BaHfO

Figure 5.4 shows a comparison of electrical (a) afettronic (b-c) parameters of
c-BaHfO; and c-BaH{fsTigs03. The dielectric constant was further increasethfB88 for
c-BaHfG; to about 90 for c-BalgTip s0s. The thermal budget was lowered from 900 °C
to 700 °C which renders the dielectric more confghativith Si technology processes. The

CET values were scaled down to about 0.8 nm, réispbc
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Figure 5.4: Comparison of electrical data for c-Bagland c-BaHfsTios Os. The
electrical data are represented by CET versus ghyshickness in (a), electronic

structure with respect to valence band offset jra(iml conduction band offset in (c).

To gain insight into the electronic structure o tmaterial and band alignment issue, a
combined XPS/XAS investigation was performed. Big (b) shows only slight change
of VBO after Ti incorporation into BaHfOwith respect to the Fermi level of the TiN
metal electrode. A significant change was obsemdtie CBO region where the values
shifted from 2.1 eV for BaHf@to 0.7 eV in the case of Badi#flipsOs. In addition, the
C-AFM measurements revealed inhomogeneities (“hattss) in the current maps.
Therefore, after Ti incorporation into BaHfCan abrupt increase of leakage current was
observed. A combination of high work function etedes with homogenous thin film
dielectric deposition process could solve this fobin future.
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5.2 Outlook and future activities

Table 6 summarizes the results obtained in thisares study starting with the Hi@s a
mainstream material which is compared to BaglfBaHfsTipsO; and finally to the

ITRS requirements for the year 2014.

RTA k value CET Jieakat 0.5V

HfO,

BaHfO3

BaHfqsTios03

ITRS for 2014

Table 6: Parameters outlook compared to ITRS reqments for the year 2014, green
color-requirements fulfilled, red-requirements hdfilled, yellow=requirements close to
be fulfilled.

BaHfOg:
Ba addition to HfQ leads to an increased dielectric constant andrledv€ET values.
The band structure investigation revealed no imib@eon the band alignment after Ba

incorporation.

BaHf0.5Tio_503:
Atomic-scale engineering of BaH{®y Ti addition leads to a significant improvement
the dielectric parameters. However, there are ss$aebe further optimized: the CET

value must be further scaled down and the leakagertt substantially decreased.

Due to our industrial partner insolvency (Qimondhg activities with respect to DRAM

application will however not be continued at IHP.
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Further investigation in our group on these maleriaill consider different MIM
applications in the Back End of Line (BEOL) of IHFPBICMOS technology, i.e. passive
MIMs for radio frequency (RF) applications, embedld/M as resistive random access
memory (RRAM) cells or even RF resonant tunnelingdds (RTD). The technical
specifications for the above analog devices are elvew different than for digital
elements. The films can be grown physically thickerd thus the leakage current

requirements are not as strict as in DRAM applarei
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