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Development of materials and technologies for microelectronics is required by the needs of the constantly in-
creasing level of integration of microelectronics circuits. Increase of the integration level compels downscaling of all
the dimensions of devices, which in its turn requires very thin layers with exceptional quality due to rather high elec-
tric fields at working conditions. First, technological improvements are adopted aimed at fabrication of materials with
uniform quality, geometrical flatness and extremely low density of intentionally introduced defects. Second, new fab-
rication methods are developed providing materials with much better quality. Third, new materials showing better
properties than the standard (conventional) ones are obtained and developed further.

Decreasing the dimensions of the layers changes the nature of the physical phenomena involved in the func-
tioning of devices. Quantum mechanical mechanisms are more and more important in the description of the properties
of the materials and devices on the nanoscale. The question arises where is the limit of the possibilities of the materi-
als and technologies for nanoscale electronics.
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INTRODUCTION tion of a memory device of type EEPROM is
shown and in Figure 3.b) that of a charge trapping
flash (CTF). In CTF memories the charges are lo-

cated at spatially discrete traps distributed in the

Progress of microelectronics is a basis for de-
velopment of all modern industries, as well as for the

changes in the social communications. Constantly
increasing level of integration of microelectronics
integrated circuits (IC) requires materials used in the
fabrication of these circuits to display extraordinary
quality, precisely controlled properties and extreme-
ly low density of critical defects.

Devices that are fabricated are based on
some basic structures that are illustrated in Figures
1 to 3. In Figure 1 a simple MOS structure is
shown. MOS structure is a part of more complex
structures, but it presents also a specific device —
the MOS capacitor of a Dynamic Random Access
Memory (DRAM). In Figure 2 the structure of a
MOSFET is shown (metal-oxide-silicon field effect
transistor). In Figure 3.a) a schematic representa-

band gap of charge trapping layer, unlike the con-
ventional floating gate memories where charges are
stored in the conduction band of floating gate.

gate oxide

Si substrate

Figure 1. Schematic representaion of a simple
MOS structure
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Figure 2. Schematic representaion of a MOSFET device
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Figure 3. Schematic representaion of an EEPROM (a)
and charge trapping flash (b)

SUBSTRATE MATERIALS

Substrate bulk material is crucial for fabrica-
tion of devices and integrated microelectronics cir-
cuits. High quality semiconductrors with extremly
low densities of defects are required as starting ma-
terial in fabrication.

Silicon
Standard material that has been used for

many decades in mictroelectronics is monocristal-
line Silicon. Silicon crystallizes in diamond crystal-

line structure (cubic, Fd3m) with latice parameter
0.54311 nm at 300 K. It is a typical indirect semi-
conductor: thermal band gap is 1.12 eV and optical
bandgap connected to direct transitions of electrons
from the highest valence band maximum in the T
point (center of the Brillouin zone) to the lowest
conduction band minimum in the T point is
3.4 eV.Static relative permittivity of silicon is 11.9.

Nowadays fabrication technology allows ob-
taining monocrystalline silicon ingots twelve inches in
diameter (30 cm). Ingots of next generation with di-
ameter of 450 mm are envisioned. Silicon wafers for
fabrication of integrated circuits are cut from large
ingots.

Germanium

Germanium was a material used in the begin-
ing of the microelectronics era and then leaving its
place to silicon, the later being identified as more
appropriate  for microelectronics applications.
Thermal band gap of germanium is 0.66 eV and the
optical band gap 0.8 eV.

Neverhtless, recently new perspectives for
use of this material have been demonstrated [1],[2],
due to the high mobility of carriers.

SiC

Silicon carbide crystallizes in more than 200
different polytypes with cubic (zinc blende) unit
cell, with hexagonal (wurtzite) unit cell and
withrhombohedral unit cell. It is rather convenient
for high temperature and/or high power devices[3].

GaAs

Galium arsenide crystalizes in cubic zinc
blende structure. It’s a typical direct semiconductor
having band gap of 1.424 eV at 300 K. Due to its
high electron mobility (8500 cm?/(V-s)), it is used
in ultrafast devices[4].

GaN

Gallium nitride is obtained in form of films
deposited on foreign substrates (heteroepitaxy)
[5].Standard techniques of crystal growth generally
used for the growth of semiconductor substrates
(such as Bridgman or Czochralski) cannot be used
for GaN and only few techniques are available for
single crystal growth [6].The use of GaAs in optoe-
lectronic device is particularly important [7].
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NEW MATERIALS

Graphene

Graphene is a two-dimensional (2D) mono-
layer of sp2-bonded carbon atoms in a dense hon-
eycomb crystal structure which behaves as a zero-
gap semiconductor with exceptionalelectronic qual-
ity [8]. In order to be used for microelectronics ap-
plication, graphene has to be grown on convenient
substrates bytechniques compatible with other pro-
cesses used in fabrication of microelectronics de-
vices. Large-area graphene on SiGe can be fabri-
cated by atmospheric pressure CVD, which is con-
venient commercial deposition method; the field-
effect transistors fabricated on such films are
ofgood quality [9].Graphene can be also grown on
Ge(001)/Si(001) [10].

MoS;

Molybdenum disulphide (MoSy) is also one of
the thinnest known materials with electronic proper-
ties that can be advantageous for a wide range of
applications in nanotechnology. It can also be used
in combination with graphene for fabrication of de-
vices such as nonvolatile memory cells [11].

Nanowire based devices

Starting material for fabrication of devices
can also be one dimensional, such as nanowires
[12]. Fabrication of devices starting from nan-
owires is demonstrated in many works [13].

DIELECTRICS

A particularly important issue related to the
further miniaturization of electron devices in na-
noscale is that of the ultrathin dielectics. Dielectrics
of outstanding quality are required for majority of
the devices. Reliable function of the devices and
hence the integrated circuits requires dielectrics that
can be used at extremely high fields, of the order of
10 MV/cm without significant degradation.

SiO;

Silicon dioxide has an exceptional position
among the dielectrics for use in silicon microelec-
tronics. First, it grows starting from the silicon sub-
strate in oxygene atmosphere. Second, it has very
good interface with silicon and rather low density
of bulk and interfacial defects.

Various modifications of silicon dioxide
have been studied in connection with applications
in microelectronics, such as: a-quartz, p-quartz, -
tridymite, o-Crystobalite, [-crystobalite, Kkeatite,
coesite [14]. It appears that the best match between
the single crystal silicon and silicon dioxide layer
occurs for B-tridymite if the SiO; layer is very thin
(~0.7 nm), when tridymite is energetically stable;
as the SiO; layer becomes as thick as 1.5 nm, the
quartz phase becomes stable [15], [16].

SiO; is the main reason that microelectronics
uses Si technology and not another semiconductor.
The use of SiO; as a gate dielectric offers several
advantages. Amorphous SiO; can be thermally
grown on Si with excellent control in thickness and
uniformity, and naturally forms a stable, high quali-
ty Si-SiO; interface. SiO; has a very large band
gap of 9.0 eV and large energy band offsets with
the conduction (CB) and valence (VB) bands of Si,
which ensure superior insulation properties and
high breakdown field of about 13 MV/cm. SiO-
shows an excellent thermal stability in contact with
Si, which is required in order to withstand the
thermal process steps up to 1000 °C.

Silicon oxynitride

It has been demonstrated that nitridation
(typically in NH; and N2O) substantially improves
dielectric and reliability properties of SiO; films on
silicon. These layers are of variable composition
and arereffered as silicon oxynitride (SiOxNy, Si—
O-N). There are optimal conditions for nitridation
[17], [18] leading to incorporation of about 6 % of
a monoatomic layer of N atoms at the interface be-
tween the silicon and the oxide layer [19].

Silicon dioxide and silicon oxynitrideultra thin
film far below 4 nm in thickness approach their elec-
trical limits for applications in microelectronic devices
[20], [21], mainly due to direct tunnelling of electrons
through the dielectric (SiOzthinner than 2 nm).

High permittivity dielectrics

As a solution to this problem, high permittivity
dielectrics (high-x«) are used as a replacement for sili-
con dioxide in various applications [22], [23], [24].

Materials used as high-k dielectrics are:
A|203 [25], Ta205, SrTi03, Ti02, Zr0O; [26], HfOZ
[27], La:;0s, LuzOs, Sc.0s, Dy.0s, Y203, etc. For
illustration, values of relative permittivity (&) and
band gap (Eg) of some high-« dielectrics are shown
in Table 1. For comparison, relative permittivity
and band gap for silicon dioxide are £SiO;) =3.9
and Ey(SiO2) = 8.97 eV. The main advantage of
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high-k dielectrics compared to SiO, comes from
their substantially higher values of relative permit-
tivity (about one order of magnitude). Thus, the
same capacitance of a capacitor containg high-ik

dielectric could be obtained with substantially larg-
er physical thicknesses compared to SiO2, which
leads to substantially lower leakage currents due to
tunnelling.

Table 1. Relative permittivity (en) and band gap (Eg) of some high-k dielectrics

high-x Al,Os3 Tax0s La,0Os HfO; TiO; ZrO,
Eq (eV) 8.8 4.4 5.7 35 7.8
Shk 9 26 25 80 25
However, the above benefit is reduced by the

lower values of band offsets related to the band

gap. Roughly, as a measure of the benefit of using -

high-x dielectric instead of SiO,, the ratio r defined high-«

with equation (1) can be used [28]:

_ 5hk/5(Sioz)
= E,/E,(SiO,) @

More detailed comparison of high-k dielec-
trics is given in [29] where figure of a merit that con-
nects two main properties of the gate stack, namely,
the leakage current and the capacitance is used.

A particular phenomenon occuring in met-
al/high-i/silicon structures is the reaction with the
silicon substrate and in some cases (reactive gate)
with the metal gate. Thus, instead of the MOS struc-
ture depicted in Figure 1, structures shown in Figure
4 are obtained [30]. Interfacial layer between the Si
substrate and high-k can be silicon oxide or silicate.

In our works we extensively studied tantalum
pentoxide high-x layers on silicon. Interfacial layer
for films of good quality is SiO»-like layer [31]. In
the case of nonreactive gate, the obtained MOS
structure is metal/Ta,0s/SiO>/Si. Electrical and re-
liability properties of such a structure can be pre-
cisely described by a comprehensive model we de-
scribed in [32]. Using this model, we explained the
increased leakage in the case of reactive Al gates
compared to the case of nonreactive Ag and W as
caused by the creation of defects in Ta;Os due to
reaction with Al [33]. Stress induced leakage cur-
rents have been explained by creation of conductive
paths in the SiO; interfacial layer leading to a de-
crease of its effective dielectric thickness [34]. Re-
view of the results obtained using the model men-
tioned above are given in [35]. Band diagram used
in the model is shown in Figure 5.

High-x dielectrics are also used with Ge as a
substrate [36].

interfacial layer

Si substrate

(&) asimple MOS structure containg high-« dielectric
and additional interfacial layer with Si substrate

interfacial layer M/hk
high-«
interfacial layer hk/Si

Si substrate

(b) or both interfacial layer with Si substrate
and interfacial layer with metal gate

Figure 4. Schematic representaion of a simple MOS structure
containg high-« dielectric and additional interfacial layer
with Si substrate (a) or both interfacial layer with Si substrate
and interfacial layer with metal gate (b)

Optimum properties can be obtained by using
nanolaminated, dopped and mixed oxides such as
lanthanum gadolinium oxide [37], HfGdO/HfTIO
[38], Al-doped TiO. [39], Gd doped HfO [40],
Hng/Ta205 [41], Hﬂ-iO/Yzog [42], SrTa,Og¢ [43],
Gd,Os/HfSIO [44] etc.

MOS structures containing high-ik exhibit
some particularities that are not present in me-
tal/SiOz/semiconductor structures. Most important,
frequency dispersion of the capacitance is observed
that is not due to real variations of the relative per-
mittivity of the material with the frequency of the
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measurement signal [45], [46], [47]. An effect of
charge trapping at the contact between high work
function and metal gate high-x has been observed

[48], [49]. Charging of the intereface between high-
« and the interfacial layer also occurs, leading to
modification of C-V characteristics [50].
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Figure 5. Detailed band diagram of a metal/Ta,Os/SiO/Si structure. @, and ¢, are band offsets for electrons and holes

relative to the Si substrate and ¢e' and ¢ are band offsets for electrons and holes relative to the high- dielectric.

Flash memories for future generations are al-
so based on the use of high permittivity dielectrics
[51], [52]. With using nanocrystals as floating gate,
higher data retention and faster program/erase
speeds are obtained [53].

A particular effect used in memory devices is
the resistive switching [54], [55]. Resistive switching
is a kind ofreversible change of electronic conductiv-
ity in thin films under electrical stress. Some high-«
materials with suitable properties are used in
memory devices based on resistive switching.

Gate materials

In the beginning of the microelectronic era,
the main material for gates was aluminium. Later, it
was replaced by aluminium, since Al creates signifi-
cant damage to the silicon dioxide thin dielectric
layers.

The use of high permittivity dielectrics raised
the interest for various metal gates [56].We have
recently demonstrated that Ag gates provide partic-
ularly good electrical properties of MOS structures
containing high-k dielectric [57].

MATERIALS FOR SPECIFIC
APPLICATIONS

Green electronics

Research in materials for microelectronics
leading to biodegradable and biocompatible devices
becomes more and more important; it is uslually
known as “green” electronics [58]. As susbstrate
paper is used (semi-natural/semi-synthetic substrate),
synthetic polymers (biocompatible substrate) natural
silk, shellac, hard gelatin (fully biocompatible and
biodegradable substrates), as well as other materials.
Fully resorbable and biodegradable dielectrics are
also used.

Perovskite manganites

Nanosized perovskite manganites exhibit
novel properties usefull for application in micro-
electronics, such as colossal magneto-resistance,
magnetocaloric effect, multiferroic property, and
some interesting physical phenomena including
spin, charge, and orbital ordering [59].

Ipunosu, Q0. tipup. maill. 6uottiex. nayku, MAHY, 36 (2), 85-92 (2015)
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Multiferroic materials

Multiferroic materials represent a novel class
of material where multiple types of ferroic ordering
coexist, and their coupling can lead to additional
ordering parameters [60].

FUTURE TRENDS

Materials for microelectronics with excep-
tionally high quality have been developed in last
decades.

Altough various substrate materials with ex-
traordinary properties have been developed, crystal
silicon remains the main material for new genera-
tion of microelectronic circuits.

Particular position between the materials be-
longs to dielectrics. High permittivity dielectrics
have been developed as a replacement of silicon
dioxide for various applications.
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HAIIPEJOK BO MATEPUJAJINTE 3A MUKPOEJIEKTPOHUKATA U UJHU ITPEAN3BUIIN
Henan HoBkosckn'?, Anexcannap Ckenaposcku'?, Angena Iackanesa®, Jleuo Cnacos®

Uucturyr 3a pusuxka, [pupoano-marematnuku dakynrer, Yuusepsurer ,,Cs. Kuput u Meroauj*,
Ckomje, Penybnika Makenonuja
McTpaKyBauKy [IEHTAP 3 )KMBOTHA CPEMHA ¥ MAaTEpHjaii, MakeIOHCKa aKaleMuja Ha HAyKHTE U
ymertHocTHTe, Kpcre Mucupkos 2, 1000 Ckomje, Pery6nrka Makenonuja
SMucTuTyT 3a QHU3uKa HA TBPIO Telo, Byrapcka akagemuja Ha Haykute, Coduja, Byrapuja

IMotpebata 01 MOCTOjaHO 3rOJEMYBahe Ha CTENCHOT HA MHTErpallija Ha MUKPOCIEKTPOHCKHUTE KOJIa U3UCKYBa
Pa3BUTOK HA MaTepWjajii M TEXHOJOTHH 32 MHUKPOEICKTPOHHMKaTa. [lopacToT Ha CTENEeHOT Ha WHTerpanuja Oapa
HaMaJlyBambe Ha CUTE JUMEH3UH Ha YpeJuTe, LITO OJf CBOja CTpaHa M3HMCKYBa JOOHMBAhEe HA MOIIHE TEHKU CIOCBH CO
UCKIIyYHMTENIeH KBAJHMTET IOpagd OCOOEHO CHJIHHTE EJEKTPUYHHU IOJIMiba npu pabotHure ycnosu. [IpBo, ce
YCBOjyBaaT TEXHOJIOUIKH MOA00pyBama cO Ien M3paboTKa Ha MaTepHjasid CO PAMHOMEPEH KBaJUTET, F€OMETPHCKa
Ma3HOCT M KPajHO HHCKa I'yCTHHA Ha HEHaAMEpHO BHeceHHU AedexTr. Bropo, ce pa3BuBaaT HOBM MeTOaHU 3a H3pabOTKa
Ha MaTepHjaJid cO MHOTY mojaobap kBanuter. TpeTo, ce mo0MBaaT U MOHATAMy CEe Pa3BHBAaT HOBM MAaTEPHjalId IITO
MOKa)KyBaaT MOJ00pH CBOjCTBa O] CTAHIAPIHUTE.

HamanyBamero Ha IVMEH3WUTE Ha CJIOCBUTE ja MEHYBa IPHUpPOJATa HA (PU3MYKUTE I10jaBH BKIYYCHH BO
(hyHKIHOHHMpameTOo Ha ypemure. KBaHTHOMexaHHYKUTEe e(EKTH CTaHyBaaT C¢ IMO3HAYajHH 3a OINHUIIYBAKHECTO HA
CBOjCTBaTa Ha MaTepHjalliTe W ypemuTe oJ HaHockaiara. Ce IMMOCTaByBa MpAaIIalkETO KaJe Ce TPAHHUIUTE Ha
MOKHOCTHTE Ha MaTePHjaJIUTe U TEXHOJIOTUUTE 32 CIICKTPOHUKATA HAa HAHOCKAJaTa.

Koay4unu 300poBH: MUKPOEIEKTPOHHKA; YIATPATCHKH CJIOEBH; IPAHUIH Ha CKATUPAHETO
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