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Metal Oxides and Modern Microelectronics:
Roles of Transition Metal Compounds and their Conversion to the Materials

Tabitha M. Cook Adam C. Lamb XUE Zi-Ling*
(Department of Chemistry, The University of Tennessee, Knoxville, Tennessee 37996, USA)

Abstract: Thin films of metal oxides such as HfO, [known as high k£ dielectrics (or metal gate)] are a key
component of modern microelectronic devices in computers (tablet, laptop and desktop), smartphones, smart TVs,
automobiles and medical devices. The metal oxides, with large dielectric constants (k), have replaced SiO, that
has a small £ of 3.9, thus making it possible to further miniaturize microelectronic components. Transition metal
complexes have been widely used as precursors to produce thin films through their reactions with O,, H,O or O;
in chemical vapor deposition (CVD) and atomic layer deposition (ALD) processes. The microelectronic metal
oxide films are one of the most widely used nano materials. Recent progresses, including our studies of the

reactions of d° transition metal complexes with O,, are overviewed.

Keywords: metal oxides; gate dielectrics; thin films; microelectronics; CVD; ALD

0 Introduction computers, tablets, smartphones and other such de-
vices smaller, faster and more efficient. Over the past

Microelectronic devices are a major part of soci- few decades, there has been steady progress in this

ety today. There has been a continuous drive to make area following Moore’ s law, which states that the
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number of transistors to fit onto integrated circuits
doubles approximately every two years!?. By increas-
ing the number of transistors on the circuits, micro-
electronic devices have become more competent,
smaller with a longer battery life. To this end, new
designs for the components of microelectronic devices
as well as the materials used to make them need to be
developed.

Among many designs of the field-effect transistor
(FET), one is the complementary metal oxide semi-
conductor (CMOS) utilizing both p- and n-type metal-
oxide silicon field-transistors (MOSFET)®*. Until re-
cently, MOSFETs in these devices had a planar, 2D
design (Fig.1). These transistors typically have four
main parts: source, gate, drain and substrate. An in-
sulating layer, or gate oxide layer, separates the metal
gate from the source and drain. This layer is made of
dielectric materials, which is polarized when placed in

an electric field®.
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Gate oxide
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Fig.l Schematic of a planar transistor in a

microelectronic device

To improve the design and decrease current
leakage, multigated transistors have been developed in
the past few years. One example of such a multigated
transistor is a finFET shown in Fig.2®. FinFETs have

”

a silicon substrate containing a “fin” (a pillar above

the substrate). They perform better with less current
leakage and higher power output than planar
transistors®”. Since these structures are more vertical,
the surface area increases and more transistors can fit
on a chip. Many companies such as Intel, TMSC
(Taiwan  Semiconductor Manufacturing Company),
Samsung and IBM have adopted the multigated
as the tri-gateP7”®.

transistors such The tri-gate

transistor is a finFET where the metal gate layer
covers multiple fins. In 2011, Intel announced the 22
nm Ivy Bridge microprocessor, which was the first to

"8, Currently, tri-gate and

use the tri-gate transistor!
finFET transistors have been used in 14 nm processors
by Intel, in their Broadwell-Y processor”, and
Samsung, in their Exynos 7 Octa processor™. Several
companies!"™ including Samsung"", Intel™, TSMC™,
have announced that a 10 nm processor has been
fabricated. It has been reported that IBM, working with
scientists at SUNY (State Universities of New York)
Polytechnic Institute’s Colleges of Nanoscale Science
and Engineering, have produced the industry’s first 7
nm node test chips with functional transistors, and
TSMC has made progress in 7 nm finFET technology!*".
IBM announced in June 2017 that it had made the
first 5 nm chip in the world through collaboration with
Samsung and GlobalFoundries". The breakthrough
was achieved in part due to the use of both a new gate-
all-around transistor (GAAFET) with stacks of silicon
nanosheets and extreme ultraviolet lithography!. Tt
should be noted that the cited sources here are either
news or reports of the companies in this rapidly

changing field.

Drain /I

Metal gate

Source

Gate oxide

Si substrate

Fig.2 Schematic of a finFET transistor used in a

multigate device

Along with the design, new precursor compounds
are needed in order to continually improve these tran-
sistors. An important constituent in these transistors is
the gate oxide layer. Transition metal complexes have

been used to fabricate this layer. Ligands in these
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complexes help tailor characteristics such as shape,
reactivity and electronic tunability. Until recently,
Si0, was used as the primary gate oxide film. SiO,,
however, has a small dielectric constant (k) of 3.9, and
is thus not a very good insulating material. As the film
gets thinner in the recent transistors, current leakage
becomes larger and more significant, generating heat
and wasting energy. In addition, the transistors tend to
degrade under the heat. Because of the high current
leakage, there is a limit to the thickness of the SiO,
layer before it becomes too thin and inefficient as an
insulating layer*"*%!. Due to the decreasing efficien-
cy of Si0O, in the new generations of devices, search
for new gate oxides started over 25 years ago in order
to keep pace with Moore’s law. Gate oxides with high
k values are a key to allowing a large number of tran-
sistors on each integrated circuit. Table 1 lists com-
mon metal oxides and their dielectric constants™.

In addition to a large k value, the oxide layer
needs to meet a few other qualifications before being
used in microelectronic devices. One key aspect for a
good insulating layer is that the gate oxide has a good
interface with the Si substrate beneath it with little to

no leaching. Since SiO, contains Si itself, it interfaces

well with the Si substrate. Many potentially good ox-
ides, such as Ta,0Os, have relatively unstable contacts
with Si. Studies of various gate oxides showed that
high purity HfO, is one of the few with good thermal
stability and interface with the Si substrate. HfO, has
shown better electrical performance and film quality
as well™. The introduction of HfO, (k=25) as a gate
dielectric material in 2007 by Intel and IBM has al-
lowed the continued shrinking of transistor sizes by
making these gate oxide layers thinner and more effi-
cient, as demonstrated in Fig.3™.

Table 1 List of metal oxides and their dielectric

constants™
Metal oxide k
ALO; 9
Y505 15
La,0; 30
TiO, 80
7r0, 25
HfO, 25
Ta,05 26

Reactions of inorganic complexes with oxygen
sources such as O, H,O or O; have been employed to

produce metal oxide thin films through methods such

The Age of Material & Structure Innovation
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90 nm
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65 nm
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SiGe % siGe

SiGe 2 Gen. SiGe
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Reproduced with permission from Inte
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Fig.3 Decrease of transistor size over time; Introduction of high-k metal gate (oxides) in 2007 was

considered a milestone event™
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as chemical vapor deposition (CVD) and atomic layer
deposition (ALD)™ ¥, Both processes are well suited
for manufacturing gate oxides due to their ability to
give uniform and high purity films. An important factor
in the manufacturing of thin films is the type of pre-
cursors used. Though CVD and ALD have been suc-
cessfully used to fabricate thin gate oxides, the path-
ways that the precursors undergo in these processes
are not well understood. Understanding the design of
these complexes and their reactions in CVD/ALD may
enable the design of better precursors and processes
to prepare higher quality transistors in microelectronic
devices. In this article, we give an overview of CVD
and ALD processes, precursors for the formation of
metal oxides through CVD and ALD, and our studies
of the pathways in the reactions of O, with d° metal
amide complexes. It should be pointed out that this
paper is not a comprehensive review of CVD and ALD
in making microelectronic metal oxides. Such reviews

dP*¥. Rather, this overview pro-

have been publishe
vides a survey for the general readers in inorganic

chemistry.

1 Chemical vapor deposition and atomic
layer deposition processes

1.1 Chemical vapor deposition

CVD is the process by which thin films are
deposited onto a substrate through chemical reac-
tions™*#, The CVD process has been applied to pro-
duce coatings, fibers and powders. Coating is the
largest application of CVD™. These coatings have
been used in microelectronic, optoelectronic, mechan-
ical and chemical industries for many years. A few
examples of coated materials are metal oxides (e.g.,
Si0,), metal nitrides (e.g., TiN), metal carbides (e.g.,
W,C) and elemental metals (e.g., A)®*¥. Reviews
such as those written by Powell and Blocher give an
extensive coverage on the history of CVDP. The first
practical use of CVD was making metal depositions to
strengthen metal filaments in incandescent light bulbs
in the 1880'sP™!, The first reports of Si deposition by
hydrogen reduction of SiCl, were in 1909 and 1927%*%,

This material was used widely in many electrical

applications after World War I1®*.  CVD began to
grow in the 1960s as technology progressed, and these
materials were beginning to be prepared on an indus-
trial scale™. Variations of the CVD process have been
developed to give different kinds of films depending
on the applications.

The CVD process starts when volatile precursors
are carried by a diluent gas such as H, to a reaction

[3941]

chamber containing a heated substrate Gas phase
(Fig.4) or surface reactions follow, producing solid
products as thin films on the substrate surface. It
should be pointed out that gas phase reactions are of-
ten avoided because they may lead to non-uniform
films™. However, there are CVD processes of certain
films which, e.g., require gas phase reactions to pro-
duce rate-determining intermediates. These reactive
intermediates then react with other precursors on the
substrate surface™. In the CVD based on surface re-
actions, the precursors react on the substrate surface,
forming the product films. Once the product deposits
onto the surface as a film, the by-products desorb
from the substrate and are carried away from the re-
action chamber via the carrier gas. CVD is a continu-
ous process as more precursor is introduced into the
reaction chamber®¥#+,

P .
Carrier gas flow

i ‘ Unreacted
\ precursor

Desorption of
volatile by-products '

Gas-phase
) u reactions
\ Nucleation and
U film growth
Transport and adsorption Diffusion
onto the substrate | ) o
I Substrate I

Fig.4 Simplified schematic of the CVD process involving
gas-phase reactions, In many other CVD processes,

precursors react directly on the substrate surface

Film growth depends on several factors including
the temperature, pressure and precursors used in the
CVD process. At lower temperatures, the rate of film
growth is dependent on the reactions of the precursors
in the gas phase and on the substrate surface. The

growth rate at low temperatures increases exponential-
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ly when temperature increases. At moderate tempera-
tures, growth rate becomes nearly independent of tem-
perature and becomes more dependent on the mass
transport of the precursor to the substrate. At higher
temperatures, there is a decrease in film growth due to
desorption of precursor molecules from the substrate
matrix itself. Gas-phase side reactions also occur, de-
creasing the amount of precursors deposited onto the
substrate®¥1,

There are several types of CVD processes, in-
cluding atmospheric-pressure CVD  (APCVD), low-
(LPCVD), plasma-enhanced CVD
(PECVD) and liquid injection CVD (LI-CVD). The

lower pressures in LPCVD aid in the reduction of un-

pressure CVD

wanted side reactions. In PECVD, plasma is used to
heat the precursors, making them into free radicals,
but the substrate itself is kept at a lower, sometimes
ambient temperature. Thus, PECVD allows substrates
(such as Al) with a lower melting point to be used in
the process™**., When the precursors are organomet-
allic, the CVD processes are termed metalorganic
(MOCVD). Many organo-

metallic precursors are solids, and getting them to the

chemical vapor deposition

vapor phase is often challenging. In such cases, the
precursors may be dissolved in a solvent, injected into
an inlet to be volatilized, and carried to the CVD
chamber. This process is called liquid injection CVD
(LI-CVD). Precursors that are not suitable for other
CVD processes may be used to fabricate thin films via
LI-CVDF¥1,

In CVD processes, precursors play a very impor-
tant role and must have certain characteristics. One of
the main requirements for a precursor is appropriate
volatility for efficient mass transport to the substrate.
Gaseous precursors already fulfill this requirement,
but many others are liquids or solids. Bulky ligands
have been used to control the volatility and stability of
the precursors in air. The precursor must also be
thermally stable during transport and have a sufficient
temperature window between evaporation and decom-
position. The precursor needs to be of high purity and
have a clean decomposition on the substrate without

incorporating impurities in the film or occurrence of

side reactions. Good characteristics for precursors are
a long shelf life, nontoxic, easy to prepare, inexpen-
sive and stable in air. With these properties, the pre-
cursors may be acquired in bulk and stored more eas-
ily without decomposition in ambient conditions (i.e.,
in air at room temperature) for commercial use. The
type of precursors used in CVD depends on the appli-
cations of the thin filmP¥*%],
1.2 Atomic layer deposition

Another process to fabricate thin films is ALD
via surface exchange reactions™*. The first published

(then

“molecular layering”) using surface reactions

example, demonstrating the ALD principle
called
to coat a substrate, was made by Kol tsov and
Aleskovskii when they coated silica gel with TiO, in
the 1960s™". ALD process was developed further in
the 1970s by Suntola et al. to produce ZnS thin films
in electroluminescent flat-panel displays™*. By the
1980s, this process was used on an industrial scale.
One of the primary uses of ALD is to fabricate thin
films in microelectronics. As the microelectronics ad-
vanced, the interest in ALD increased. The HfO, gate
oxide used by Intel® in 2007 was fabricated by ALD™!,

ALD occurs in a stepwise process (Fig.5). A pre-

(1) Pulse Zr('l (2) Purge HCI
HCI HCI
ZrCl
ZrCl
Cl Cl @l
1 \/ \\| /(,]
AN
OH OH OH O O (0]
| | | | | |
Substrate _— Substrate
HCl HCI H,0
HCI HO
HCl oy HO 2
3) Pulse H,O
(4) Purge / (3) Pulse H, / HO
OH cl, ¢l Cl
HO_ o OH cl Cl
\ | /
7" \Zr/ Zr \er/
AN /N\ ]
O O (6] o o)
| | | | ] |
Substrate -— Substrate

Fig.5 Deposition of ZrO, on a substrate using pulses of
ZrCl, (Step 1) and H,0O (Step 3), each followed by
inert gas purging (Steps 2 and 4)
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cursor is pulsed into the reaction chamber and reacts
with the surface OH groups of the substrate forming a
monolayer and a by-product. By-products and unre-
acted precursor are purged from the reaction chamber
using an inert gas. A second precursor or co-reagent
such as H,O is pulsed into the reaction chamber and
reacts with the first monolayer forming a second layer.
The chamber then undergoes another purge cycle.
Subsequent pulse and purge cycles produce each lay-
er until the desired thickness is achieved® %,

Film growth in an ALD process is self-limiting,
i.e., the amount of material deposited during each
cycle is constant. Through this process, the thickness,
uniformity and conformity are easily controlled. Be-
sides precise control of the film thickness, ALD has
the advantage of having little to no gas-phase reac-
tions as the precursors and co-reagents react directly
with surface groups. This aspect allows for more high-
ly reactive precursors to be used for this process™*l.

ALD process has some disadvantages and limita-
tions. In any process, there may be deviations from
the ideal behavior. The film growth is usually less
than one monolayer because of steric hindrances in
many precursors or limited reactive sites. At higher
deposition temperatures, precursors can thermally de-
compose before being deposited on the substrate. An-
other major disadvantage is that it has a low effective
deposition rate. To be efficient in industry, a process
needs to be quick and clean. One method to increase
the deposition rate is to shorten the time of each cy-
cle, including, e.g., the purge or cleaning time such as
the ascendant space ALD process. In such cases,
there may not be a full coverage of the precursors on-
to the substrate surface®!.

Precursors are key components in ALD as they
are in CVD. The precursors used in ALD have many
of the same requirements as precursors used in CVD.
The precursors need to be volatile and of high purity.
Additionally, they must react quickly and completely
with surface groups of the substrate as well as with
the co-reagent. The precursors and co-reagents also
must be thermally stable so that they will not decom-

pose before or after reacting with the substrate. ALD

is usually carried out at 200~300 °C, which is lower
than the thermal decomposition temperature for most
precursors. Since there are reactivity requirements be-

tween precursors and co-reagents, there are fewer pre-
cursors for ALD than for CVDP>374450],

2 Precursors for CVD and ALD processes

Major types of transition metal compounds as
precursors in CVD/ALD of metal oxides are discussed
here.

2.1 Metal halides and nitrates

Metal halides, such as ZrCl, and TaCls, were one

of the first classes of inorganic precursors in CVD/

sBHTE0 When reacting with H,0, an

ALD processe
acid (HX, X=halide) is released as a by-product along
with the respective metal oxide, MO,. Metal halides
may not be desirable because they have high sublima-
tion temperatures and are corrosive, producing the
acid. Also, residual chloride often remains as an im-
purity in the MO, film. It should be noted that metal
halides are fairly inexpensive, abundant and easily
purified.

Metal nitrates, e.g., Zr(NO;), and Hf(NO3),, have
also been used as precursors for the deposition of its
respective metal oxide. They are prepared by the
reaction of, e.g., MCl,, with N,Os and purified by sub-
limation. These inorganic compounds contain no car-
bon, halogen or hydrogen atoms, thus potentially lim-
iting impurities in the films™.

To overcome the challenges in using these inor-
ganic compounds, the introduction of organic ligands
may give better precursors. This is discussed below.
2.2 Metal alkoxides and amides

Metal alkoxides M(OR), and amides M(NR,), (R=
alkyl) have also been used in CVD/ALD to fabricate
metal oxide films. These halogen-free precursors have
been engineered to be better candidates for CVD or
ALD processes because the respective halogenated
acid is not produced.

When replacing a halide ligand by an alkoxide or
amide ligand, the precursor usually becomes more
volatile. However, a drawback is the decomposition

temperature may be too low, and this could lead to
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several side reactions resulting in an impure
filmP53738855351 - Cho et al. have deposited HfO, films
from Hf(O'Bu), and ozone using ALD (Scheme 1),
Hf(NMe,), is a common precursor for both CVD/ALD
processes using O, (Scheme 2) or H,0 as the oxygen
source™. It is easily prepared through the reaction of
HfCl, with LiNMe, and purified by sublimation. Metal
amides react readily with water by the release of
amines or with O, by insertion into the M-N bonds™.
Derivatives of metal amides such as Hf(NMekEt), have
been employed in CVD/ALD processes and are com-
mercially available. Gordon et al. have found that the
maximum ALD deposition temperature for Hf(NMeEt),
with H,O was 400 °C. Under these conditions, the
amount of carbon and nitrogen was less than 1% and
0.25%, respectively. Another class of amides as pre-
cursors are M(NMeNMe,), (M=Zr, Hf). Hoffman et al.
have studied the reactions of M(NMeNMe,), with O, in
which  zirconium and hafnium oxide films were
deposited using low-pressure CVDP™. They have also
prepared a hafnium oxide film from the reaction of a

bidentate bisamide hafnium complex Hf['BuNCH,CH,

N'Bu], and O,*.

ALD
Hf(OBu,) + O, ———— HfO, film

Reaction of a hafnium alkoxide with 04>

Scheme 1
Hf(NMe,)), + O, — = HfO, film

Scheme 2 Reaction of a hafnium amide with O,

Another approach in designing suitable precur-
sors is incorporaling oxygen atoms into the starting
material. McElwee-White et al. have designed a par-
tially flurorinated oxo-alkoxide

tungsten complex

[WO(OC(CH3)(CF5),]*". This volatile complex was used
to grow WO, nanorods without an oxygen source.
2.3 Metal amidinates and guanidinates
Conjugated amidinates [RNC(R)NR]™ and guanid-
inates [RNC (NRy)NR]~ (R =alkyl) have three bonding
modes (Fig.6). A is the most common and the ligand
binds to the metal center in a bidentate fashion (Fig.
6A). In B, the ligand acts a bridge between two metal
atoms. In C, the ligand is monodentate and only a few

[58]

examples are reported in the literature®. Amidinates

and guanidinates are used as chelating ligands (Fig.

6A) to saturate the metal center. This results in more
stable monomeric complexes™. Modification of the
alkyl groups on the ligands allows the tuning of their
steric requirements™. However, bulkier R groups often
reduce their volatility in comparison to, e.g., amide
ligands (NR,) which may help control the thickness of
a metal oxide film. Both volatile metal amides M(NR,),
and less volatile metal amidinates and guanidinates
have been used extensively in producing inorganic

[34-35]

metal films Devi et al. have studied an amide

guanidinate hafnium complex in Scheme 3 with 0,
They have grown HfO, films (2 and 20 nm thick) on a
silicon substrate using LI-CVD (Scheme 3)%,

X X X
R )\ R R )\ R R )\ R
\N\"\/N/ \Iil — III/ \N\ \ N/
M M M M
A B C
R=alkyl ~X=R, amidinate

NR,, guandinate

Fig.6 Common coordination modes of amidinate and

guanidinate ligands

+ 0, —— Hf0, film

Scheme 3 Reactions of hafnium complexes with 0%

Several tantalum amidinate imdo complexes have
They have

demonstrated the volatility of these tantalum complex-

been synthesized by Winter® et al.
es by sublimation and the thermal stability of the
complexes by the decomposition temperatures. These
compounds were shown to be good candidates for
CVD/ALD processes, but they were not subjected to
the reactions with an oxygen source.

Tinant et al. have made an amide amidinate
chloro hafnium precursor. They have reacted it with
isopropyl alcohol and shown that the reaction is
selective towards the amide ligand (Scheme 4)%, The
authors have demonstrated that this volatile Hf com-

plex could react selectively towards -OH species,
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. M P /I\{- chances to observe formations of the ligands and the
L n PrOH L 3 elementary steps in the formation of metal oxides from
L N 2
. ,Hf,/ Pr i{f,/ Pr the reactions of d° metal amides with O,.
(Me,Si),N l 'N(SiMe,), (Me,Si),N” l ‘O'Pr . .
el & Reactions of M(NR,)s (M=Nb, Ta; R=Me, Et) with

Scheme 4 Reaction of an amide amidinate chloro

hafnium complex with PrOH®
making it an applicable precursor for HfO, films.

3 Reactions of d° Groups 4 and 5
complexes with O,

The activation of O, by metal complexes has
been actively studied. The focus has been on the re-
actions of O, with mid- to late transition metal com-
plexes containing valence d electrons (d"). Thus, these
reactions often involve metal oxidation. Many precur-
as Hf(NR,), (R=alkyl) and the amide

guanidinate hafnium in Scheme 3, are d° complexes.

sors, such

They are thus expected to follow different pathways in
their reactions with O, since the metals are already at
their highest oxidation state. We are primarily inter-
ested in the reactions of d° transition metal complexes
with 0,7 because their pathways to the formation of
MO, are not well understood. Since O, is a radical in
nature, several pathways may be possible. Our group
has focused on the reactions of O, with d° Groups 4
and 5 amides and Group 4 amidinate and guanidinate
complexes!®™,

We first studied the reactions of Group 4
homoleptic amides M(NMe,), (M=Zr, Hf) with O,
yielding oxo aminoxides Ms(NMe,)o( tt-NMe,)s( us-O)( -
ONMe,) and byproduct Me,NNMe, (Scheme 5). The
results suggest there are two important steps in the
reactions of M(NMe,), with diradical :0, (a) O inser-
tion into M-N bonds, forming aminoxy ligands; (b)
Cleavage of the O-N bond in the O-NMe, ligands to

yield the oxo ligands in the products. These are rare

(NMe,),

M

Me N-NMe 1

2 2
{ Me,N // ‘\‘\NMeZ
M(NM62)4 + 02 Me2N ’_i_o > 200
M=Zr, Hf [-o” o
(Me,N),M . M(NMe,),
N
Me,

2

Scheme 5 Reactions of Group 4 amides with 0,*

0, have also been studied and the isolated products
are shown in Scheme 6%, DFT studies of the reac-
tions between Ta(NMe,)s and O, indicate that one key
step is the insertion of O, into an M-N bond to give
the peroxide complex (Me,N),Ta(1-0-0-NMe,)®. The
peroxide ligand then either oxidizes an amide to an
imine ligand (Me-N=CH,) through the abstraction of a
hydride or inserts its atom into another Ta-NMe,
bond, forming (Me,N);Ta(1>~ONMe,),. Insertion of Me-
N=CH into a Ta-NMe, bond yields the unusual -N(Me)

CH,NMe; ligand in the products.

D MezN\ }\IMe
/ \N >0 71\:/[\ O/ 1}/[
M(NMe,), vt = MeN \/NMez
23 °C
+ £ +0, Me,
N
(0)
/ 0.
N— ~ Ta' W\
e
M=Nb, Ta ”M/‘o N [ 07" S0 Me,
—M N
AV RV PP
N~

Me N—>Ta Ta~NMe
4 5\0/:: N

Scheme 6 Reactions of Group 5 amides with O,

These homoleptic amides are very reactive. Their
reactions occur at room temperature or a lower tem-
perature, which may pose a problem in the CVD/ALD
processes because several side reactions may occur.
To reduce the reactivity, bidentate, N-containing lig-
ands have been introduced to help control reaction
conditions. We have studied the reactions of O, with
two different types of Zr bidentate complexes: Zr
amide amidinates”™ and Zr amide guanidinates.

Reaction of the amide amidinate Zr(NMe,),[MeC
(N'Pr),], (1) with O, affords three Zr species: peroxo
trimer {( u-1* m*0,)Zr [MeC (N'Pr),],}; (2), oxo dimer
{(u-0)Zr[MeC (N'Pr),],}> (3), and an insoluble polymer
{(u-0)Zx[MeC(NPr),],),, (4) (Scheme 7). Peroxo trimer
2 was characterized by single-crystal X-ray diffraction.
Peroxo dimer {( u-n*1*0,)Zr[MeC (N'Pr),],}, was ob-
served in the gas phase by mass spectroscopy. To our

knowledge, this was the first observed peroxo species
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Scheme 7  Reaction of Zr(NMe,),[MeC(NPr),], (1) with O, and crystal structure of the Zr peroxo trimer 2"

from the reaction of O, with a d° complex without a
redox active ligand. It should be noted that a peroxo
species has not been observed in any other reactions
of d° metal amides with 0,7, The peroxo complex
2 is very reactive. In the presence of starting material
1, 2 quickly reacts with 1, forming the oxo products 3
and 4.

4 Perspectives

As transistors continue to shrink in size in mi-
croelectronic devices, the metal gate oxide layer in the
transistors also needs to reduce in size. SiO, alone is
no longer adequate for today’s devices. To meet this
challenge, new precursors have been prepared for the
fabrication of metal oxide thin films by CVD or ALD.
Tuning the characteristics of the complexes by using
different metal centers and various ligands leads to a
diverse pool of precursors.

One important challenge is determining the path-
ways of the reactions between the metal complexes
and O,. Our recent work has contributed to the under-
standing of the pathways.

The size of the transistors is projected to keep
(Fig.6) . Si-based

microelectronic devices may not be adequate in the

shrinking over the next decade

near future. As shown in Fig.6, we may soon enter in-

to the post-Si era. The Materials Research Society has
published a bulletin containing several articles on
new, post-Si materials, including Ge and Group III-V
semiconductors such as GaAs™. Many of these mate-
rials contain more than one metal or metalloid (e.g.,
GeSn0,) that are expected to improve the performance
of the transistors. Integration of these materials onto
the transistors is challenging. Binding to the substrate,
usually made of Si, without leaching or degrading of
the materials over time is a key issue and an active
area of current research.

Another direction to develop transistors is incor-
porating organic semiconductors on plastic substrates

7476 These new

or metal oxides to make them flexible
organic-inorganic hybrid materials are made through
solution-based film growth processes. By incorporating
the inorganic component, the transistors maintain a
high % value while the organic component makes the
material more flexible. Unlike CVD or ALD, this pro-
cess does not require high temperatures or expensive
vacuum deposition technologies.

Graphene, as well as graphene-based derivatives,
have been considered for use in dielectric materials
because of their interesting electronic properties®’#,
Graphene is a flexible polymer of sp*-hybridized carbon

atoms arranged in a flat lattice and can be deposited
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Fig.7 Development and future projection of the transistor size®!

onto surfaces via CVD, making each monolayer 1
atom thick or 0.34 nm®!. Using this material along
with a metal oxide film as the gate layer would
decrease the size of transistors. Graphene has been
shown to enhance the dielectric constant when used as
an interlayer between polymer layers to form a flexible
dielectric film™. Graphene oxide and reduced graphene
oxide have been used as dielectric materials in
graphene oxide-based FET®.

At present, designing new transistors is complex
and costly. Depending on the transistor’s application,
one fabrication process may be better than another.
Research is being conducted to explore the properties
of new organic and/or inorganic materials as the gate

oxides. These advances are projected over the next

decade®!.
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