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Growth and Properties of Hybrid Organic-Inorganic
Metalcone Films Using Molecular Layer Deposition

Techniques

Byoung H. Lee, Byunghoon Yoon, Aziz I. Abdulagatov, Robert A. Hall,

and Steven M. George*

Molecular layer deposition (MLD) is a useful technique for fabricating hybrid
organic-inorganic thin films. MLD allows for the growth of ultrathin and con-
formal films using sequential, self-limiting reactions. This article focuses on
the MLD of hybrid organic-inorganic films grown using metal precursors and
various organic alcohols that yield metal alkoxide films. This family of metal
alkoxides can be described as “metalcones”. Many metalcones are possible,
such as the “alucones” and “zincones” based on the reaction of trimethy-
laluminum and diethylzinc, respectively, with various organic diols such as
ethylene glycol. Alloys of the various metalcones with their parent metal
oxide atomic layer deposition (ALD) films can also be fabricated that have an
organic-inorganic composition that can be adjusted by controlling the rela-
tive number of ALD and MLD cycles. These metalcone alloys have tunable
chemical, optical, mechanical, and electrical properties that may be useful for
designing various functional films. The metalcone hybrid organic-inorganic
materials offer a new tool set for engineering thin film properties.

approaches for preparing hybrid mate-
rials including sol-gel processes,1011]
Langmuir-Blodgett (LB) techniques,!>13!
layer-by-layer assembly,!'*1] polysilsesqui-
onxane building blocks,'® and self-
assembly  procedures.'”181  Although
hybrid films can successfully be fabricated
with these solution-based techniques,
some benefits could be derived from a gas-
phase approach that could control the film
thickness and composition at the atomic
level and have the ability to coat confor-
mally high aspect ratio structures.

Atomic layer deposition (ALD) tech-
niques have developed rapidly in recent
years for many applications.'”) The
sequential, self-limiting surface reactions
that define the ALD process can deposit
conformal ultrathin films with atomic
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1. Introduction

Hybrid organic-inorganic materials are useful in a variety of
fields including electronics,? optoelectronics,i®! photonics,*
protective coatings,! catalysis, />’ sensors!® and electrochem-
istry.”) In general, the inorganic constituent of hybrid organic-
inorganic materials can provide desirable mechanical, optical,
chemical, and electrical properties. The organic consituent
can provide higher flexibility, reduced density, and lower cost.
Hybrid materials composed of organic and inorganic compo-
nents offer the opportunity to develop new materials with tun-
able properties. These hybrid materials may have synergistic
interactions leading to improved performance.

The development of new hybrid organic-inorganic materials
is dependent on the methods used to prepare these materials
and tune their composition. There are a variety of solution-based
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level control on high aspect ratio struc-

tures.29-22 The control of the ALD growth
is about 1 A per reaction cycle and the resulting ALD films
have been shown to be continuous and pinhole-free.?>>* Most
ALD techniques are based on binary reaction sequences where
two surface reactions occur and deposit a wide range of binary
inorganic compounds.”” The most common ALD materials
are metal oxides and metal nitrides. For example, Al,0; ALD
is a representative metal oxide that is grown using Al(CHj);
and H,0 as the two precursors.?28 TiN ALD is a well-studied
metal nitride that is grown using TiCl, and NH; as the two
precursors.[29:30]

Recently, the types of materials that can be grown using
sequential, self-limiting reactions have expanded dramatically
with the introduction of organic precursors. Since a molec-
ular fragment can be added to the films, this area is known as
“molecular” layer deposition (MLD).2! Figure 1 shows a gen-
eral schematic representation of MLD growth using sequential,
self-limiting surface chemistry. The original MLD of organic
polymers was achieved using condensation polymerization
reactions by a number of Japanese groups in the 1990s.32-3]
MLD growth with bifunctional reactants has subsequently been
studied for organic polymers, such as polyamide,3®37] poly-
imide,®® polyurea,?? polyurethane,! polythiourea,**? and
polythiolene.*3l The original MLD of organic polymers followed
the development of the gas-phase polymer growth technique
known as vapor deposition polymerization (VDP).[*

Adv. Funct. Mater. 2013, 23, 532-546
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Figure 1. Schematic of MLD growth using sequential, self-limiting sur-
face reactions.

The organic precursors used for all-organic MLD can also be
mixed with the inorganic precursors from ALD to define new
hybrid organic-inorganic materials.?!l These new systems using
organic and inorganic precursors have greatly expanded the
possible materials that can be grown using ALD and MLD. In
particular, the many kinds of organic precursors available from
organic chemistry yield a huge variety of possibilities. One class
of hybrid organic-inorganic films is the metal alkoxide films
that can be grown from metal precursors and various organic
alcohols. These metal alkoxide polymeric films are described as
“metalcones” ] The first metalcones were the “alucones” based
on trimethylaluminum (TMA) and ethylene glycol (EG).1*6! The
“zincones” are another type of metalcone based on diethylzinc
(DEZ) and EG.**8] The MLD of alucone has also been extended
to a three-step ABC reaction sequence using TMA, ethanolamine,
and maleic anhydride in order to avoid double reaction problems
of homobifunctional reactants.*>>% A wide variety of other hybrid
organic-inorganic films can be deposited using other organic pre-
cursors such as carboxylic acids®"*? or alkylsilanes.l>*->¢!

Metalcone composites can also be deposited by combining
the metalcone MLD process with the parent metal oxide ALD
process. The composition of the resulting organic-inorganic
film can be controlled by varying the relative number of ALD
and MLD cycles. These hybrid organic-inorganic mixtures
can be called “metalcone alloys”.*>*”] The possibility to mix
and match organic and inorganic precursors and their rela-
tive contribution in the film leads to a wide spectrum of film
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properties.*>57] These metalcone alloys can show tunable prop-
erties that vary from hard/dense metal oxides to soft/less dense
metal alkoxides. These tunable properties may be valuable for
depositing films with varying density, elastic modulus, hard-
ness, refractive index, and dielectric constant.

This feature article will first review the MLD of all-organic poly-
mers such as polyimides and polyamides. The MLD of “alucones”
and “zincones” based on aluminum and zinc metal precursors,
respectively, and organic diols will then be introduced to illustrate
the growth of the metalcone films. Some recent additional met-
alcones will also be reported based on titanium, zirconium, and
hafnium metal precursors known as “titanicones”, “zircones”,
and “hafnicones”, respectively. This article will then discuss the
growth of metalcone alloys based on metalcone MLD combined
with the parent metal oxide ALD. These metalcone alloys have
tunable chemical, electrical, optical, and mechanical properties.
Lastly, speculations will be offered on the future prospects for the
MLD of other metalcone materials and their applications.

2. Organic Polymers Using Molecular Layer
Deposition

The first organic polymers grown using MLD techniques
were the polyimidesi and polyamides.?* This MLD growth
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employed homobifunctional organic reactants. The surface
chemistry was based on stepwise condensation polymerization
reactions. The homobifunctional reactants were molecules such
as XRX and YR'Y. “X” and “Y” are chemical functional groups,
and R and R’ are organic fragments. A basic AB reaction with
two homobifunctional reactants is:3!

(A)SR'Y % +XRX — SR’ — RX * +XY (1)

(B)SRX * +YR'Y — SR — R'Y * +XY (2)

where the asterisks indicate the surface species. The underlying
substrate and deposited film is represented by “S”. In the A
reaction, the X chemical functionality reacts with SR’Y#* spe-
cies to form SR’-RXx species. In the B reaction, the Y chemical
functionality reacts with SRX’ species to form SR-R’Y* species.

Two polyamide MLD systems that have been studied in more
detail are nylon 6617] and poly(p-phenylene terephthalamide)
(PPTA).3% Nylon 66 MLD utilized adipoyl chloride (ClOC-
(CH,)4,-COCl) (AC) and 1,6-hexanediamine (H,N-(CH,)s-NH,)
(HD) as the reactants. The acyl chloride and amine functional
groups react to form an amide linkage. In situ Fourier trans-
form infrared (FTIR) measurements explored the surface
chemistry and observed linear growth versus the number of AB
cycles during nylon 66 MLD.”I The nylon 66 growth rate was
=19 A/cycle.

PPTA MLD has also been investigated using terephthaloyl
chloride (CICOC¢H,COC]) (TC) and p-phenylenediamine
(NH,C¢H,NH,) (PD) as the reactants.*® The acyl chloride and
amine functional groups again react to form amine linkages.
In situ FTIR measurements demonstrated that the TC and PD
reactions displayed self-limiting surface chemistry and linear
growth. However, the linear growth rates were not reproducible
from run to run and varied from 0.5 to 3.3 A per AB cycle.

Polyimide MLD using pyromellitic dianhydride (PMDA)
and diamines as the reactants has also been studied by various
surface science techniques.’®% Electron energy loss investiga-
tions monitored the reaction between PMDA and 1,4-phenylene
diamine (PDA) and observed the initial formation of amic acid.
The amic acid converted to the polyimide with the loss of H,O.
Reflection-absorption infrared spectroscopy was also used to
monitor the growth of polyimide using PDMA and 4,4-oxidi-
aniline (ODA) reactants.”” Studies of polyimide MLD growth
have observed temperature-dependent linear growth rates.®!
Polyimide deposited by using PMDA and ODA at 160 °C was
consistent with a growth rate of =5 A/cycle.®!

Polythiourea MLD has been studied using 1,4 phenylene
diisothiocyanate and ethylenediamine as reactants.*!#2l Spec-
troscopic ellipsometry studies showed that the MLD growth
is extremely linear versus the number of cycles with a growth
rate of 1.9 A/cycle. FTIR studies demonstrated that the vibra-
tional modes of polythiourea films were consistent with the
vibrational spectrum predicted by theoretical density functional
theory (DFT). X-ray photoelectron spectroscopy (XPS) measure-
ments also revealed that the composition of the polythiourea
films closely matched the expected atomic ratios.

Organic polymer MLD using homobifunctional reactants can
face difficulties because both functional groups can react with
chemical groups on the surface.**3”] These “double” reactions
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subtract reactive sites from the growing polymer surface and
inhibit the polymer chain growth. These double reactions can
limit the polymer thickness deposited during one AB cycle and
lead to irreproducible MLD growth rates.[3¢37]

3. Metalcones Using Molecular Layer Deposition

3.1. Alucone MLD Using Trimethylaluminum and Organic
Diols and Polyols

Metalcone MLD can be accomplished by combining a metal
precursor used in a typical ALD process with an organic pre-
cursor used in the MLD of an all-organic polymer.*! Alucones
are one of a number of possible metal alkoxides that define the
family of metalcones.*l The first alucone MLD system was
based on the reaction between trimethylaluminum (TMA) and
ethylene glycol (EG).*? The EG molecule, HO(CH,),OH, con-
tains two hydroxyls groups and is very similar to H,O that is
used as a reactant in Al,0; ALD.?%28] The difference is that a
—CH,-CH,-molecular fragment is introduced between the
oxygen atoms in the hybrid organic-inorganic film. A schematic
showing the growth of the alucone based on TMA and EG is
displayed in Figure 2.[4¢]

The general two-step reaction between metal alkyls and diols
for metalcone MLD can be written as:[314¢]

OH OH OH

CHy CH,4

Al \A.ll HO HO
o o O Z Z

(A) (B)

Figure 2. Schematic illustrating alucone MLD film growth using trimethy-
laluminum (TMA) and ethylene glycol (EG). Reproduced with permis-
sion.B Copyright 2009, American Chemical Society.

Adv. Funct. Mater. 2013, 23, 532-546
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(A)SR'OH = +MR, — SR'O — MR,_;* + RH (3)

(B)SMR % +HOR'OH — SM — OR'OH * +RH 4)

The asterisks again indicate the surface species and S denotes
the substrate with the reaction products from the previous reac-
tions. In the A reaction, the reaction completes when all the
SR'OH" species have completely reacted to produce SR'O-—
MR, ;* species. In the B reaction, the reaction completes when
all the SMR* species have completely reacted to produce SM-
OR’OH* species. The sequential reactions of TMA and EG forms
a metal alkoxide polymeric film with (Al-(O-CH,-CH,-0-))
metal alkoxide linkages.[*f]

Alucone MLD using TMA and EG has been demonstrated
to be very efficient.l®) X-ray reflectivity (XRR) measurements
showed that the MLD growth is extremely linear versus the
number of TMA and EG cycles. Quartz crystal microbalance
(QCM) measurements also demonstrated the linearity of alu-
cone growth versus the number of TMA and EG exposures.
The alucone growth rate decreased from 4.0 A/cycle at 85 °C
to 0.4 A/cycle at 175 °C.*) The density of these alucone films
was independent of the deposition temperature and constant at
=1.5 g/cm3.¢l The density of the alucone films is much less
than the density of 3.0 g/cm? for Al,O; ALD films grown at
177 °C.127)

MLD growth with TMA and EG displayed self-limiting sur-
face reactions. The alucone films were somewhat sensitive to
air exposure and showed a contraction of =22% over the first
3 days that the films were exposed to ambient.*?! After this
contraction, the films were very stable. The alucone films were
extremely smooth and conformal when deposited on nanoparti-
cles. The alucone films will lose their organic component under
annealing and produce porous Al,0; films.[®1:%2] These porous
Al,O; films from alucone films may have applications in catal-
ysis and gas separations.[®]

Alucone films can also be fabricated using TMA together
with organic triols or polyols such as glycerol [HOCH,CH(OH)
CH,OH, (GL)].1*Yl The growth of these films is again based on
the reaction between hydroxyl groups on the alcohol and AICH;
groups. With more than two hydroxyl groups on the alcohol,
there is greater probability that unreacted hydroxyl groups will
remain after polyol reactions with AICH;* surface species.
These unreacted hydroxyl groups can produce additional cross-
linking between growing polymer chains that can strengthen
the alucone film and lead to higher fracture toughness.

In situ FTIR measurements have shown that alucone film
growth using TMA and GL is linear versus the number of MLD
cycles.® In situ QCM measurements also confirmed the lin-
earity of alucone growth with an average mass gain of 41.5 ng/
cm?/cycle at 150 °C. This mass gain of 41.5 ng/cm?/cycle is
consistent with a growth rate of 2.5 A per cycle.’) XRR anal-
ysis was also consistent with a growth rate of 2.0-2.3 A/cycle at
150, 170 and 190 °C. The growth rate of 2.3 A/cycle at 150 °C
was consistent with the QCM measurements. The temperature
dependence of the growth rate was negligible compared with
the temperature dependence observed for alucone films grown
using TMA and EG.[* This minor temperature dependence
suggests that there may be less TMA diffusion into the growing
MLD film because of more extensive cross-linking.[®¥
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X-ray reflectivity (XRR) measurements also demonstrated
that the alucone films grown using TMA and GL were very
stable versus time.[% In the first week after growth, there was a
slight increase in thickness of =9%. Subsequently, no changes
were observed for measurement times as long as 6 months.
Atomic force microscopy (AFM) measurements showed that
the surface roughness of the alucone film was only =3.5 A.
Recent mechanical testing has also revealed that the alucone
films grown using TMA and GL have a higher critical tensile
strain for cracking than the MLD films grown using TMA and
EG.l4

3.2. Zincone MLD Using Diethylzinc and Organic Diols

3.2.1. Aliphatic Organic Diols

Diethylzinc (DEZ) is a reactive and useful ALD precursor for
ZnO ALD.[®%l The DEZ precursor can be combined with var-
ious organic alcohols to define another class of metalcones. For
example, DEZ can react with diols such as EG to produce the
zinc alkoxide polymer family that can be called “zincones” as
shown in Figure 3.8l The growth and film characteristics of
zincone MLD and alucone MLD are very similar. In situ Fou-
rier transform infrared (FTIR) measurements observed self-
limiting surface reactions during zincone growth using DEZ
and EG.® The growth rate was also dependent on growth tem-
perature. The growth rates of the zincone varied from 4.0 A/
cycle at 90 °C to 0.25 A/MLD cycle at 170 °C 18]

At higher temperatures, the EG precursors were observed
to react twice almost exclusively.*¥l The double reaction of EG
with two ZnCH,CH;" species did not terminate the zincone

( { {

%n %n %n
OH OH OH 6 6 o
OH
AZn\ \
cH,cH, OH CH4CH,

(A) (B)

Figure 3. Schematic showing zincone MLD film growth using diethylzinc
(DEZ) and ethylene glycol (EG). Reproduced with permission.*®l
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film growth at higher temperature. The FTIR spectra suggested
that DEZ molecules can diffuse into the MLD film and initiate
the growth of new zincone polymer chains. This growth mech-
anism can also explain the temperature dependence of the zin-
cone growth. At higher temperatures, less DEZ may diffuse
into the zincone film. In addition, the DEZ molecules in the
zincone film may desorb from the film at a faster rate at higher
temperatures. Less diffusion into the film and more desorption
of DEZ molecules from the film yields a lower zincone growth
per cycle at higher temperatures.*®!

3.2.2. Aromatic Organic Diols

DEZ precursors can also react with aromatic organic diols such
as hydroquinone (HQ).:%8 This new MLD system was exam-
ined with the hope that the resulting MLD film would be con-
ductive. Most organic solids are insulators. However, aromatic
organics can be electrical conductors resulting from the bands
formed by their 7 and #* orbitals.’! The reaction between
DEZ and HQ may produce a conjugated chain in the form of
(-O-phenyl-0-Zn-),,.8] Zincone MLD using DEZ and HQ is
illustrated in Figure 4. The resulting MLD film may be conduc-
tive and could have value as a flexible transparent conducting
film. In addition, the HQ molecule has a rigid structure based
on its aromaticity. This rigid structure is expected to reduce the
possibility for double reactions.

In situ QCM measurements showed that the MLD growth
was linear versus the number of MLD cycles.! The observed
mass gains were 28.4 ng/cm? for DEZ and 23.9 ng/cm? for

<Zn <Zn <Zn
[} 1 1
(0] 0 (0]

OH OH OH

E——=
OH
A2\
CH;CH, ‘ CH,CH,
OH

< < ( OH OH OH
Zn Zn Zn
[} 1 1 ‘ ‘ ‘
l:?__?:oh ‘ — —
(0] (0] (o)
|} 1 1
Zn Zn Zn
| 1 ]
(0] (0] (o)

(A) (B)
Figure 4. Schematic depicting zincone MLD film growth using diethyl-

zinc (DEZ) and hydroquinone (HQ). Reproduced with permission.[®®l
Copyright 2011, The Electrochemical Society.
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HQ. The total mass gain was 52.3 ng/cm?/cycle at 150 °C. XRR
measurements also observed that the growth rate was =1.6 A/
cycle at 150 °C. The QCM results showed that the DEZ and
HQ surface reactions were self-limiting and reached comple-
tion after larger DEZ and HQ exposures. The conductance of
these zincone films was measured using a four-point probe.[*”]
The pure zincone films grown using DEZ and HQ showed a
low conductivity with a resistivity of 4.4 Q cm. However, higher
conductiviy was observed in alloy systems grown using different
relative numbers of zincone MLD and ZnO ALD cycles.l*”]
These results will be discussed further in Section 4.3.

3.2.3. Conjugated Organic Diols

Conjugated organic diols, such as hexadiyne diol (HDD), can
also be employed together with DEZ to produce other types of
zincone MLD films. Recent work has fabricated two-dimen-
sional polydiacetylene chains bridged by inorganic cross-linkers
using MLD techniques at 100-150 °C."% The 2D structure of
the polydiacetylene chains was obtained by diacetylene polym-
erization to polydiacetylene during UV exposure. A schematic
of the DEZ, HDD, and UV light reaction sequence is shown in
Figure 5.7%

The growth rate for the polydiacetylene films with inorganic
cross-linkers was determined by spectroscopic ellipsometry
and transmission electron microscopy (TEM)."% Spectroscopic
ellipsometry studies also showed that the DEZ and HDD sur-
face reactions were self-limiting and reached completion versus
DEG and HDD exposures. The measured growth rate was
=5.2 Ajcycle.’®) The TEM measurements observed that the
MLD films were amorphous. AFM studies also revealed that
the films were very smooth. The root mean square roughness
of the surfaces was =2.5 A%

These polydiacetylene films with inorganic cross-linkers were
used as a semiconductor layer to fabricate thin film transistors
(TFTs). These TFTs showed a maximum field effect mobility
of 1.3 cm?/V s with an on/off ratio of =10° when operating at
100 V. These MLD films may be able to serve as semiconduc-
tors with enhanced carrier mobility for flexible electronic device
applications.

3.3. Titanicone, Zircone, and Hafnicone MLD

3.3.1. Titanicone MLD Using Titanium Tetrachloride and Organic
Diols and Triols

A variety of additional metalcones can be grown using different
metal precursors and organic alcohols.*’! Metalcones based on
titanium can be fabricated using titanium tetrachloride (TiCly)
and organic alcohols. These titanium-alkoxides can be called
“titanicones”.*>71 These titanicone MLD films may have impor-
tant photocatalytic properties./’?! Titanicones have recently been
developed using TiCl, and EG or GL.’!

The growth rate for titanicone films using TiCl, and EG or
GL was determined by in situ QCM and ex situ XRR meas-
urements. For titanicone films grown using TiCl, and EG,
the growth rate was =83 ngjcm?/cycle or =4.5 A/cycle from
90-115 °C. For titanicone films grown using TiCl; and GL, the

Adv. Funct. Mater. 2013, 23, 532-546
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Figure 5. Schematic showing reaction sequence for zinc oxide cross-
linked polydiacetylene (ZnOPDA) film. Reproduced with permission.0l

mass gains obtained at 130-210 °C varied from 48.6 to 33.8 ng/
cm?/cycle, respectively.”!] The growth rate was highest at 2.8 A/
cycle at 130 °C. The low vapor pressure of GL limited the lowest
growth temperature to 130 °C.

XRR analysis showed that the titanicone films grown using
TiCl, and GL at 150 °C had higher stability than titanicone
films grown using TiCl, and EG at 115 °C when exposed to
air. Nanoindentation experiments also indicated that the elastic
modulus and hardness of the titanicone films grown using
TiCl,; and GL were much higher than titanicone films grown
using TiCl, and EG.Y These results are consistent with more
cross-linking in the titanicone MLD films grown using TiCl,
and GL. The titanicone films absorbed light in the ultraviolet

Adv. Funct. Mater. 2013, 23, 532-546
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and the absorption threshold was consistent with an optical
bandgap of =3.6 eV.

3.3.2. Zircone MLD Using Zirconium Tetra-tert-butoxide
and Ethylene Glycol

Zirconium precursors, such as zirconium tetra-tert-butoxide,
Z1[O(C(CHj3)3)]4, can be employed to fabricate another class of
metalcone MLD film.*>73 These hybrid organic-inorganic zir-
conium alkoxide films can be called “zircones”. These zircone
MLD films may have interesting dielectric and optical proper-
ties because their parent metal oxide, ZrO,, has a high dielec-
tric constant and a high refractive index.”*”! Figure 6 shows
the reaction sequence for zircone MLD using ZTB and EG as
the reactants.

In situ QCM measurement revealed that the zircone MLD
film growth is linear versus the number of MLD cycles.[*>73 The
ZTB exposure results in a mass gain of 24 ng/cm? and the EG
exposure results in a mass loss of =9 ng/cm? at 145 °C.[*] Mass
loss is expected when the tert-butoxy ligand is replaced with the
alcohol. The mass gain per cycle was =15 ng/cm?/cycle and was
very reproducible. The QCM studies also demonstrated that the
ZTB and EG surface reactions were self-limiting and reached
completion versus ZTB and EG exposures. XRR analysis of the
film thickness versus number of MLD cycles was extremely
linear and consistent with a growth rate of =0.8 A/cycle at
145 OC'[45,73]

XRR measurements showed that the zircone MLD growth
rates decreased at higher temperatures. The growth rates varied
from 1.6 A/cycle at 105 °C to 0.3 A/cycle at 195 °C. The decrease
in the zircone MLD growth rate versus deposition temperature
can be partly attributed to double reactions for EG. The meas-
ured zircone film densities were independent of the deposition
temperature and constant at =2.17 g/cm3.*] These measured
densities are much less than the density of =4 g/cm? for pure
ZrO, ALD films. The XRR measurements also revealed that the
zircone MLD films grown using ZTB and EG were very stable.

3.3.3. Hafnicone MLD Using Tetrakis(dimethylamido) hafnium
and Ethylene Glycol

Another class of metalcone MLD films are the “hafnicones”
based on the reaction of tetrakis(dimethylamido)hafnium
(TDMAH) and EG.[**7¢ These hafnicone MLD films may also
have interesting dielectric and optical properties because their
parent metal oxide, HfO,, has a high dielectric constant and a
high refractive index. QCM measurements showed the linearity
of hafnicone MLD growth versus TDMAH and EG exposures at
145 °C.7®l XRR measurements also demonstrated that the haf-
nicone MLD growth is extremely linear versus the number of
MLD cycles at 145 °C.I76l

The hafnicone MLD growth rate decreased from 1.2 A/cycle
at 105 °C to 0.4 A/cycle at 205 °C.7% The temperature depend-
ence of hafnicone MLD growth is similar to other metalcones
using EG as the reactant. The measured density of hafnicone
MLD film was independent of the deposition temperature and
constant at =3.0 g/cm?.”® The XRR measurements also revealed
that the hafnicone MLD films grown using TDMAH and EG
were very stable. Spectroscopic ellipsometry measurements
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Figure 6. Schematic illustrating zircone MLD film growth using zirconium tetra-tert-butoxide (ZTB) and ethylene glycol (EG). Reproduced with permis-

sion.”31 Copyright 2011, The Electrochemical Society.

showed that the refractive index of the hafnicone MLD film
was n = 1.6."% In contrast, HfO, ALD films displayed a much
higher refractive index of n = 2.1.70]

4. Tunable Metalcone Alloys Using MLD and ALD
4.1. Growth and Tunable Properties of Alucone Alloys

By varying the relative fraction of organic and inorganic con-
stituents, hybrid organic-inorganic polymers can provide a
wide range of tunable properties. The hybrid organic-inorganic
MLD films have a low density that approaches the low density
of organic polymers. In comparison, the inorganic ALD films
have a much higher density. Alloys can be grown using metal-
cone MLD systems and their parent metal oxide ALD systems.
These alloys can have a tunable density that varies from the low
density of the pure MLD film to the high density of the inor-
ganic ALD film.*>*7] Intermediate densities can be obtained by
varying the relative number of ALD and MLD cycles used to
grow the alloy film. In addition to density, other parameters can
be varied such as elastic modulus, hardness, dielectric constant,
refractive index, and conductivity.

Alucone alloys were grown by combining Al,0; ALD and
alucone MLD at 135 °C.*>*7] The chemical composition of the

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

alucone alloy was defined by the relative number of the TMA/
H,0 ALD cycles and the TMA/EG MLD cycles. For example, the
1:1 alucone alloy was grown using an alternation of the 1 cycle
of Al,0; ALD and 1 cycle of alucone MLD. A schematic of the
reaction sequence of TMA/H,0/TMA/EG for the 1:1 alucone
alloy is shown in Figure 7. In contrast, the 1:2 alucone alloy was
grown using an alternation of 1 cycle of Al,03; ALD and 2 cycles
of alucone MLD. The reaction sequence for the growth of 1:2
alucone alloy is TMA/H,0/TMA/EG/TMA/EG.

Figure 8 displays the QCM measurements during the growth
of the 1:1 alucone alloy at 135 °C.F”] Mass gains of +12, -1, +10,
and +10 ng/cm? are obtained during the TMA, H,0, TMA,
and EG exposures, respectively. The 1:1 alucone alloy showed
a growth rate of =30 ng/cm?/sequence. The thickness of the
1:1 alucone alloy was also measured using ex situ XRR anal-
ysis. The growth rate is =3.1 A/sequence for the 1:1 alucone
alloy. These results indicate that the growth of alucone alloy is
extremely linear at 135 °C.

Figure 9 shows a cross-sectional transmission electron micro-
scopy (TEM) image of an Al,O; ALD/1:1 alucone alloy/Al,0;
ALD trilayer deposited on a Si(100) substrate at 135 °C.>7I The
1:1 alucone alloy film was deposited using 20 TMA/H,0/TMA/
EG sequences. The 1:1 alucone alloy is conformally deposited
on the Al,O; ALD layer. The contrast between the Al,O; layers
and the 1:1 alucone alloy layer is caused by the lower density
of the 1:1 alucone alloy layer. The interfaces between the Al,O3

Adv. Funct. Mater. 2013, 23, 532-546
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Figure 8. QCM measurements of mass gain and reactor pressure during
growth of 1:1 alucone alloy in steady state regime at 135 °C. Reproduced
with permission.’”l Copyright 2012, American Chemical Society.

layers and the 1:1 alucone alloy layer are very smooth. The total
thickness of the 1:1 alucone alloy layer is =6.1 nm. The meas-
ured thickness is consistent with the growth rate of =3.1 A/
sequence for the 1:1 alucone alloy.

Figure 10a presents the electron density values for alucone
alloys grown with different ratios of ALD and MLD cycles.’]
The values were derived from XRR analysis of the alucone
alloys. The critical angle, O, of the XRR scans is related to
the electron density, N, by N, = (6.2n)/(A*r.) where A is the
X-ray wavelength and r, is the classical electron radius.””] The
mass density, p,, can be related to the electron density by
Pm = (N.A)/(NAZ) where A is the average molar mass, Z is the
average atomic number, and N, is Avogadro’s number. A deter-
mination of p,,, from the electron density requires knowledge of
the film composition.

The electron densities vary from 5.0 x 10?* e”/cm? for pure
alucone MLD films to 8.9 x 102 e /cm? for pure Al,0; ALD

Adv. Funct. Mater. 2013, 23, 532-546
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Figure 9. TEM image of 1:1 alucone alloy film sandwiched between two
Al,O3 ALD films. Reproduced with permission.’”l Copyright 2012, Amer-
ican Chemical Society.

films.’”l Assuming compositions of -AlO(CH,),0- for alucone
MLD and Al,O; for Al,O; ALD, the mass densities of the pure
alucone MLD film and Al,0; ALD film are 1.6 and 3.0 g/cm’,
respectively. These mass densities are in excellent agreement
with previous measurements of 1.5 g/cm? for alucone MLD films
and 3.0 g/cm? for Al,O; ALD films.*®l For the alucone alloys,
the mass density increases for higher ALD:MLD ratios during
the alloy growth. This result demonstrates that the density of the
alucone alloy films can be precisely tuned by changing the rela-
tive number of ALD and MLD cycles during the film growth.

Other physical properties that depend on the film density
will be changed accordingly. Optical and mechanical properties
should vary with composition of the alucone alloy. Figure 10b
shows refractive indices obtained from spectroscopic ellipsom-
etry measurements.’”) The refractive indices change from n =
1.45 for pure alucone MLD films to n = 1.64 for pure Al,O; ALD
films. The refractive index increases gradually with increasing
fraction of Al,03 ALD cycles during film growth. This change is
expected based on the relationship between density and refrac-
tive index given by the Lorenz-Lorentz equation.”®l

The elastic modulus and hardness of the alucone alloy films
were also obtained from nanoindentation measurements.?’]
Figure 11 shows the load versus displacement curves for the
pure alucone MLD film, various alucone alloy films and the
pure Al,O; ALD film. The elastic modulus and hardness are
derived from these load versus displacement curves and evalu-
ated according to the Oliver-Pharr method.l”%20

Figure 12a shows the elastic modulus for alucone alloys
grown with different ratios of ALD and MLD cycles.””! In
agreement with previous measurements,®1:82] the elastic mod-
ulus of the pure alucone MLD film and pure Al,0; ALD film
are E =21 + 8 GPa and E = 198 + 8 GPa, respectively. The
elastic modulus progressively increases for the 1:3, 1:1, and
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Figure 10. a) Electron density and b) refractive index for Al,O; ALD,
alucone MLD and alucone alloys grown with various ALD:MLD ratios.
The results are plotted versus the fraction of ALD cycles in the reaction
sequence. Reproduced with permission.’” Copyright 2012, American
Chemical Society.

3:1 alucone alloys before increasing more dramatically to E =
198 + 8 GPa for the pure Al,0; ALD film. The magnitude for
the elastic modulus is higher for larger Al,O; fractions in the
alucone alloy films.

Figure 12b displays the hardness for alucone alloys grown
with different ratios of ALD and MLD cycles. The hardness of
the pure alucone MLD film and pure Al,O; ALD film are H
=1.0 £ 0.1 GPa and H = 13.0 £ 0.2 GPa, respectively. These
values agree with previous measurements.183 The hardness
progressively increases for the 1:3, 1:1, and 3:1 alucone alloys.
The hardness then increases more dramatically to H = 13.0 +
0.2 GPa for the pure Al,O; ALD film. In similarity to the elastic
modulus, the magnitude for the hardness is higher for larger
Al,O; fractions in the alucone alloy films.

To investigate the stability of the alucone alloys in air, films
grown with different ALD:MLD ratios were deposited on
Si substrates. A pure alucone MLD film with a thickness of

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 11. Nanoindentation measurements showing load versus dis-
placement curves for Al,0; ALD, alucone MLD and alucone alloy films
grown with ALD:MLD cycle ratios of 3:1, 1:1, and 1:3. Reproduced with
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Figure 13. Schematic showing 1:1 zircone alloy film growth with ZrO, ALD and zircone MLD using ZTB and EG.

32 nm decreased =23% during the first week. This decrease
is consistent with previous studies of alucone MLD film sta-
bility.*®! A 1:3 alucone alloy film with a thickness of 78 nm
also decreased =7% after one week. In contrast, no thickness
change was observed for the 1:1 and 3:1 alucone alloy films.
These results reveal that alucone alloy films containing a higher
proportion of Al,O3 ALD cycles are stable. The Al,O; fraction in
the alucone alloys helps prevent any chemical changes that can
lead to film shrinkage.[*®!

4.2. Growth and Tunable Properties of Zircone Alloy

Zircone alloys can be grown using zircone MLD and ZrO,
ALD.3 Zircone alloys were deposited by changing the rela-
tive number of the ZrO, ALD cycles and the zircone MLD
cycles at 145 °C. Figure 13 displays the reaction sequence for
the zircone alloy deposited using the alternation of one ZrO,
ALD cycle and one zircone MLD cycle. In contrast, the 1:2 zir-
cone alloy was grown using an alternation of 1 cycle of ZrO,
ALD and 2 cycles of zircone MLD. The reaction sequence
for the growth of the 1:2 zircone alloy is ZTB/H,0/ZTB/EG/
ZTB/EG.

Figure 14 displays the QCM measurements during the
growth of a 1:1 zircone alloy at 145 °C.”3l Mass gains of +27,
-11, +24, and -5 ng/crn2 are obtained during the ZTB, H,O0,
ZTB, and EG exposures, respectively. The 1:1 zircone alloy dis-
played a growth rate of =34 ng/cm?/sequence. The thickness
of the 1:1 zircone alloy was also measured using ex situ XRR
analysis. The growth rate was =2.1 A/sequence for the 1:1 zir-
cone alloy. The QCM and XRR results showed that the growth
of the zircone alloys was extremely linear at 145 °C.

Figure 15a shows the electron density values obtained from
XRR analysis of zircone alloys grown with different ratios of
ALD and MLD cycles.”?! The electron densities vary from 6.2 x
10% e~/cm? for pure zircone MLD films to 1.1 x 10** e~/cm? for

Adv. Funct. Mater. 2013, 23, 532-546

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

pure ZrO, ALD films. Assuming compositions of -ZrO(CH,),0-
for zircone and ZrO, for ZrO,, the mass densities of the pure
zircone film and ZrO, film are 2.17 and 4.0 g/cm?, respectively.
For the zircone alloys, the density increases progressively as the
ALD:MLD ratio is increased during film growth.

Optical and mechanical properties should also vary with the
composition of the zircone alloy. The refractive indices obtained
from spectroscopic ellipsometry measurements are shown
in Figure 15b.7% The refractive indices vary from n = 1.63 for
pure zircone MLD films to n = 1.86 for pure ZrO, ALD films.
The refractive index changes gradually and smoothly with
increasing ALD:MLD ratio during film growth. This change is
again expected based on the relationship between density and
refractive index given by the Lorenz-Lorentz equation.®l

The elastic modulus and hardness of the zircone alloy films
were also obtained from nanoindentation measurements.”®l

1500 1.00
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O 090 5
(®)) —
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Figure 14. QCM measurements of mass gain and reactor pressure during
growth of 1:1 zircone alloy in steady state regime at 145 °C. Reproduced
with permission.”®l Copyright 2011, The Electrochemical Society.
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(a) reproduced with permission.l’3l Copyright 2011, The Electrochemical
Society.

Figure 16 shows the load versus displacement curves for the
pure zircone MLD film, various zircone alloy films and the
pure ZrO, ALD film. The elastic modulus and hardness are
derived from these load versus displacement curves and evalu-
ated according to the Oliver-Pharr method.”8)

Figure 17a shows the elastic modulus for zircone alloys
grown with different ratios of ALD and MLD cycles. The elastic
modulus of the pure zircone MLD film and pure ZrO, ALD
film are E = 27 £ 0.6 GPa and E = 97 + 5 GPa, respectively.
The elastic modulus gradually increases with increasing ratio
of ALD:MLD cycles during film growth. The magnitude for the
elastic modulus is higher for larger ZrO, portions in the zir-
cone alloy films.

Figure 17b also displays the hardness for zircone alloys
grown with different ratios of ALD and MLD cycles. The hard-
ness of the pure zircone MLD film and pure ZrO, ALD film
are H=1.8 0.1 GPa and H = 4.8 *+ 0.4 GPa, respectively. The
hardness gradually increases with increasing ratio of ALD:MLD
cycles during film growth. In similarity to the elastic modulus,
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Figure 16. Nanoindentation measurements showing load versus dis-
placement curves for ZrO, ALD, zircone MLD and zircone alloy films
grown with ALD:MLD cycle ratios of 3:1, 1:1, and 1:3.

the magnitude for the hardness is higher for larger ZrO, por-
tions in the zircone alloy films.

4.3. Conductive Zincone Alloy

As discussed in Section 3.2.2, zincone MLD films can be fabri-
cated using DEZ as a zinc metal precursor and hydroquinone
(HQ) as an aromatic organic molecule.l” %] These films may
be conductive because of their m-electron conjugation. How-
ever, the zincone MLD films grown using DEZ and HQ were
not consistently conducting.%®! These results suggested that
impurities in the MLD film may be affecting the conductivity.
In particular, the presence of H,0O was suspected as a possible
problem during zincone MLD with DEZ and HQ.[®!

Zincone alloy films grown using ZnO ALD and zincone MLD
may produce a film with a higher conductivity than zincone
MLD by itself.?”] Various alloy systems were examined with
the hope that the resulting zincone alloy film would display
enhanced conductivity. A four-step sequence for the 1:1 zincone
alloy film using DEZ, H,0, DEZ, and HQ is shown in Figure 18.
The reaction between DEZ, H,0, DEZ, and EG should
yield a chain in the form of (-O-Zn—O-phenyl-O-Zn-0-),.
The resulting zincone alloy films may be conductive because
of electron overlap between the m-electrons in the HQ ring and
the ZnO moieties.

Figure 19 shows in situ QCM measurements for the growth
of the 1:1 zincone alloy. These results show that the zincone
alloy film growth is linear. The observed mass gains for this
reaction sequence at 150 °C are 24 ng/cm? for DEZ, 3 ng/cm?
for H,0, 22 ng/cm? for the second DEZ and 27 ng/cm? for
HQ. The total mass gain was 76 ng/cm?/sequence at 150 °C.
The QCM results also demonstrated that the four surface reac-
tions were self-limiting and reached completion during DEZ,
H,0, DEZ, and HQ exposures.

Various zincone alloy films were deposited by varying the
number of ZnO ALD cycles and zincone MLD cycles in the

Adv. Funct. Mater. 2013, 23, 532-546
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Figure 19. QCM measurements of mass gain during 1:1 zincone alloy
growth with ZnO ALD and zincone MLD using DEZ and HQ in steady
state regime at 150 °C.

reactant sequence. For example, the 1:3 zincone alloy was
grown using the alternation of one cycle of DEZ/H,0 ALD and
three cycles of DEZ/HQ MLD. The 2:2 zincone alloy was grown
using the alternation of two cycles of DEZ/H,0 ALD and two
cycles of DEZ/HQ MLD. The various zincone alloys were then
characterized using four-point probe measurements.

Four-point probe electrical measurements for the 2:2 zincone
alloy are shown in Figure 20. The 2:2 zincone alloy film was
fabricated using 1,000 sequences of 2x(DEZ/H,0)/2x(DEZ/
HQ) on non-conductive SiO,/Si wafers at 150 °C. This zincone
alloy film had a thickness of 184 nm measured by X-ray reflec-
tivity (XRR). Figure 20 reveals that the 2:2 zincone alloy film
has a higher electrical conductance than a ZnO ALD film with a
comparable thickness of 166 nm.

High electron conductivities were consistently observed for
zincone alloy films grown using different combinations of ZnO
ALD and zincone MLD cycles.] Table 1 shows the observed
resistivities for the various zincone alloys. Zincone alloys with
ALD:MLD ratios of 1:1, 2:2, and 1:3 all have resistivities lower
than ZnO ALD films. The resistivity of ZnO ALD films is 6.9 X
102 Q cm. This resistivity is consistent with previous ZnO con-
ductivity studies.®* The resistivities for the zincone alloys are in
the 1073 Q c¢m range. This range is comparable to the Al-doped
ZnO thin films.8*#] These results indicate that zincone alloys
can be fabricated with high electron conductivity that may be
possible candidates to replace indium tin oxide (ITO) and have
applications for flexible and conducting thin films for displays.

5. Conclusions and Future Prospects

Hybrid organic-inorganic films known as metalcones can be
deposited using gas phase MLD processing with typical metal
ALD precursors and organic alcohols. These metal alkoxides can
be grown using sequential surface reactions that allow the films
to be deposited conformally with atomic layer control. A wide
variety of metalcones have been demonstrated such as alucones,
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Figure 20. Measured current versus applied voltage for a ZnO ALD film
and a 2:2 zincone alloy film grown with ZnO ALD and zincone MLD using
DEZ and HQ.

Table 1. Resistivity of ZnO ALD films, zincone MLD films using DEZ,
H,0, and HQ and zincone alloy films grown with ZnO ALD and zincone
MLD using DEZ, H,0, and HQ. Resistivities were obtained using four-
point probe measurements.

Films Thickness Resistivity
[nm] [Q cm]
ZnO ALD 166 6.9x1072
Zincone alloy (1:1) 140 8.6x107
Zincone alloy (2:2) 184 5.9x107
Zincone alloy (1:3) 237 1.2x 1072
Al,O3:Zn0O (1:1) 200 Non-conductive
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www.MaterialsViews.com

zincones, titanicones, zircones and hafnicones. Metalcone alloys
can also be deposited by combining metal oxide ALD and metal-
cone MLD processing. A compilation of the growth rate, density,
refractive index, and elastic modulus for the various metalcones
and metalcone alloys is given in Table 2.

Many other metal precursors could be used to form hybrid
organic-inorganic films. The possibilities are extensive given
the many metals on the periodic table and organic precursors
available from organic chemistry. A summary of the demon-
strated metalcones and other potential metalcones are given in
Table 3. The possible inorganic precursors and the parent metal
oxides are given in Table 3. The metal oxide can also be pro-
duced from the metalcone by removing the organic constitu-
ents using thermal annealing or chemical processing.[1%2 The
resulting metal oxide may also have a high porosity.®? These
various metalcones and porous metal oxides formed from the
metalcones may have a number of possible applications.

Some zincones have electrical conductivity that may be
useful for flexible transparent conducting displays.l”%® The
titanicones or porous TiO, scaffolds fabricated from the
titanicones may be utilized for photocatalysis or solar cell appli-
cations.[28% The zircones and hafnicones have high dielectric
constants and refractive indices that may be useful for flexible
electrical and optical thin film devices.’#7] The tincones and
indicones or porous films derived from tincones and indicones
may have properties that could be useful for gas sensors.[878l
The vanadicones and manganesicones or porous architectures
formed using vanadicones and manganesicones may have cata-
Iytic and redox activity that could be utilized for catalysis and
electrochemical applications.[#%

The metalcone alloy films also have tunable mechanical,
optical, dielectric, conductive, and chemical properties that
should be useful for a variety of applications. For example, the
tunable density and refractive index of metalcone alloys could
be employed to fabricate films with a graded refractive index for
antireflection coatings.’! The tunable composition of organic
and inorganic constituents in the metalcone alloy may be useful
for flexible gas diffusion barriers.’>%} Metalcone alloys could

Table 2. Compilation of the growth rate, density, refractive index, and elastic modulus for the various metalcones and metalcone alloys. TMA =
trimethylaluminum, EG = ethylene glycol, GL = glycerol, DEZ = diethylzinc, HQ = hydroquinone, TTC = titanium tetrachloride, ZTB = zirconium tetra-

tert-butoxide, TDMAH = tetrakis (dimethylamido)hafnium.

Metalcone Reactants Growth Rate Density Refractive Index Elastic Modulus Ref.
[A/cycle] or [A/sequence] [g/cm?] [GPa]
Alucone TMA, EG 4.0 (85 °C), 0.4 (175 °C) 1.5 1.45 21 [46]
Alucone TMA, GL 2.0-2.3 (150-190 °C) 1.7 1.54 32 [45,64]
Alucone Alloy TMA, H,0, EG 3.1 (1:1,135°C) 1.5 (Alucone) -3.0 (Al,0;) 1.45 (Alucone) -1.64 (Al,0;) 21 (Alucone) -198 (Al,O;) [57]
Zincone DEZ, EG 4.0 (90 °C), 0.25 (170 °C) 1.9 48]
Zincone DEZ, HQ 1.6 (150 °Q) 2.0 28 [68]
Zincone Alloy DEZ, H,0, HQ 1.5 (1:1,150 °C) 2.0 (Zincone) - 5.4 (ZnO) 28 (Zincone) -148 (ZnO) [67]
Titanicone TTC, EG 4.5 (90-115 °Q) 1.8 1.7 8 [45,71]
Titanicone TTC, GL 2.8 (130°C), 2.1 (210°C) 1.8 (130 °C) -1.98 (210 °C) 1.8 306 [45,71]
Zircone ZTB, EG 1.6 (105 °C), 0.3 (195 °C) 217 1.63 27 [45,73]
Zircone Alloy ZTB, H,0, EG 2.1 (1:1, 145 °C) 2.17 (Zircone) -4.0 (ZrO,)  1.63 (Zircone) -1.86 (ZrO,) 27 (Zircone) -97 (ZrO,) [73,76]
Hafnicone TDMAH, EG 1.2 (105 °C), 0.4 (205 °C) 3.0 1.61 47 [76]

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 3. Summary of various metalcones, inorganic precursors to grow
the metalcones, and parent metal oxides obtained after removing the
organic constituents.

Metalcone Inorganic Precursor Parent Metal Oxide
Alucones Trimethylaluminum Al,O;
Zincones Diethylzinc ZnO
Zircones Zirconium tetra-tert-butoxide ZrO,
Hafnicones Tetrakis (dimethylamido) hafnium HfO,
Magnesicones Bis (ethylcyclopentadienyl) MgO
magnesium
Tincones Tetradimethylaminotin Sn0O,
Indicones Trimethylindium In,04
Titanicones Tetradimethylaminotitanium TiO,
Vanadicones Bis (ethylcyclopentadienyl) V,05
vanadium
Manganesicones Bis (ethylcyclopentadienyl) MnO

manganese

also be employed to fabricate functionally graded interlayers of
organic-inorganic composites to minimize coefficient of thermal
expansion (CTE) mismatch between organic polymer and inor-
ganic films.**%! In addition, metalcone alloys could be used to
tune polymer interlayer mechanical properties in a multilayer
barrier to acheive the highest critical tensile strains.[*%l

These hybrid organic-inorganic films deposited using MLD
and ALD techniques should change some paradigms in thin
film growth. Until the advent of the MLD of organic and hybrid
organic-inorganic films, ALD processes had been confined to
inorganic materials. With the inorganic materials, there is little
flexibility to change the thin film properties. In contrast, hybrid
organic-inorganic materials deposited using MLD and ALD
techniques can be tuned by changing the relative amount of
organic and inorganic constituents. This tunability enables the
metalcones and the metalcone alloys to serve as a toolset for the
engineering of functional films.
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