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ABSTRACT: Molecular layer deposition (MLD) of the hafnium alkoxide polymer known as
“hafnicone” was grown using sequential exposures of tetrakis(dimethylamido) hafnium (TDMAH)
and ethylene glycol (EG) as the reactants. In situ quartz crystal microbalance (QCM) experiments
demonstrated self-limiting reactions and linear growth versus the number of TDMAH/EG reaction
cycles. Ex situ X-ray reflectivity (XRR) analysis confirmed linear growth and measured the density of
the hafnicone films. The hafnicone growth rates were temperature-dependent and decreased from 1.2
Å per cycle at 105 °C to 0.4 Å per cycle at 205 °C. The measured density was ∼3.0 g/cm3 for the
hafnicone films at all temperatures. Transmission electron microscopy images revealed very uniform
and conformal hafnicone films. The XRR studies also showed that the hafnicone films were very stable
with time. Nanoindentation measurements determined that the elastic modulus and hardness of the
hafnicone films were 47 ± 2 and 2.6 ± 0.2 GPa, respectively. HfO2/hafnicone nanolaminate films also
were fabricated using HfO2 atomic layer deposition (ALD) and hafnicone MLD at 145 °C. The in situ
QCM measurements revealed that HfO2 ALD nucleation on the hafnicone MLD surface required at
least 18 TDMAH/H2O cycles. Hafnicone alloys were also fabricated by combining HfO2 ALD and hafnicone MLD at 145 °C.
The composition of the hafnicone alloy was varied by adjusting the relative number of TDMAH/H2O ALD cycles and TDMAH/
EG MLD cycles in the reaction sequence. The electron density changed continuously from 8.2 × 1023 e−/cm3 for pure hafnicone
MLD films to 2.4 × 1024 e−/cm3 for pure HfO2 ALD films. These hafnicone films and the HfO2/hafnicone nanolaminates and
alloys may be useful for flexible thin-film devices.
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I. INTRODUCTION

Molecular layer deposition (MLD) is a growth technique based
on sequential and self-limiting surface reactions that deposits
organic or hybrid organic−inorganic films.1 MLD is very similar
to atomic layer deposition (ALD), which has been developed
for the deposition of many inorganic films.2 These techniques
allow the film thickness to be controlled at the atom or
molecular fragment level. MLD techniques have been
developed for depositing organic polymer films.3−11 The
organic precursors can also be combined with the inorganic
ALD precursors to produce hybrid organic−inorganic materi-
als.1,12 One class of hybrid organic−inorganic MLD films that
can be grown from metal precursors and various organic
alcohols produces metal alkoxide polymer films known as the
“metalcones.”12,13

The first metalcone was the aluminum alkoxide polymer
known as “alucone” that was grown using sequential exposures
of trimethylaluminum (TMA) and ethylene glycol (EG) as the
reactants.14 Other alucone films have also been demonstrated
using TMA, ethanolamine (EA), and maleic anhydride (MA) as
the reactants to avoid the problem of double reactions that can
inhibit film growth.15 Zinc alkoxide polymers known as
“zincones” were another type of metalcone grown using
diethylzinc (DEZ) and EG as the reactants.16,17 In addition,
titanium alkoxide polymers known as “titanicones” can be

grown using titanium tetrachloride and EG or glycerol as the
reactants.18 Zirconium alkoxide polymers known as “zircones”
can also be grown using zirconium tert-butoxide and ethylene
glycol as the reactants.19 Other types of hybrid organic−
inorganic MLD films can be also fabricated using various
organometallic and organic precursors.20−23

Hybrid organic−inorganic films can also be deposited by
combining ALD with MLD processes. The hybrid films can be
grown by interspersing the ALD cycles and MLD cycles.13 The
composition of hybrid films can be tuned precisely by varying
the relative number of ALD and MLD cycles. These hybrid
films can be designated as “metalcone alloys.” A representative
metalcone alloy is an “alucone alloy” grown using Al2O3 ALD
and alucone MLD.24 The alucone alloy films display tunable
density, refractive index, elastic modulus, and hardness as the
alucone alloy is changed from the pure alucone MLD film to
the pure Al2O3 ALD film.24 Zircone alloy films also showed
similar tunable properties by changing the ratio from pure
zircone MLD film to pure ZrO2 ALD film.19 The ability to mix
and match ALD and MLD methods offers a wide variety of
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possibilities for tuning film composition, film structure, and film
properties.
In this study, hafnicone film growth was investigated using

tetrakis(dimethylamido) hafnium (TDMAH) and EG as the
reactants.13 Hafnicone films may be important as flexible thin
films for dielectric and optical applications.25 TDMAH is a very
useful precursor having a high vapor pressure for HfO2 ALD.
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The sequential reactions of TDMAH and EG during MLD
should form hafnium alkoxide polymeric films with a
composition approximated by (−Hf−O−R−O−)n, as shown
in Figure 1.

In situ quartz crystal microbalance (QCM) measurements
were used to monitor the self-limiting nature and growth
mechanisms of the hafnicone film. X-ray reflectivity (XRR) was
employed to determine the film thickness, density, and stability
of the hafnicone films. Transmission electron microscopy
(TEM) was also utilized to measure the structure and
conformality of the hafnicone films. The properties of the
hafnicone MLD film and HfO2 ALD film were also compared
using nanoindentation studies to measure the elastic modulus
and hardness.
This study also explored the growth of HfO2/hafnicone

nanolaminates grown by combining HfO2 ALD and hafnicone
MLD processes at 145 °C. The HfO2/hafnicone nanolaminates
were investigated using in situ QCM analysis to examine the
growth and nucleation during growth. TEM analysis was also
employed to confirm the structure of the nanolaminates.
Hafnicone alloys were also grown using HfO2 ALD and
hafnicone MLD at 145 °C. The composition of the hafnicone

alloys was controlled by the relative ratio of the TDMAH/H2O
ALD cycles and TDMAH/EG MLD cycles. A wide range of
electron densities were measured using XRR for hafnicone
alloys with different compositions. These hafnicone alloys may
also be tuned to control the refractive index, dielectric constant,
elastic modulus, and hardness.

II. EXPERIMENTAL SECTION
The hafnicone and HfO2/hafnicone nanolaminate and alloy films were
fabricated using tetrakis(dimethylamido) hafnium (Hf[N(CH3)2];
99.99%, Sigma-Aldrich) and ethylene glycol (HO(CH2)2OH; Reagent
Plus >99%, Sigma-Aldrich) and water (H2O, Fisher Scientific HPLC
grade). Ultrahigh purity N2 (Airgas) was used as the carrier gas in the
viscous flow reactor and as the purge between reactant exposures. For
ex situ analysis, the films were grown on boron doped p-type Si(100)
substrates with a thin native oxide (Silicon Valley Microelectronics,
Inc.). The sample substrates were cleaved from intact Si wafers into 1
in. × 1 in. squares. Degreasing was performed using a 15 min dip in
Piranha solution (70% sulfuric acid and 30% hydrogen peroxide). The
substrates were then rinsed with distilled H2O and dried under N2 gas.

The films were deposited in a viscous flow ALD reactor that has
been described in detail elsewhere.27 The hafnicone MLD films were
deposited using a 0.2 s TDMAH dose, 60 s of purge, a 1 s EG dose,
and 40 s of purge. The HfO2 ALD films were deposited using a 0.2 s
TDMAH dose, 60 s of purge, a 1 s H2O dose, and 40 s of purge. The
quartz crystal microbalance (QCM) measurements determined that
these dose times were more than sufficient to saturate the surface
reactions at all temperatures. The same deposition times were used at
all temperatures for all experiments. The purge times were also long
enough to ensure that no precursor was left in the reactor at the lower
temperatures.

The HfO2/hafnicone alloy films were deposited using alternating
TDMAH (0.2 s)/H2O (1 s) exposures for HfO2 ALD and TDMAH
(0.5 s)/EG (1 s) exposures for hafnicone MLD. The QCM
measurements determined that these dose times were sufficient to
saturate the surface at the growth temperature of 145 °C. The
hafnicone alloys were defined by the ratio of ALD/MLD cycles. For
example, the 1:1 hafnicone alloy was grown using an alternation of one
cycle of HfO2 ALD and one cycle of hafnicone MLD. In comparison,
the 2:1 hafnicone alloy was grown using an alternation of two cycles of
HfO2 ALD and one cycle of hafnicone MLD. The reactant sequence
for the formation of the 2:1 hafnicone alloy is TDMAH/H2O/
TDMAH/H2O/TDMAH/EG.

The in situ QCM measurements were performed in the viscous flow
reactor using a Maxtek TM400 thin film deposition monitor.27 The
QCM sensors were quartz crystals with a polished Au face and a 6
MHz oscillation frequency (Colorado Crystal Corp.). The crystals
were sealed into a Maxtek BSH-150 bakeable crystal housing and
purged during deposition to avoid growth on the back side. During
growth, the QCM was positioned horizontally and facing downward in
the middle of the reactor.

The thicknesses and densities of the hafnicone and hafnicone alloy
films were determined by X-ray reflectivity (XRR) analysis. These films
were deposited on boron-doped p-type Si(100) substrates. The XRR
analysis was performed using a Bede D1 high-resolution X-ray
diffractometer from Bede Scientific, Inc. The diffractometer was
equipped with a Cu Kα X-ray tube with a wavelength of 1.54 Å. A
filament current of 35 mA and a voltage of 40 kV were used for the
measurements. For each sample, an ω-2θ scan was performed using a
10 arcsec step size from 300 to 6000 arcsec. The XRR data was fit
using the REFS fitting software from Bede Scientific, Inc., to extract
the thickness, density, and roughness of the hafnicone and hafnicone
alloy samples.

Transmission electron microscope (TEM) images were obtained by
Prof. M. M. Sung’s laboratory at Hanyang University. The specimen
for cross-sectional TEM studies was prepared by mechanical grinding
and polishing to obtain a sample thickness of ∼10 μm. This treatment
was followed by argon ion milling using a Gatan precision ion

Figure 1. Schematic depicting the growth mechanism of hafnicone
MLD film using TDMAH and EG.
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polishing system (PIPSTM, Model 691). The TEM image was
acquired with a JEOL-2100F transmission electron microscope.
The refractive index n of hafnicone film was obtained from ex situ

reflective spectroscopic ellipsometry investigations. These measure-
ments were performed using a J. A. Woollam M-2000 spectroscopic
ellipsometer employing a spectral range from 240 to 1700 nm with an
incidence angle of 75°. The refractive index values were derived from
ellipsometric parameters for hafnicone films deposited on silicon
substrates using a Cauchy model.
Indentation of the hafnicone films was performed at room

temperature using a nanoindenter (Nano Dynamic Contact Module
(DCM), Agilent Technologies, Inc.) equipped with a diamond
Berkovich tip.28 These indentation measurements characterized the
elastic modulus and the hardness of MLD films. Material properties
were evaluated according to the Oliver−Pharr method. The Oliver−
Pharr method used in conjunction with the continuous stiffness
method (CSM) can characterize specimens over a range of
thicknesses.29,30 The nanoindentation technique is accurate to within
about 5−10% of the actual values. Accuracy improves with the
averaging of multiple indentations.
Hafnicone films with thicknesses of ∼100 nm were deposited onto

the Si(100) wafers at 145 °C. Immediately prior to indentation, the
nanoindenter was calibrated using fused silica to determine the area
coefficients for the tip. Indents were performed up to a depth of 50 nm
at a constant loading rate of 0.05 s−1. The maximum load was held for
10 s for stabilization and then rapidly unloaded at a rate of 250 μN s−1.
The load was also held at 1% of the maximum load for 30 s to obtain a
thermal drift correction. For all indentation experiments, test locations
were separated by 100 μm to ensure isolation between the 10 test sites.
Because of surface roughness effects31 and difficulties calibrating the

tip area function,32 artifacts are often observed in nanoindentation
measurements of the hardness and elastic modulus for small
indentation depths of <10−15 nm.33 To avoid these artifacts, the
property values were averaged at depths between 25 and 35 nm into
the film. The property values were constant at penetration depths >15
nm into the film. This constancy argues that substrate effects are
minimal.34

III. RESULTS AND DISCUSSION

1. Growth of Hafnicone MLD Film. In situ QCM
measurements were used to confirm the self-limiting behavior
of both the TDMAH and EG reactions during hafnicone MLD.
Figure 2a shows the mass gain versus the TDMAH exposure
time at 145 °C. For these experiments, the EG exposure time
was maintained at 1 s. The timing sequence during the
hafnicone MLD was x-60−1−40, where x was the TDMAH
exposure time. The maximum mass gain of 17 ng/cm2 was
observed for TDMAH exposure times >0.1 s. This behavior
shows that the TDMAH reaction is self-limiting and no further
reaction occurs with larger TDMAH exposures. A TDMAH
exposure time of 0.2 s was used for all additional experiments to
ensure the TDMAH reaction reached completion.
Figure 2b displays the mass gain versus the EG exposure at

145 °C. The timing sequence during the hafnicone MLD was
0.2−60-y-40, where y was the EG exposure time. Figure 2b
indicates that the mass gain reaches completion for EG
exposure times >1 s. This behavior shows that the EG reaction
is self-limiting and no further reaction occurs with larger EG
exposures. An EG exposure time of 1 s was used for all
additional experiments to ensure the EG reaction reached
completion.
Figure 3a shows the linear mass gain monitored by the QCM

during 100 cycles of hafnicone MLD with alternating exposures
of TDMAH and EG at 145 °C. The timing sequence during
one MLD cycle was 0.2−60−1−40. The initial HfO2 surface
was grown using 100 cycles of HfO2 ALD using TDMAH and

H2O at 145 °C. In the first two MLD cycles on the HfO2 ALD
surface, large positive mass gains were obtained for both
TDMAH and EG exposures. These large mass gains result from
the large number of reactive sites on the metal oxide surface.
After the initial nucleation regime, the mass gain per cycle was
∼17 ng/cm2/cycle and was very reproducible.
The details of the QCM mass gains during the individual

TDMAH and EG exposures during hafnicone MLD at 145 °C
are displayed in Figure 3b. The TDMAH exposure results in a
mass gain of ∼17 ng/cm2, and the mass gain after the EG
exposure was negligible. The mass gains were consistent from
cycle to cycle for both TDMAH and EG exposures at all
temperatures.
Hafnicone films were grown on silicon wafers that had a

native SiO2 oxide. XRR data was recorded for various numbers
of AB cycles ranging from 100 to 500 cycles at 145 °C. The
reaction timing sequence was 0.2−60−1−40. The XRR scans
displayed an oscillatory intensity as a function of the angle that
was consistent with very smooth and high quality hafnicone
films. Figure 4 shows the film thickness versus number of AB
cycles for hafnicone film growth obtained from the XRR scans.
The XRR scans were fit to account for the hafnicone film and

Figure 2. Mass gains per cycle during hafnicone MLD at 145 °C
versus (a) TDMAH exposure time with reactant timing sequence of x-
60−1−40 and (b) EG exposure time with a reactant timing sequence
of 0.2−60-y-60.
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the native SiO2 film on the Si wafer. The film thickness versus
number of MLD cycles is extremely linear and consistent with a
growth rate of ∼0.7 Å per MLD cycle at 145 °C.

To investigate the stability of the hafnicone film in air, a
hafnicone film grown using 500 cycles was deposited on a
silicon substrate using alternating TDMAH and EG exposures
at 145 °C. XRR scans were then recorded after deposition and
after a time delay of 5 days following deposition. The XRR
scans were equivalent. This constancy argues that the hafnicone
films are very stable in air.
The temperature dependence of the hafnicone growth rate

per cycle was explored by depositing 500 AB cycles with a
timing sequence of 0.2−60−1−40. Figure 5 shows the growth

rate and the film density at deposition temperatures from 105
to 205 °C. There is not a temperature range over which the
growth rate is constant. The growth rate gradually decreases
from 1.2 Å/cycle at 105 °C to 0.4 Å/cycle at 205 °C. The
decrease in the hafnicone MLD growth rate versus deposition
temperature can be partly attributed to the greater number of
double reactions for EG at higher temperatures.16 Similar
temperature dependences have been observed previously for
alucone and zincone MLD.14,16 The measured film densities
were independent of the deposition temperature and were
constant at ∼3.0 g/cm3. These measured densities of the
hafnicone films are much less than the density of ∼9.4 g/cm3

for pure HfO2 ALD films.
Figure 6 displays a cross-sectional transmission electron

microscopy (TEM) image of a HfO2/hafnicone/HfO2 trilayer
that was deposited on a Si(100) substrate at 145 °C. The
hafnicone film was sandwiched between two HfO2 ALD layers
for image contrast. The TEM image clearly shows a lighter
hafnicone film with smooth interfaces. The hafnicone film is
conformal on the HfO2 ALD layer on the Si substrate. The
measured film thickness of the hafnicone film was ∼10 nm.
This thickness is in approximate agreement with the growth
rate measured by XRR in Figure 4.
Figure 7 displays the refractive indices for the HfO2 ALD and

hafnicone MLD films grown at 145 °C obtained from the
spectroscopic ellipsometry measurements. The higher density
for the HfO2 ALD films leads to a much higher refractive index
for the HfO2 ALD film compared with the hafnicone MLD
films. The refractive indices for HfO2 ALD and hafnicone MLD
films at λ = 589 nm (Na D-line) are n = 2.05 and n = 1.62,
respectively. The refractive index of n = 2.05 for the HfO2 ALD
films is in good agreement with previous measurements. A
refractive index of n = 2.07−2.08 at 540 nm was obtained for
HfO2 ALD films grown at 275 °C using TDMAH and H2O.
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Figure 3. (a) Mass gain versus time during 100 cycles of hafnicone
MLD on HfO2 at 145 °C. The linear growth rate is ∼17 ng/(cm2

cycle). (b) Four reaction cycles during hafnicone MLD in the steady
state growth regime of Figure 3a.

Figure 4. Film thickness versus number of AB cycles for hafnicone
MLD at 145 °C obtained from XRR data.

Figure 5. Growth per cycle and density for hafnicone MLD films
versus deposition temperature.
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A refractive index of n = 2.08 at 580 nm was measured for HfO2
ALD films grown at 150 °C using tetrakis(ethylmethylamido)
hafnium and H2O.

35

The refractive index of n = 1.62 for hafnicone MLD films at λ
= 589 nm can be compared with the refractive indices of other
metalcone films. Alucone MLD films have a smaller refractive
index of n = 1.50.14 Zircone MLD films have a similar refractive
index of 1.63.19 Titanicone MLD films have larger refractive
indices of n = 1.7 or n = 1.8 using ethylene glycol or glycerol,
respectively, as the organic reactant.18 The refractive indices of
the various metalcone films scale approximately with the
refractive indices of their parent metal oxide.
Elastic modulus and hardness of hafnicone films were

determined using nanoindentation techniques. Figure 8 shows
nanoindentation results for hafnicone films with a thickness of
∼100 nm grown using TDMAH and EG at 145 °C. For
comparison, HfO2 ALD film with the same thickness of ∼100
nm were also grown using TDMAH and H2O at 145 °C.
Analysis of the data demonstrates that the hafnicone films have

an elastic modulus of 47 ± 2 GPa and a hardness of 2.6 ± 0.2
GPa. In comparison, the HfO2 ALD films have an elastic
modulus of 220 ± 20 GPa and a hardness of 13 ± 2.5 GPa.
The mechanical parameters for the HfO2 ALD films are in

good agreement with previous measurements for HfO2 ALD
films grown using tetrakis(ethylmethylamido) hafnium and
H2O at 250 °C. These earlier measurements determined an
elastic modulus of 220 ± 40 GPa and a hardness of 9.5 ± 2
GPa.36 The elastic modulus of 47 ± 2 GPa for the hafnicone
film can be compared with the elastic moduli of other
metalcone films. Alucone films have a smaller elastic modulus
of 21 ± 8 GPa.24 Zircone films also have a smaller elastic
modulus of 27 ± 0.6 GPa.19 Titanicone films have an elastic
modulus that is very different and dependent on the organic
reactant. An elastic modulus of 30.6 ± 0.1 GPa was obtained
using glycerol as the organic reactant.18 A much smaller elastic
modulus of 8.0 ± 0.4 GPa was measured using ethylene glycol
as the organic reactant.18 The size of these elastic moduli may
be dependent on the bonding and cross-linking in the
metalcone.

2. Growth of HfO2/Hafnicone Nanolaminates and
Alloys. Hafnicone MLD can be combined with HfO2 ALD to
obtain nanolaminates or alloys. The HfO2/hafnicone nano-
laminates and hafnicone alloys can be deposited using
alternating TDMAH (0.2 s)/H2O (1 s) exposures for HfO2
ALD and TDMAH (0.5 s)/EG (1 s) exposures for hafnicone
MLD at 145 °C. Figure 9a displays the growth of HfO2/
hafnicone nanolaminates grown using the repetition of 40
cycles of HfO2 ALD and 40 cycles of hafnicone MLD at 145
°C. Zones I and II show HfO2 ALD and hafnicone MLD mass
gains, respectively, versus time. These QCM measurements
demonstrate that HfO2/hafnicone nanolaminates can be grown
progressively by sequential ALD and MLD processes. In
addition, the growth is repeatable for each HfO2/hafnicone
bilayer in the HfO2/hafnicone nanolaminate.
Figure 9b shows the mass gain during 40 cycles of HfO2 ALD

on HfO2 ALD and hafnicone MLD surfaces. HfO2 ALD on the
HfO2 ALD surface proceeds linearly from the start of the 40
cycles. In contrast, there are nucleation delays for HfO2 ALD
on the hafnicone MLD surface. During the first 18 TDMAH/
H2O cycles, the mass gain for HfO2 ALD gradually increases
with increasing number of TDMAH/H2O cycles. Subsequently,

Figure 6. TEM image of hafnicone MLD film sandwiched between
two HfO2 ALD films.

Figure 7. Refractive index for HfO2 ALD and hafnicone MLD versus
wavelength. HfO2 ALD and hafnicone MLD films were grown at 145
°C.

Figure 8. Load vs displacement curves from nanoindentation
measurements for (a) pure HfO2 ALD and (b) hafnicone MLD
films grown at 145 °C.
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a linear HfO2 ALD growth rate is reached with an average
growth rate of 111 ng/cm2 per TDMAH/H2O cycle. This
increasing HfO2 ALD growth rate with number of HfO2 ALD
cycles is attributed to a progressive increase in surface sites as
the HfO2 ALD process establishes itself on the hafnicone MLD
surface.
Hafnicone alloy growth using HfO2 ALD and hafnicone

MLD was also studied using in situ QCM investigations at 145
°C. Figure 10 displays QCM results for the growth of the 1:1
and 1:3 hafnicone alloys at 145 °C. All timing sequences for the
ALD and MLD reactions were (0.2, 60, 1, 40). Figure 10a
shows the mass gain versus time in the linear steady-state
growth regime for the 1:1 hafnicone alloy. The 1:1 hafnicone
alloy film growth is characterized by consistent mass gains after
the TDMAH, H2O, TDMAH, and EG exposures. For the
growth of the 1:1 hafnicone alloy, mass gains of +29, −8, +32,
and +3 ng/cm2 are observed during the TDMAH, H2O,
TDMAH, and EG exposures, respectively. The 1:1 hafnicone
alloy had a growth rate of ∼56 ng/(cm2 sequence).
Figure 10b also shows the mass gain versus time in the linear

steady-state growth regime for the 1:3 hafnicone alloy growth at
145 °C. The growth of the 1:3 hafnicone alloy film displays
consistent mass gains after the TDMAH, H2O, and EG
exposures. The 1:3 hafnicone alloy had a growth rate of ∼90
ng/(cm2 sequence).
The fraction of organic and inorganic constituents in the

hafnicone alloy film can be controlled by varying the number of

HfO2 ALD and hafnicone MLD cycles used to grow the
hafnicone alloy film. As the fraction of inorganic constituent
increases, the density, refractive index, elastic modulus, and
hardness are all expected to increase.24 Consistent with these
expectations, the density of hafnicone alloy films increases with
the fraction of HfO2 ALD cycles in the exposure sequence
measured by (ALD cycles)/(ALD + MLD cycles). Figure 11
presents the electron density values derived from the XRR
scans for hafnicone alloys grown at 145 °C with different ALD/
MLD ratios.
The electron densities in Figure 11 vary from 8.2 × 1023 e−/

cm3 for pure hafnicone MLD films to 2.4 × 1024 e−/cm3 for
pure HfO2 ALD films. Assuming compositions of −HfO-
(CH2)2O− for hafnicone and HfO2 for HfO2, the mass
densities of the pure hafnicone film and HfO2 film are ∼3.0 and
∼9.4 g/cm3, respectively. For the hafnicone alloys, the density
increases gradually and relatively smoothly with increasing
percentage of ALD cycles/[ALD+MLD cycles]. This result
indicates that the density of the hafnicone alloy films can be
precisely tuned by varying the relative number of TDMAH/
H2O and TDMAH/EG cycles during the hafnicone alloy film
growth. Similar tuning could be expected for the refractive
index, dielectric constant, elastic modulus, and hardness.

Figure 9. (a) Mass gain versus time during growth at 145 °C of HfO2
(I)/hafnicone MLD (II) nanolaminate on HfO2 ALD film. (b) Mass
gain versus time for 40 cycles of HfO2 ALD on HfO2 ALD film and 40
cycles of HfO2 ALD on hafnicone MLD film.

Figure 10. (a) Mass gain versus number of sequences at 145 °C for
the growth of the 1:1 hafnicone alloy film in the steady state regime.
(b) Mass gain versus number of sequences at 145 °C for the growth of
the 1:3 hafnicone alloy film in the steady state regime.
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IV. CONCLUSIONS
Hafnicone films were fabricated using molecular layer
deposition (MLD) techniques with tetrakis(dimethylamido)
hafnium (TDMAH) and ethylene glycol (EG) as the reactants.
The hafnicone films grew linearly with number of reaction
cycles and displayed self-limiting growth versus the TDMAH
and EG reaction exposures. The hafnicone growth rates
decreased versus growth temperature from 1.2 Å per cycle at
105 °C to 0.4 Å per cycle at 205 °C. The density of the
hafnicone films was ∼3.0 g/cm3 for all growth temperatures.
Uniform and conformal hafnicone films were observed by TEM
images.
HfO2 atomic layer deposition (ALD) and hafnicone MLD

were combined to fabricate HfO2/hafnicone nanolaminates and
alloys at 145 °C. The QCM measurements showed that HfO2
ALD nucleation on hafnicone MLD films required at least 18
TDMAH/H2O cycles. In comparison, hafnicone MLD
proceeded rapidly on HfO2 ALD films with no nucleation
delay. The TEM images showed very well-defined HfO2/
hafnicone nanolaminated films.
Hafnicone alloy films were also fabricated by combining

HfO2 ALD and hafnicone MLD. Hafnicone alloys were grown
using relative numbers of HfO2 ALD and hafnicone MLD
cycles varying from 1:3 to 7:1 ((TDMAH/H2O)/(TDMAH/
EG)). The electron density varied from 8.2 × 1023 e−/cm3 for
pure hafnicone MLD films to 2.4 × 1024 e−/cm3 for pure HfO2
ALD films. These results indicate that hafnicone alloy films
could be employed to provide tunable refractive index,
dielectric constant, elastic modulus, and hardness. The
hafnicone and HfO2/hafnicone nanolaminate and alloy films
should be useful for many functional flexible film applications.
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