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ABSTRACT: Thermal processing of molecular layer deposited (MLD) hybrid inorganic−organic
alucone thin films produced porous and low-k materials. Alucone films were deposited by MLD
using trimethyl aluminum and ethylene glycol at 120 °C. Changes in the film density and thickness
during annealing were monitored using in-situ X-ray reflectivity and were compared to atomic layer
deposited (ALD) alumina films. The chemical evolution of the as-deposited and annealed alucone
films during post-deposition heating with and without UV was probed using infrared spectroscopy,
Rutherford backscattering, nuclear reaction analysis, and 15N spectroscopy, providing a detailed
understanding of the induced changes. The concentration of OH groups decreased after depositing 1 nm of alumina capping layer as
a barrier to moisture uptake, which also decreased the etch rate in CF4/O2 plasma. The lowest dielectric constant of the processed
alucone films (kmin = 4.75) was 25% lower than the lowest values measured in ALD alumina counterparts (kmin = 6.7). Large
thickness decreases for alucone films were observed at ∼200 °C of anneal temperatures. Removal of retained organic components by
thermal processing of MLD films is demonstrated to be a promising and versatile route to porous thin films for a wide range of
applications including low dielectric constant materials.

■ INTRODUCTION
Since the inception of integrated circuits, the areal density of
components, such as transistors, has increased along with a
decreasing component size with the aim of increasing
computational speeds. Additional increases in computing
speed can be achieved by the continued minimization of the
resistance and capacitance delays that occur due to the
resistivity of metal lines and the capacitance of dielectrics. As a
historical example, aluminum was replaced with copper-
reducing resistance delays by 36%.1,2 Capacitance delays are
introduced from the interlayer dielectric (ILD) and etch stop
materials (ES) present in the backend of the line (BEOL) and
are exacerbated by the close proximity of metal lines.3 The
capacitance can be decreased by decreasing the dielectric
constant (k) of the ILD.4 Hence, to decrease the net
capacitance delays in BEOL, the k of the ES and ILD should
be decreased. However, the mechanical and thermal properties
of these layers are also important as they reinforce the metal
lines to distribute the shear stress and dissipate thermal energy
during processing, packaging, and operation.5−8 Further, the
etch behavior of ES and ILD films is also highly important for
processing, in which case large differences in etch rates
between the ILD and ES layers are generally desired.
Currently, a-SiC:H (k = 4−7),8−14 a-SiCN:H (k = 4.5−

5.8),12,15−18 and a-SiN:H (k = 6.5−7)19−21 are used as ES
materials and their thermal conductivity, Young’s modulus,
etch rates, and dielectric constants vary based on their
deposition and processing parameters. A desirable combination

of material properties for new ES materials includes low-k
values and low CF4/O2 plasma etch rates, high thermal
conductivity, high indentation modulus, and low leakage
current density, motivating the investigation of non-Si-based
dielectrics.
The prospect of using alternative dielectrics, such as

aluminum oxide, has merit due to their ease of deposition
and different etch behaviors relative to Si-based dielectrics.
Alumina deposited using atomic layer deposition (ALD)
exhibits thermal conductivity values of 1.3−2.6 W/mK,22−24 a
high Young’s modulus of 168−182 GPa,25 a low CF4/O2
plasma etch rate of 0.5−1 nm/min (current study), and a
dielectric constant of 7−8.5.26−30 Most of these properties are
generally favorable for ES layers; however, the dielectric
constant of alumina is high compared to existing Si-based
dielectrics. Thus, maintaining the other properties while
reducing k values may enable a new material composition for
ES and other dielectric layers without significant capacitance
penalties.
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One strategy for decreasing k of a material is to incorporate
organic molecules with low polarizability and/or to induce
porosity. Porogen molecules can be subsequently removed by
post-deposition thermal processing to introduce porosity. This
strategy is employed for fabricating ultra-low-k SiCOH films.31

For example, the growth of porous ultra-low-k SiOCH has
been achieved using diethoxymethylsilane as a network-
forming matrix precursor and α-terpinene as a sacrificial
porogen. As-deposited films are subsequently annealed at
temperatures near 385 °C for 2−4 h in broad-band UV light
(200−400 nm) to remove the porogen leaving a porous
SiOCH scaffold.32 Another related and highly effective strategy
for inducing porosity in inorganic solids is through the wet
chemical combination and subsequent thermal processing of
inorganic precursors and organic pore formers. Examples
include the use of ionic or nonionic surfactants to template
mesoporous solids.33,34

Molecular layer deposition (MLD) and the formation of so-
called “metalcones” represent another strategy for the
integration of organic molecules and inorganic structural
units that may provide a path to porous dielectrics. The
organic components in MLD may act as low dielectric constant
components and/or as porogens, analogous to the organic
molecules incorporated in SiCOH films and wet chemical
routes described above. The focus materials of this study are
Al-containing inorganic−organic hybrid materials (alu-
cones)35,36 that can be deposited using MLD and may provide
a route to porous Al-based dielectrics with lower k values than
nonporous aluminum oxide. Incorporation of organic
components into the Al2O3 matrix decreases the mass
density,37 which may result in lower k values than Al2O3.
By subjecting the alucone films to post-deposition

processing, such as annealing or air exposure, removal of
organics and the formation of porosity have indeed been
observed.38,39 Calcination at 500 °C and etching with water
removed the organics, and porosity was introduced in alucone
films as evidenced by ellipsometric porosimetry.40−43 The
details of the chemical (e.g., compositional) and structural
(e.g., density) evolution of alucone films during post-
deposition heating, however, are not well understood. In
addition, the moisture uptake of alucones can significantly
modify film chemistry.39 This moisture uptake has deleterious
effects on dielectric and mechanical reliability of low-k films
causing early breakdown.44−46 Here, we report the deposition
and characterization of MLD alucone films and examine the
role of post-deposition annealing and the effects of short
wavelength UV light irradiation on the physical, chemical, and
electrical properties of the films. We addressed the stability
issue of the alucone films by depositing a 1 nm alumina cap as
a barrier to prevent water uptake and film degradation. This 1
nm alumina film acts as a barrier to moisture permeation in
addition to decreasing the etch rate of alucone films in the dry
plasma.

■ EXPERIMENTAL METHODS
The hybrid metalcone films were deposited using a custom-made
viscous flow reactor with 6.35 cm inner diameter and 75.2 cm length
following a previously reported system.47,48 Research-grade N2
(99.9999%, Praxair) was used as the carrier gas. A continuous flow
of the carrier gas (60 sccm) under continuous pumping resulted in a
pressure of ∼250 mTorr during the growth. The reactor was
maintained at 120 °C, and the manifold, precursor delivery line, and
the stop valve were heated to 150 °C.

Alucone films were deposited using trimethyl aluminum (TMA,
99%, STREM Chemicals) and ethylene glycol (EG, 99%, Sigma-
Aldrich), and alumina films used for comparison were deposited using
TMA and 18.2 MΩ of water. Unless specified, all of the metalcone
samples used for various structural characterization were grown on
∼1.5 × 1.5 cm2 test-grade (100) p-Si with a thin native oxide. The
substrates were cleaned by sonicating in isopropanol and water prior
to growth. The alucone films were grown using two 0.1 s TMA doses
with a 5 s interval followed by two 0.6 s EG doses with a 5 s interval
and a 60 s purge time in between TMA and EG doses.

A custom-built UV cure chamber utilized a 172 nm wavelength Xe-
excimer lamp (Ushio) and a 15.2 × 10.2 cm2 heated aluminum stage.
The as-deposited films were annealed at 150, 250, or 350 °C for 10
min either with or without UV irradiation in an inert N2 (99.999%;
PRAXAIR) atmosphere where the base pressure of the chamber was
60 mTorr under constant pumping. The N2 flow inside the reactor
was controlled using a needle valve. Low-k SiCOH samples from Intel
Corporation were used to test the UV cure chamber.

Film thickness was measured using spectroscopic ellipsometry (SE)
using a J.A. Woollam VASE ellipsometer with incident angles 60 and
70° from 350 to 850 nm. The thickness of the samples was
determined by fitting with a Cauchy model.

For measuring the electrical properties, metal-oxide-semiconductor
capacitors (MOSCAPs) were fabricated by depositing alucone films
on (100) p-Si with resistivity 1−10 Ω-cm. The silicon wafers were
cleaved to 1.5 × 1.5 cm2 pieces and were cleaned by sonicating in
isopropanol (IPA) and water and then subjected to Radio
Corporation of America (RCA) cleaning 1 and 2.49 After RCA
cleaning, the samples were hydrogen-terminated by immersion in 5%
hydrofluoric acid (Transene, Inc.) for 1 min followed by rinsing with
water and drying under a filtered N2 (g) stream.

Capacitance−voltage measurements used a HP4194A impedance
analyzer and mercury probe (MDC 802B). The mercury drop from
the probe was the front contact, and a silver paste was scratched on
the backside to attach an aluminum plate to make an ohmic
backcontact. The mercury drop area was calculated before every
measurement from a thermal oxide-coated Si calibration sample, and
some low-k SiCOH samples from Intel Corporation were used for
calibration. The dielectric constant of the MOSCAP test structures
was extracted using =C k A

t
0 , where C is the capacitance of the film, k

is the dielectric constant, ε0 is the permittivity of free space, A is the
area of the mercury drop, and t is the thickness of the film.

FTIR spectra were obtained by depositing films on a 2 × 6.5 cm2

double-side polished (DSP) float zone Si(100) (Virginia Semi-
conductor) or DSP test-grade Si wafer (University Wafer). The DSP
Si wafers were cleaned by sonicating sequentially in IPA and 18.2 MΩ
of water followed by a 5 min UV ozone cleaning. FTIR measurements
were performed in transmission mode using a Perkin Elmer Spectrum
100 with N2 purge. The FTIR background spectrum was collected
from the substrate after cleaning but prior to film growth to isolate the
signal from the film. The spectra were collected from 750 to 4000
cm−1 and averaged over 250 scans using a resolution of 4 cm−1.

X-ray reflectivity (XRR) measurements used a PANalytical
Empyrean X-ray diffractometer with Cu X-ray tube with a wavelength
of 1.54 Å. The in-situ XRR measurements used a DHS 1100 (Anton
Paar) heating stage in air from 50 to 800 °C at 50 °C intervals. The
XRR data were fit for density and thickness using X’pert reflectivity
software. In-situ XRR data were obtained from alucone films
deposited on 1.5 × 1.5 cm2 thermal oxide (500 nm) Si substrates
to avoid the growth of interfacial oxide (SiO2) during heating,
whereas the ex-situ experiments are performed on 1.5 × 1.5 cm2 test-
grade (100) p-Si with a thin native oxide.

The composition analysis used several techniques including 15N
nuclear reaction analysis (NRA, for H), 1.2 MeV deuteron (D, for C,
O) NRA, and 2 MeV He Rutherford backscattering analysis (RBS, for
Al). This combination of analysis techniques was used to measure the
concentration of lighter elements including H and heavier elements C,
O, and Al present in alucone films. The measurements were
performed at the University of Albany, and the experimental
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procedure can be found elsewhere.50 A Ni thin film of ∼100 nm was
deposited on the Si wafer using electron beam evaporation prior to
alucone deposition to differentiate between the signals of Si and Al
due to their close atomic number.

The thermal conductivity of the alucone films was measured using
steady-state thermoreflectance (SSTR).51 In this technique, a pump
laser was used to heat the surface of the samples, coated in 80 nm of
aluminum, and a probe laser measured the changes in reflectivity,
related to temperature, due to incrementally increasing the input
pump laser power. The relationship between the input pump power
and the resulting change in reflectivity is used to determine the
thermal conductivity of the alucone films.

Ellipsometric porosimetry probed the volume of open porosity in
the as-deposited and annealed alucone samples. The samples were
heated in vacuum to 100 °C for 10−20 min prior to the
measurements to remove the adsorbed water. Initially, water and
toluene were used to perform the adsorption−desorption measure-
ments on the as-deposited sample and the hysteresis behavior
observed was nonreversible. IPA was found to be more reliable and
was used to perform all of the subsequent measurements.52

The indentation modulus of the films was determined by
nanoindentation using a Berkovich cube corner diamond tip and
Hysitron tribo indenter.53 Ten measurements at different locations
were acquired.

Etching of the hafnia and hafnicone samples in CF4/O2 plasma was
done using a Technics MICRO-RIE series 800 tool. The gas used was
96% CF4 and 4% oxygen mixture. The conditions were 250 W power,
and the gas flow was set to maintain a base pressure of 200 mTorr.
The samples were etched for 2 min, and the etch rate was calculated
by measuring the thickness after etch using the spectroscopic
ellipsometry.

■ RESULTS AND DISCUSSION
The density and thickness evolution of alucone and alumina
control films with thermal processing were probed using in-situ
X-ray reflectivity (XRR) measurements from 50 to 800 °C at
50 °C intervals in air (Figure 1). The density of alumina
increased by ∼4%, whereas the density of alucone increased by
24% from 50 to 800 °C. Throughout the entire temperature
range examined, the density of the alucone films was
significantly lower than those of ALD alumina samples. The
thickness of alumina decreased by 5% during heating to 800
°C, whereas the thickness of alucone decreased by 74%. A
decrease in alucone film thickness of ∼4% was observed at 100
°C, indicating instability even at or below film growth
temperatures (here, 120 °C). Notably, up to 250 °C, the
alucone films remained at near-constant density despite large
decreases in thickness, indicating that mass loss was somewhat
balanced with thickness decreases. When organic polymers are
annealed above 200 °C, volatile products such as CO, CO2,
and CH4 are evolved accompanied by mass loss, likely due to
the cleavage of C−C and C−H bonds.54,55 The observed
thickness decrease in the 200−400 °C range in alucone films
can thus likely be attributed to mass loss due to the cleavage of
C−C, C−H bonds, and/or the desorption and removal of EG
species. The cleavage of C−C and C−H bonds and the release
of the volatile products lead to the formation of reactive free
radicals in the films.56,57 When the films are annealed above
500 °C, the reactive free radicals form polyaromatic ring
structures, which undergo condensation to release H2.

38 Thus,
the decrease in thickness observed from 550 to 600 °C could
be attributed to the condensation of the polyaromatic ring
structures. The decrease in thickness and increase in density
for the ALD alumina films can be attributed to dehydration
and dehydroxylation through condensation and loss of water.58

For the alucone films, along with dehydration, the loss of mass

due to removal of organics and collapse of the remaining
structure likely plays a major role in the thickness decrease.
The density evolution of the alumina and alucone films after

thermally processing from 150 to 350 °C at 100 °C intervals in
both the presence and absence of UV light in N2 ambient was
also probed using ex-situ heating and subsequent XRR to
elucidate the role of short wavelength (172 nm) UV on the
annealing process (Figure S3).59−61 The density of the alucone
films increased with annealing temperature similar to the in-situ
experiment in air, although slightly higher densities were
measured in the ex-situ processed samples. These slight
differences may be ascribed to the different heating rate and
ambient atmosphere between the measurements. The density
of the alucone samples annealed in UV was ∼3−9% larger than
that of the corresponding samples annealed without UV at the
same anneal temperature, indicating that annealing in UV may
induce additional densification, although this effect is small.
FTIR measurements were conducted to examine the

chemical evolution of the alucone films after thermal
processing with and without UV exposure (Figure 2). The
broad peak observed in the range of 3000−3650 cm−1 is
ascribed to −OH species, indicating the presence of adsorbed
water and/or hydroxyl species within the films. The peak
observed at 1615 cm−1 can be partially attributed to the scissor
mode of adsorbed water.62 The peaks observed at 1615 and
1415 cm−1 may correspond to enolate-type vinyl ether species,
C�C and �CH2, respectively.

63 The enolate-type vinyl ether
and the −OH species may arise from alumina-catalyzing HO−
CH2−CH2−O−Al species to enol ether (CH2�CH−O−Al),
vinyl ether (HO−CH�CH−O−Al) species, H2, and
H2O.36,64,65 The peaks observed at 2942 and 2879 cm−1

Figure 1. (a) Density vs temperature and (b) normalized thickness vs
temperature for alumina and alucone films fit from the in-situ
temperature-dependent XRR. The vertical dotted lines represent the
temperatures at which the ex-situ measurements were conducted.
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correspond to the asymmetric and symmetric stretching
vibrations of −CH2 species. The peaks observed at 1132 and
1086 cm−1 represent the C−C and C−O vibrations. These
features indicate the presence of ethylene glycol in the films.
The peaks at 905 cm−1 are ascribed to the Al−O stretching
vibrations.66−68

The absorbance intensity of the −OH (3000−3650 and
1615 cm−1), −CH2 (2942, 2879 cm−1), and C−C/C−O
(1132, 1086 cm−1) decreased, and the peak at 3800 cm−1

disappeared after annealing at 150 °C. This decrease in
intensity indicates the partial removal of water and/or
hydroxyls and organics from the film. After annealing the
film at 250 °C, further decrease in the absorbance intensity of
−OH, CH2, and C−C/C−O was observed, corresponding to
further removal of absorbed water and organics from the film.
A red shift and decrease in intensity of the −OH peak
corresponding to the changes in the bonding of hydroxyl
species present inside the film were also observed. The peak
near 3800 cm−1 reappears, which corresponds to surface
hydroxyls. The intensity of the Al−O peak (905 cm−1)
decreases after processing the films at 350 °C.
Considering just the effect of UV during the annealing

process, the UV exposure did not cause any significant changes
in the FTIR spectra of the films relative to the UV-free anneal.
The ex-situ XRR-derived density (Figure S1) indicated that
annealing alucone in UV caused slightly more densification
than only annealed samples. For comparison, in SiCOH films
grown using plasma-enhanced chemical vapor deposition,
annealing in UV causes structural changes such as a Si−O
network to cage Si−O−Si transition and chemical changes that
correspond to the removal of organics seen by decreases in
CHx and Si-CH3 peaks.

59 Thus, significant differences were not
observed with and without UV exposure during the annealing
(or curing) of alucone films unlike in UV processed relative to
SiCOH films. These differences could be due to the different
behaviors of these Al-based films or different intensities/
wavelengths of UV light used in this study.
To better understand the evolution of the −OH stretching

region (3000−3800 cm−1) from Figure 2, the FTIR spectra
from as-deposited and thermally processed films are
deconvoluted into three different components that are
attributed to the (Al−OH)−(Al−OH) species connected via
H bonding (3400 cm−1), isolated Al−OH species (3650
cm−1), ice-like water (3230 cm−1), and surface hydroxyl

species (3800 cm−1) (Figure 3a,b).69−71 The integrated
absorbance of the species assigned to (Al−OH)−(Al−OH)

and Al−OH decreased with annealing, whereas the intensity of
the free H2O and surface hydroxyls decreased until 250 °C and
then increased after 350 °C anneal (Figure 3c). The major
decrease (around 92%) in the intensity was seen for H-bonded
(Al−OH)−(Al−OH) and may be due to dehydroxylation and
condensation resulting in Al−O−Al bonding. A 50% decrease
in the integrated absorbance of the component assigned to
water after annealing the films at 350 °C was observed,
indicating that a significant fraction of water is retained in the
films after this annealing step. The signature of free Al−OH
species approaches zero after annealing at 350 °C. The weak

Figure 2. FTIR spectra of alucone films measured after thermal
processing including assignments of various species.

Figure 3. (a) Ex-situ FTIR spectra of as-deposited and processed
alucone films (a) without and (b) with the presence of UV during
annealing. (c) Integrated absorbance of regions assigned to (Al−
OH)−(Al−OH) (3400 cm−1), H2O (ice-like water (3230 cm−1)),
isolated Al−OH (3650 cm−1), and surface −OH (3800 cm−1).
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surface hydroxyl species signature disappeared after annealing
at 150 °C but reappeared after 350 °C anneal.
Possible porosity in the thermally processed and as-

deposited alucone films and the hydrophilicity of the internal
surfaces renders the films susceptible to the uptake of H2O
from ambient air, which can cause chemical changes and
increase k values.43 In an effort to prevent moisture uptake,
ALD alumina capping layers (10 ALD alumina cycles,
nominally 1 nm) were deposited immediately after post-
deposition thermal processing on an additional set of samples.
We chose to explore this strategy to prevent water uptake
because ALD alumina has been used as a barrier previously to
prevent moisture diffusion from atmosphere.72 Changes in the
FTIR spectra induced by this ALD step are shown in Figure 4.

A decrease in the intensity of the O−H stretching peak
(3000−3800 cm−1) was observed indicating the removal or
reaction of water or OH groups. The difference spectrum also
shows negative peaks near 1600 cm−1 (adsorbed H2O) and
around 1000 cm−1 (C−C and C−O) indicating the removal of
some absorbed water and organics. There is a slight increase in
the intensity of the Al−O peak around 905 cm−1 indicative of
the expected increase in the quantity of Al−O bonding. Since
TMA is known to diffuse into some films during growth,73 the
physisorbed water might react with TMA forming alumina
domains inside the film rather than just on the top surface.
RBS, NRA, and 15N spectroscopies were used to determine

the elemental composition of the as-deposited and annealed
alucone films that included 10 cycles of ALD alumina as a
capping layer. The elemental compositions are represented per
volume by accounting for the thickness (measured by SE) of
each sample (Figure 5a) and together are used to calculate the
mass density, which is compared to the XRR-derived mass
density (Figure 5b). The concentrations of H and C decreased
with increasing annealing temperature, confirming the removal
of organics. The concentration of Al and O increased with
increasing annealing temperature due to the decrease in film
thickness and the increase in film density.
Annealing increased the density of the alucone films, and the

samples annealed in the presence of UV light attained a larger
mass density relative to the purely annealed analogues. This
trend was observed independently by RBS/NRA and ex-situ
XRR, although in some cases the differences are likely not

significant (Figure 5b). Despite differences in density probed
using RBS and ex-situ XRR, both techniques show a similar
trend in the density increase with increase in processing
temperature corresponding to the removal of organics and
water and a decrease in thickness. Differences in the density
derived from XRR and RBS/NRA may be ascribed to
differences in the measurement techniques and the fact that
samples used for RBS/NRA had a 1 nm alumina capping layer,
whereas the XRR samples did not. RBS/NRA provides the
total areal density of a given atom in the film and thus provides
an average density over the entire film, whereas XRR utilizes
the critical angle of X-ray reflection, thus probing the film
density near the air/film interface. Thus, the XRR and RBS/
NRA densities may not agree if the density of the film is
nonuniform. No attempts were made to fit multilayer films or
film density gradients.
The dielectric constant (k) is an important property of

dielectric materials for applications in microelectronics and was
quantified here by the measurement of MOS capacitors where
the dielectric layer consisted of alumina, alucone, or alucone
with 10 ALD alumina cycles (Figure 6). The dielectric
constant of alumina is generally larger than all of the alucone
samples measured except for the as-deposited alucone film
without the capping layer. The dielectric constant of the as-
deposited alucone films was comparable to that of the as-
deposited alumina films, which may be attributed to water or
hydroxyl species within the film, as evidenced by FTIR (Figure
2). Since the k of water is 80, moisture uptake in a material can
significantly increase the dielectric constant.74 The dielectric
constant of the alucone films decreased with increasing
annealing temperature, which may be attributed to the

Figure 4. Ex-situ FTIR spectra of as-deposited alucone, alucone with
ALD cycles of Al2O3, and difference spectrum.

Figure 5. (a) Elemental composition of as-deposited (120 °C) and
thermally processed films with an alumina (1 nm) capping layer,
measured by using RBS and NRA spectroscopies, and (b) comparison
of densities measured using XRR and RBS/NRA.
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decrease in the concentration of absorbed water that was also
evidenced in FTIR data and/or the formation of porosity. The
dielectric constant of the as-deposited alucone films decreased
after depositing 10 cycles of alumina as a barrier. While the
deposition of (relatively high k) ALD alumina alone would be
expected to increase the film permittivity, the decrease may be
due to the removal of OH/H2O within the film as indicated by
the decrease in the IR absorbance feature in the OH/H2O
region (Figure 4). The low-k values of the alucone-derived
films further support the presence of porosity in these films and
their potential for use as low-k materials not based on silicon.
The thermal conductivity of the alucone-derived films was

also quantified (Figure 7a). The thermal conductivity of ALD
alumina has been shown to vary from 1.3 to 2.6 W/(m·K) with
thicknesses ranging from 10 to 200 nm.22 All of the capped
alucone samples, regardless of processing conditions, had
thermal conductivity values (0.5−1.1 W/(m·K)) lower than
those reported for ALD alumina. The decreased thermal
conductivity for the UV-cured alucone sample at 150 and 250
°C relative to the as-deposited state likely corresponds to the
removal of organics and porosity formation. The subsequent
increase in thermal conductivity after annealing at 350 °C is
driven by densification. The alucone samples annealed at 250
and 350 °C in the absence of UV show similar trends in
thermal conductivity values when compared to UV-cured
alucone, with the 150 °C-annealed sample being the only
exception. Since the free volume inside alucone may increase
with the removal of organics and the formation of porosity, the
thermal conductivity is expected to decrease with increasing
porosity.75 The removal of organics and pore formation that
occurs at lower temperatures (150 and 250 °C) decreases the
thermal conductivity, whereas further structural collapse and
densification at 350 °C leads to increases in the thermal
conductivity. Thus, from just thermal conductivity data, the
highest porosity is expected for the 150 and 250 °C-processed
films.
The presence of open porosity was examined using

ellipsometric porosity (Figure 7b). The adsorption isotherms
were initially measured using water and toluene, which showed
irreversible hysteresis indicating absorption. Irreversible
hysteresis indicates the presence of a wide range of
interconnected pore sizes, which makes the analysis of pore
size distribution difficult.76−78 When isopropanol (IPA) was

used as a probe, the hysteresis behavior was reversible and
hence IPA was used to probe the porosity of all of the films.
The adsorbed solvent volume initially increased when
processed at 150 °C and ultimately decreased after processing
at 350 °C. This trend may be due to the initial formation of
accessible pores and the subsequent collapse of those pores at
higher temperatures. This trend in adsorbed volume also
coincides with the decreasing thickness and increasing density
of alucone samples with increasing temperature as seen by
XRR and RBS/NRA. These data also support the formation of
the most porous structures at the intermediate temperatures
investigated and a collapse or closure of pores at higher
temperatures and follow the trends observed in thermal
conductivity.
The indentation modulus of the alucone films was measured

as the mechanical stability of films is highly important for
applications in electronics and is expected to be correlated with
porosity (Figure 8), whereas the indentation modulus of the
alucone films remained low (30−40 GPa) relative to known
values for alumina (∼200 GPa)37 and did not change
substantially until the 250 °C anneal temperature. The
increase in modulus at 350 °C is coincident with the increase
in density and decrease in thickness. The indentation modulus
of the as-deposited and 350 °C-annealed alucone samples is
similar to that of as-deposited alucone (21 ± 8 GPa) and 3:1
Al2O3/alucone (85 ± 8 GPa) alloy from the literature,
respectively.37

Since the dry etch rate of dielectric films is important for IC
processing and also indicative of structural differences among
samples, the etch rate of the 10 ALD cycle-capped alucone,
uncapped alucone, and alumina was quantified in CF4/O2

Figure 6. Dielectric constant evolution of the as-deposited (120 °C)
and annealed alumina, alucone, and alucone with 10 cycles of alumina
films.

Figure 7. (a) Thermal conductivity vs annealing temperature of
alucone films (deposited at 120 °C) capped with 10 ALD alumina
cycles and (b) ellipsometric porosimetry solvent absorption vs
annealing temperature of as-deposited and processed uncapped
alucones.
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plasma (Figure 9). The etch rates of the as-deposited and
thermally processed alucone films were larger than those of the

alucone films with a 1 nm alumina barrier and alumina control
films. The etch rate of the alucone films decreased significantly
from 8 to 4 nm/min after annealing at 150 °C and then
remained constant, whereas the etch rate of as-deposited and
thermally processed alumina films was 0−1 nm/min. The etch
rate of the alucone films with ALD barrier layers decreased
from 3.5 to 1 nm/min after annealing at 350 °C. Generally, the
etch rate is shown to decrease with increasing alumina content
(e.g., pure alumina films and alumina-capped alucone films)
and to decrease with increasing processing temperature,
presumably due to a densification of the film and outer
surface layers. The UV curing had a minimal impact on the dry
etch rates of all of the films. As discussed previously, the 1 nm
alumina barrier layer may also form new alumina domains
inside the film. These increased alumina-like domains may be
responsible for the decrease in the dry etch rate of the capped
films.
Considering the overall impact on annealing of the alucone

films, we believe that this work shows the promise of MLD
films as precursors for porous and/or low-k thin films.
Generally, thermal processing has been shown to remove

organic components and introduce porosity. At high enough
temperatures, structural collapse and increases in density and
dielectric constant were observed. The structural collapse
observed as a thickness decrease is not unexpected due to the
lack of continuous inorganic framework around the organic
ethylene glycol units. However, due to the large variety of
inorganic ALD precursors and potential organic MLD
precursors, a large platform of precursor combinations is
available for the formation of porous MLD-derived thin films.
This work also shows the promise of using thin capping layers
on MLD and porous thin films to prevent the uptake of an
atmospheric component such as water.

■ CONCLUSIONS
The thermal and UV processing of hybrid MLD alucone films
are shown to result in porous films with smaller k values than
control ALD alumina samples. The alucone films exhibit a
decrease in film thickness with increasing thermal processing
temperature while maintaining a lower density than ALD
alumina films. The decrease in thickness is coincident with a
decrease in the OH and CH2 stretching regions in FTIR
spectra. RBS/NRA indicated a continual removal of H and C
from the films when processed from the as-deposited state to
350 °C. Thermal conductivity and ellipsometric porosimetry
also indicated porosity within the films that reaches a
maximum at 150 and 250 °C process temperatures and then
decreases with annealing at 350 °C, presumably due to collapse
of the remaining inorganic structure, which is further
supported by similar trends in the elastic modulus at the
highest processing temperature. This study provides evidence
that the thermal processing of hybrid MLD films provides an
approach to porous solids similar to polymer or other organic
templates used to make porous solids.34,42,79 Thus, similar
approaches may find use in porous films for electronics,
catalysis, separations, and sensors.
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