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a  b  s  t  r  a  c  t

Here  we  present  a novel  way  to grow  aluminum  alkoxide  films  with  tunable  conductivity  with  molecular
level  accuracy  with the  use  of  molecular  layer  deposition  (MLD).  Alternating  exposures  of  trimethylalu-
minum  (TMA),  ethylene  glycol  (EG),  and  terephthaloyl  chloride  (TC) are  used  to  grow  the  aluminium
alkoxide  films.  Control  over  film  composition  was  accomplished  by  alternating  cycles  of  EG  and  TC
between  cycles  of  TMA  and  EG.  In this  fashion  the aluminum  to carbon  ratio  can  be  accurately  controlled.
These  films  were  then  pyrolyzed  under  a reducing  atmosphere  to  yield  a  conductive  Al2O3/carbon  com-
posite.  Raman  spectroscopy  determined  that nanocrystalline  sp2-graphitic  carbon  was formed  following
eywords:
ybrid inorganic–organic films
onductive Al2O3

raphite
yrolysis
olecular layer deposition

lectrical conductivity

pyrolysis  while  sheet  resistance  measurements  determined  that  conductivity  of  the film  is  directly  related
to aluminium–carbon  ratio.  To  further  elucidate  the origin  of  conductivity  within  the  film,  synchrotron
based  XPS  was  performed.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Inorganic–organic hybrid films have attracted global attention
ue to their application in solar cells [1], electronics [2], photonics
3], sensors [4], as well as electrochemical processes [5]. Inorganic
omponents of these hybrid films can provide desired mechani-
al, optical, chemical and electrical properties while the organic
omponent provides increased flexibility and reduced density [6].
here are a number of methods for preparing inorganic–organic
ybrid materials including sol–gel processes [7], use of silsequinox-
nes [8], hydrothermal synthesis [9], self-assembling procedures
10], integrative synthesis [11], Langmuir-Blodget method [12], and
lectrodeposition [13]. Although these methods are quite versatile,
hey lack the ability to grow films over high aspect ratio substrates
ith atomic precision. An alternative method for growing hybrid

norganic–organic materials is to utilize the gas phase deposition
echnique of atomic layer deposition (ALD) and molecular layer
eposition (MLD). ALD and MLD  are chemical thin-film deposi-

ion techniques based on sequential, self-limiting surface reactions
hat can conformally coat high aspect ratio structures. ALD pro-
esses typically focus on inorganic materials [14], whereas MLD

∗ Corresponding author.
E-mail address: xsun@eng.uwo.ca (X. Sun).

ttp://dx.doi.org/10.1016/j.apsusc.2015.09.155
169-4332/© 2015 Elsevier B.V. All rights reserved.
processes are designed to use organic reactants [15]. By mixing
the process of ALD and MLD  together, binary surface reactions
between a metal-ligand reactant and an organic reactant can yield
a hybrid inorganic–organic film. Many inorganic–organic hybrid
materials have been grown using this technique including alucones
[16], zincones [17], and titanicones [18]. This family of “metal-
cones”, is prepared using an organic alcohol precursors along with
an organometallic precursor to deposit the metal alkoxide poly-
meric films. The number of possible combinations using inorganic
ALD and organic MLD  reactants is extensive due to the large num-
ber of organic moieties available. However, the mixed deposition
of ALD and MLD  is challenging, and appropriate reactions between
inorganic and organic components need to be determined.

Hybrid films are useful for a number of applications in their
as-deposited state, however, they can also be used as precursors
for metal oxide/carbon composites or porous metal oxide films
[19]. Pyrolyzing hybrid films under inert atmospheric conditions
can produce metal oxide/carbon composite films [5]. Furthermore,
pyrolysis of hybrid ALD/MLD films containing nitrogen has been
shown to produce N-doped metal oxides [20]. Abdulagatov et al.
[5] demonstrated that the pyrolysis of titanicone films can produce

conductive films. Being able to deposit thin conformal conductive
films on high surface area materials has a number of key appli-
cations, especially for electrochemical devices. They attribute the
conductivity of the pyrolyzed film to the formation of sp2-graphitic

dx.doi.org/10.1016/j.apsusc.2015.09.155
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
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Fig. 1. Mechanism of MLD  r

arbon. However, their deposition of titanicone films contained a
mall amount of carbon, thus limiting the composites potential
onductivity. Furthermore the effect of carbon on the metal oxide
uring pyrolysis was not determined.

In this paper, we describe a new MLD  strategy to deposit alu-
inum alkoxide films with tuneable carbon content. MLD  films are

rown using trimethylaluminium (TMA), ethylene glycol (EG), and
erephthaloyl chloride (TC). These films are pyrolyzed at various
emperatures under an inert atmosphere. The effect of carbon on
he metal oxide is studied by Raman analysis as well as synchrotron
ased XPS. To the best of our knowledge, this is the first reported
rocess of a metalcone with tuneable carbon content.

. Materials and methods

All hybrid inorganic–organic films were deposited in a commer-
ial cross flow-type hot-wall ALD reactor (Arradiance Gemstar-8)
sing Al(CH3)3 (trimethylaluminium, TMA; Strem, 98%), C2H6O2
ethylene glycol, EG; Sigma–Aldrich, 99.8%), and C8H4Cl2O2
terephthaloyl chloride, TC; Sigma–Aldrich, 99%). All precursors
ere evaporated with an external reservoir. TMA  was held at room

emperature (RT) while EG and TC were heated up to 90 ◦C in order
o provide sufficient vapour pressure. Nitrogen (99.999%, Praxair)
as used as both a carrier and purge gas. All depositions were

onducted at 150 ◦C on double polished Si (1 0 0) and high purity
iO2 glass substrates. Precursor manifolds were heated to 120 ◦C to
nsure precursor volatility before entering the deposition cham-
er. An aluminum oxide seed layer of 10 nm was deposited on the
ubstrate using TMA  and H2O. Inorganic–organic hybrid films with
ncreased carbon content were deposited using a 50 ms  pulse of
MA and EG and a 500 ms  pulse of TC. After each pulse, nitrogen
ow was increased to 100 sccm for 15 s to ensure all precursors
each the deposition chamber, the flow rate is then dropped to
0 sccm for 15 s to remove by-products produced during the reac-
ion. Relatively long purge times were used to guarantee removal

f excess precursor and reaction by-products.

Pyrolysis of MLD  films was performed at temperatures from 600
o 1000 ◦C in a high temperature furnace (Lindberg/Blue M tube fur-
ace). Silicon samples with MLD  films were placed on ceramic boats
n between TMA, EG and TC.

which were then inserted into a quartz tube. Prior to pyrolysis, high
purity Ar was  allowed to flow over the substrates for 30 min  to
ensure an inert atmosphere was present in the tube. Samples were
held at the pyrolysis temperature for 1 h as is typically done for
treatment of MLD  films [5].

Film thickness and surface morphology was determined by
a field emission scanning electron microscope (FE-SEM, Hitachi
S4800). Raman spectroscopy was  obtained using a HORIBA Scien-
tific LabRAM HR Raman spectrometer system with a 532.4 nm laser
and optical microscope operating at RT. Fourier transform infrared
spectroscopy (FTIR) was  obtained with a Nicolet 6700 FTIR spec-
trometer. Aluminum 2p X-ray photoelectron spectroscopy (XPS)
measurements were collected at the variable line spacing plane
grating monochromator (VLS-PGM) beamline equipped with a Sci-
enta 100 analyser at the Canadian Light Source (CLS) in Saskatoon,
Saskatchewan, Canada. The CLS is a third generation synchrotron
light source operating at 2.9 GeV. Electrical measurements were
performed on pyrolyzed MLD  films deposited on high purity SiO2
glass. Sheet resistance measurements were carried out using a
home-built four-point probe equipped with a Keithley 2400 source
meter.

3. Results and discussion

Carbon content in aluminum alkoxide films is controlled by the
number of ethylene glycol (EG) and terephthaloyl chloride (TC)
cycles prior to a pulse of trimethylaluminium (TMA). As outlined
in Fig. 1, step “A” consists of a TMA  pulse while steps B and C are
pulses of EG and TC, respectively. Each step is followed by an N2
purge to remove reaction by-products. Steps “B” and “C” can be
cycled to increase carbon content in the MLD  film. 1 MLD  cycle
for films denoted as 1:1 would consist of steps “ABCB”, whereas 1
MLD  cycle for a 1:3 film would be, “ABCBCBCB.” In this manner, the
amount of carbon in the film can be precisely controlled. In order to
insure a homogenous distribution of hydroxyl groups on the sur-

face, a 10 nm Al2O3 seed layer was deposited prior to the deposition
of the inorganic–organic hybrid films. Cross section SEM of silicon
wafers was used to determine film thickness. As shown in Fig. 2, the
produced 1:1 polymer film uniformly coats the Si substrate with
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Fig. 2. SEM cross section view of MLD  films deposited using a sequence of 1:1 with increasing cycling number. Scale bar represents 50 nm.
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ig. 3. Thickness of 1:1, 1:3 and TMA-EG MLD  films verses number of deposition
ycles at 150 ◦C.

egligible roughness. Fig. 1 – suggested growth sequence for MLD
lms with tuneable carbon to aluminum ratio.

Fig. 3 shows the cycle dependence of the deposited MLD  films. It
s clear that the 1:1 and 1:3 films increase in thickness linearly with

LD cycle number. By fitting the data in Fig. 3 linearly, the growth
er cycle of the MLD  films is calculated to be 0.4 nm/sequence and
.6 nm/sequence for 1:1 and 1:3 films, respectively. For compari-
on, cycles of TMA-EG were also deposited on Si with a growth rate
f 0.15 nm/sequence. This value correlates well with previous work
21].

Fig. 4 shows the FTIR spectra for TMA-EG, 1:1 and 1:3 films. All
pectra demonstrate a prominent peak at 610 cm−1 and 905 cm−1

hich can be attributed to Si O and Al O bonds respectively
22,23]. In addition, C O stretching vibrations are observed at
100 cm−1 for all spectra, as a result of EG deposition. As expected,
dditional peaks can be found for the 1:1 and 1:3 film due the inclu-
ion of TC. Typically a strong, C O absorption band is seen between
750–1735 cm−1 for saturated aliphatic esters. However, the C O
tretch for 1:1 and 1:3 films appears at 1729 cm−1. This stretching
ibration is shifted to lower frequency due to its conjugation with
n aromatic group [24]. The higher carbon content films also dis-
lay a weak skeletal vibration due to C C stretching within the ring
ith absorptions in the 1450–1550 cm−1 region [25]. More impor-

antly, the signature peak for chlorinated C O and C Cl are not
resent in the obtained FTIR spectra, indicating that all TC has been

uccessfully removed from the substrate along with its reaction
y-products [26].

Raman spectroscopy was employed to determine the state of
arbon after pyrolysis. Pyrolysis was conducted at 1 atm under
Fig. 4. FTIR spectra for 100 nm thick TMA-EG, 1:1 and 1:3 MLD  films deposited on
double polished Si at 150 ◦C.

5% H2/Ar gas at various temperatures (600 ◦C, 700 ◦C, 800 ◦C and
900 ◦C). Fig. 5a and b shows the Raman spectra for pyrolyzed 1:1
and 1:3 MLD  films at various temperatures. Two  peaks located at
∼1350 cm−1 and 1590 cm−1 appear as a result of pyrolysis and vary
in intensity for each sample set. Raman intensities at 1590 cm−1 and
1350 cm−1 are usually designated as G (graphitic sp2 phase car-
bon) and D (disordered sp2/sp3 phase carbon), respectively [27].
Obtained Raman spectra for 1:3 MLD  films display a narrowing of
the G band as well as a slight shift to 1600 cm−1 with increas-
ing pyrolysis temperature. This is associated with a growth in
size and/or number of nanographitic crystals [28]. This structural
change can be attributed to the material becoming polycrystalline
as well as a reduction in the number of sp3 sites [29]. Ferrari et al.
[30] demonstrated that the full width at half maximum (FWHM)
of the G peak is a measure of graphitic disorder and increases
continuously with disorder. Fig. 5b indicates that with increasing
temperature, the G peak of the 1:3 film increases in intensity while
simultaneously becoming narrower. This is a strong indication that
the graphitic planes within the film are increasing in order and
size. However, the spectrum for 1:1 MLD  films is starkly differ-
ent. There is a dramatic decrease in both D and G band intensity
along with a peak broadening with increasing pyrolysis temper-
ature. This broadening indicates that phonon lifetimes are being
significantly reduced, implying that defect density of the sp2 car-
bon is increasing [31]. Dillion et al. [28] determined that a decrease

in D and G band linewidth is consistent with the removal of bond-
angle disorder and increasing dominance of crystallites [28,31,32].
This would suggest that for the 1:1 MLD  films, as pyrolysis tem-
peratures increase, bond-angle disorders also increase, resulting in
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Fig. 5. Raman spectra for (a) 1:1 and (b) 1:3 MLD  films with initial thickness
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ig. 6. Sheet resistance measurements for 100 nm thick TMA-EG, 1:1, and 1:3 MLD
lms pyrolyzed at various temperatures.

ncreased linewidth in the Raman spectra. Furthermore, a reduc-
ion in phonon lifetime may  also be attributed to the formation of
l2O3.

Sheet resistance of 1:1 and 1:3 MLD  deposited films was plot-
ed as a function of heat treatment temperature, as shown in Fig. 6.
he films were grown on high purity SiO2 glass slides and heat
reated under a mixture of 5% hydrogen gas and argon at tempera-
ures from 500 to 1000 ◦C for 1 h. Sheet resistance was obtained
sing a four point probe. As shown in Fig. 6, sheet resistance
apidly declines until 900 ◦C. This dramatic decrease in sheet resis-
ance is attributed to the formation of nanocrystalline graphite, as
ndicated by Raman spectroscopy. Similar evolution in electrical
esistance has been observed for the pyrolysis of pure organic poly-

ers [33]. Interestingly, the 1:3 MLD  film demonstrates a sheet

esistance of 4.6 × 104 �/sq compared to 3.5 × 105 �/sq for the 1:1
LD films pyrolyzed at 900 ◦C. Increasing the carbon content of

he film, results in a decrease in sheet resistance. This decrease in
 of 200 nm annealed with 5% H2/Ar at 600, 700, 800 and 900 ◦C for 1 h.

sheet resistance is attributed to changes in the film composition
as a result of decreasing carbon to aluminum ratio [34]. Further-
more, the significant decrease in sheet resistance for a higher
carbon film may  also be due to larger domains of nanocrystalline
graphite and less disordered carbon. As indicated by Raman spec-
troscopy, the 1:3 film pyrolyzed at 900 ◦C displays sharp D and G
bands, whereas the 1:1 film pyrolyzed at the same temperature has
very broad D and G bands, indicating increased carbon disorder
and decreased graphitic nanocrystalline size. Another possibility
for the large difference in sheet resistance between the 1:1 and
1:3 film is the possible presence of carbothermally reduced alu-
minum oxide. Typically carbothermal reduction of alumina occurs
at temperatures > 1400 ◦C. However, previous studies have deter-
mined that the formation of Al4O4C and Al4C3 can occur at much
lower temperatures but is highly dependent on Al2O3 grain size and
reducing environment [35]. Interestingly at temperatures greater
than 900 ◦C, the sheet resistance for both films increases. A simi-
lar behavior is also observed in the pyrolysis of other hybrid MLD
films [5]. The large increase in sheet resistance at 1000 ◦C may
be attributed to the chemical attack of basic groups in the film
by aluminum species. A previous paper published by Bou et al.
[36] demonstrated how aluminum preferentially attacks basic sites
which may lead to compounds with increased resistance. Another
possibility for the occurrence of this phenomenon is the change in
film morphology as it begins to shrink and lose uniformity at higher
temperatures. This may  also result in higher sheet resistant mea-
surements taken by a four point probe. A better understanding of
this phenomenon can be determined through the use of current
sensing atomic force microscopy along with XPS of the film after
annealing at temperatures greater than 1000 ◦C.

The structure of amorphous materials is difficult to determine
with diffraction-based techniques due to the lack of long-range
order. To overcome this difficulty, X-ray spectroscopy is employed
due to its inherent sensitivity to the local environment of the
element to be examined. Furthermore, synchrotron XPS is highly

surface sensitive and can provide a stronger signal due to the use of
a high intensity light source. As shown in Fig. 7a, the as deposited
films have a binding energy of 74.7 eV, 75.0 eV, and 75.6 eV for the
1:3, 1:1 and TMA-EG films respectively. Al O bonds are typically
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ig. 7. Synchrotron based XPS of (a) as deposited and (b) 800 ◦C pyrolyzed TMA-EG
nd 1:3 MLD  films.

een at 74.6 eV and shift to higher binding energy when in a higher
xidized forms such as Al O C [37–39]. This indicates that the alu-
inum in the TMA-EG films exist at a higher oxidation state than in

he 1:1 and 1:3 MLD  films. Interestingly, pyrolysis of TMA-EG films
esults in the aluminum peak shifting to higher binding energy,
hile the aluminum 1:1 and 1:3 MLD  films shift to lower binding

nergy. The increased binding energy for pyrolyzed TMA-EG shift
rom 75.6 eV to 76.0 eV is strong evidence that Al2O3 is formed.
he decrease in binding energy seen for 1:1 and 1:3 films, down to
4.2 eV and 74.0 eV, respectively, is a clear indication that the higher
arbon content in the film results in reduction of aluminum. This
ay also be linked to the decrease seen in sheet resistance observed

or pyrolyzed MLD  films. The increase in the aluminum 2p peak for
MA-EG films can be attributed to a low carbon to aluminum ratio.
owever, because the carbon to aluminum ratio is much higher in

he 1:1, and even more so in 1:3 MLD  films, carbothermal reduction
s more likely to occur.

. Conclusions

Aluminum alkoxide hybrid inorganic–organic films with tune-
ble carbon content were grown using sequential exposures of
MA, EG and TC. Pure alucone, 1:1 and 1:3 films were then
yrolyzed under a reducing atmosphere to produce a conduc-
ive Al2O3/carbon composite film. Raman spectra of the pyrolyzed
lms indicate that carbon content in the film leads to nanocrys-
alline graphite. The amount of nanocrystalline graphite in the
lm is related to the amount of carbon deposited. Sheet resis-
ance of pyrolyzed films dramatically decreased with increasing

yrolysis temperature. Furthermore, films produced with higher
arbon content resulted in a greater decrease in sheet resistance
ue increased sp2 formation. Synchrotron XPS revealed that fol-

owing pyrolysis, increasing carbon content in aluminum alkoxide

[

cience 357 (2015) 1319–1324 1323

films leads to the carbothermal reduction of aluminum. This paper
also demonstrates how the capabilities of MLD  can be used to create
hybrid inorganic–organic films with tuneable composition. Using
this novel MLD  approach, thin hybrid films with tuneable amor-
phous polymeric regions and dense inorganic regions can be made.
This type of film has a number of applications such as in solid poly-
mer  electrolytes for lithium ion batteries which require regions of
highly amorphous carbon for elevated lithium ion mobility. Fur-
thermore, using this type of approach may  lead to better control
over pore size for MLD  films annealed in air. By tuning the amount
of carbon to aluminum in the film, porous aluminum oxide with
various pore sizes can be fabricated.
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