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Two-Stage Atomic Layer Deposition of Aluminum Oxide on
Alkanethiolate Self-Assembled Monolayers Using n-Propanol and
Water as Oxygen Sources
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Aluminum oxide (AlO,) was deposited onto strong hydrophobic surfaces of alkanethiolate self-assembled
monolayers (SAMs) by a two-stage atomic layer deposition (ALD) process; the first stage utilized
n-propanol as the oxygen source, and the second stage proceeded with water. The resulting AlO, layers
were characterized with spectroscopic ellipsometry, reflection—absorption infrared spectroscopy, low-
energy X-ray emission spectroscopy, and atomic force microscopy. The optimized two-step ALD process
significantly improved the surface morphology of AlO, layers and effectively protected the structural

integrities of underlying SAMs.

Introduction

In electronic devices based on molecular layers, inorganic
encapsulation layers are often utilized to effectively protect
and electrically gate the organic molecules.'* Apart from
encapsulation for electronic devices, conducting metal oxides
of titanium and molybdenum directly contacted to an organic
layer in a light-emitting diode structure have been reported
to improve air stability performance.” In the development
of such an inorganic encapsulation, inorganic films such as
aluminum oxide were deposited and studied on various types
of self-assembled monolayers (SAMs). For instance, the
deposition of aluminum oxide has been studied on hydro-
phobic hydroxyl-terminated SAMs using metal organic
chemical vapor deposition to demonstrate the construction
of superstructures of alternating organic/inorganic layers.*
In addition to binary oxides, deposition characteristics of
other inorganic layers such as metals and nitrides have also
been extensively studied. Titanium, magnesium, copper, and
calcium were deposited on SAMs terminated with various
terminal groups including —CHj;, —COOH, —OH, OCHjs,
and —CO,CH3,>” and gold deposition was studied on a
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thiolated surface.® Effects of interfacial organic layers on
thin film nucleation in atomic layer deposition (ALD) of
titanium nitrides revealed that the initial rate of growth was
strongly attenuated and the film morphologies were severely
islanded on SAMs with nonreactive —CH3 end groups.”'”

We previously studied the evolution of aluminum oxide
(AIO,) deposited on hydrophobic and hydrophilic surfaces
by ALD with water as an oxygen source.'' The AlO, layers
deposited on hydrophobic surfaces developed extremely
rough surface morphologies while those deposited on hydro-
philic surfaces displayed minimal kinetic roughening. The
considerable differences in the surface morphology of AlO,
deposited on hydrophobic and hydrophilic surfaces were
attributed to their surface wettability by water. Therefore,
we suggested the importance of explicitly controlling surface
wettability in the early stages of ALD, in particular, for strong
hydrophobic surfaces. In this paper, we describe a two-stage
process for nucleating and growing smoother AlO, layers
on strong hydrophobic alkanethiolate SAMs that also main-
tain the structural integrities of the molecular layer even after
the deposition of AlQ,.

Experimental Section

An ALD apparatus used in the experiment consists of a stainless
steel reaction chamber that can accommodate a 4-in. wafer. The
chamber is equipped with a dry pump that maintains the chamber
base pressure ~1 x 1077 torr. Three precursors, trimethylaluminum
(aluminum source), water, and n-propanol (oxygen sources), for
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the deposition of AlQO,, are stored in three separated stainless steel
cylinders with a hand valve and kept at room temperature. Each
precursor assembly is connected to one of the four inlets of a mixing
gas chamber assembled with three high-speed solenoid valves. The
fourth inlet is connected to a source of high-purity nitrogen carrier
gas and the outlet of the mixing gas chamber is connected to the
reaction chamber. Each precursor is picked up by the nitrogen
carrier gas and injected into the reaction chamber when an
associated high-speed solenoid valve is opened. During an ALD
run, the nitrogen carrier gas flows through the reaction chamber
continuously even when no precursor is injected. Since trimethyl-
aluminum is pyrophoric, care should be taken to ensure that the
entire apparatus is leak tight using appropriate leak-check tech-
niques. A wafer in the reaction chamber is heated up with a resistive
heater. All ALD process parameters such as the wafer temperature
and the operation sequence of the high-speed solenoid valves are
controlled by a computer.

The samples used in this study were prepared as follows. A gold
film with an atomically smooth surface was first prepared by
template stripping (TS-gold)'? on a glass substrate. Subsequently,
the gold film was covered by a SAM of CHs-terminated alkanethi-
olate (CH3—(CHz);7—SH) to obtain a strong hydrophobic surface
on which an AlQO, layer was deposited by ALD. Complete details
of the preparation process of the CHs-terminated SAM (CH;—SAM)
on an atomically smooth gold film were reported previously.'' On
the CH;—SAM, the formation of water droplets during ALD of
AlO, using water as an oxygen source was postulated to be the
cause of the observed growth instability, leading to substantially
rough surface morphologies of AlO,."" Therefore, we attempted to
explicitly control the surface wettability on the CH;—SAM by
utilizing n-propanol, instead of water, as an oxygen source in the
early stage of an ALD run, that is, a two-stage ALD process in
which the first stage utilizes n-propanol as the oxygen source and
the second stage proceeds with water. n-Propanol and water exhibit
comparable physical properties, for instance, the vapor pressure of
n-propanol at 25 °C is ~21.1 mmHg, compatible to that of water
(~23.8 mmHg), and the heat of vaporization for n-propanol and
water are 47.5 and 40.7 kJ/mol, respectively.'?

The resulting AlO, layers were characterized with spectroscopic
ellipsometry, reflection—absorption infrared spectroscopy (RAIRS),
low-energy X-ray emission spectroscopy (LEXES), and atomic
force microscopy (AFM). With these complementary characteriza-
tion tools, the two-stage ALD process was optimized in terms of
surface morphologies of AlO, layers and structural integrities of
underlying CH;—SAMs. The spectroscopic ellipsometer is equipped
with three lasers with wavelengths at 543.5, 632.8, and 832.2 nm.
Both an incident and an exit angle of the laser optical axis with
respect to the surface normal of a sample are fixed to 70°. RAIRS
measurement was carried out with FTIR (Nicolet Nexus 870 FTIR)
equipped with a RAIRS set up with incident and exit glancing
angles of 80° with respect to the surface normal of a sample. A
TS—gold sample not covered with SAMs was used as a reference
to obtain absorbance. In LEXES analysis, an energetic electron
beam at 0.5 keV was used to irradiate the samples. The primary
electron beam creates core-level vacancies in the atoms, and de-
excitation occurs when an electron from a higher orbital drops into
the vacated hole and emits a characteristic X-ray photon. The
emitted X-rays are analyzed using wavelength dispersive spec-
trometers (WDS) to obtain quantitative elemental information. AFM
was operated in tapping mode with a silicon cantilever.
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Figure 1. Contact angles measured on a CH3—SAM layer using a mixture
of water and n-propanol with various concentrations of n-propanol. Four
representative images of a droplet of the various mixtures from which the
contact angles were obtained are also displayed as insets.

Results

Plotted in Figure 1 are contact angles measured on a
CH;—SAM using various mixtures of water and n-propanol
as a function of the volume percentage of n-propanol in the
mixture (Vprop). Also in Figure 1 are the four images collected
during the contact angle measurement representing a side
view of liquid droplets of a mixture of V., = 0, 10, 30,
and 80% as denoted. The contact angle monotonically
decreased until Vi, reached ~30%, and then, it saturated
at ~45°, suggesting that the surface wetting on strong
hydrophobic CH3;—SAM surfaces is expected to improve if
n-propanol, instead of water, is used in the early stage of
the ALD process of AlO,. Therefore, we proposed the two-
stage ALD process as described in the previous section. We
utilized pure n-propanol held at 25 °C as the oxygen source
in the first stage to initiate uniform nucleation of AlO, on
the CH3;—SAM, employing the better wettability of
n-propanol on the CH3;—SAM as suggested in Figure 1.
Subsequently, in the second stage, water held at 25 °C was
used as the oxygen source to further deposit AlO, on the
surface of AlO, deposited in the first stage. In both deposition
stages, trimethylaluminum (TMALI) held at 25 °C was used
as the aluminum source. One ALD cycle in the first stage
was performed by supplying a 140 ms n-propanol pulse, a
160 s nitrogen purge period, a 140 ms TMALI pulse, and a
16 s nitrogen purge period. In the second stage, one cycle
was performed in the same sequence as in the first stage
using water instead of n-propanol. These specific deposition
conditions were calibrated for A1O, on OH-terminated silicon
surfaces at 45 °C to maintain deposition rates self-limited at
0.014 and 0.077 nm/cycle in an n-propanol and a water ALD
stage, respectively.

All samples described below are identified by the cycle
fraction Rc =N, n-propanol/ (N n-propanol + N water), where N, n-propanol
and Nyuer are the total number of ALD cycles in an
n-propanol (the first stage) and a water stage (the second
stage), respectively. The substrate temperature was set to
45 °C for all samples to minimize structural damage
associated with thermal effects on the CH;—SAMs.'* The
total number of pulses used in a deposition process was
adjusted for a given R. to produce the same total layer
thickness for all samples; thus, nominal thicknesses of the
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Figure 2. RAIRS spectra collected from the R. = 0.002 (spectrum 1), R,
= 0.301 (spectrum 2), and R. = 0.826 (spectrum 3) samples. Peaks
associated with several overlapping Al—O stretching modes are presented
in (a). Panel (b) shows four peaks, labeled as I, II, III, and IV, associated
with C—H stretching modes of the CH;—SAMs underneath the AlO, layers.
Spectrum 0 on the bottom represents a spectrum collected from an as-formed
CH3;—SAM.

Table 1. LEXES Results Showing Carbon, Aluminum, and Oxygen
Contents in the AlO, Layers with Different R

R C (atom %) Al (atom %) O (atom %)
0.002 5.7 354 57.2
0.064 6.5 35.8 57.2
0.151 7.9 35.2 56.8
0.301 7.6 35.2 57.2

AlO, layers measured by spectroscopic ellipsometry were
within 31 & 1 nm on all samples regardless of R..

Figure 2a,b shows RAIRS data collected from R. = 0.002
(spectrum 1), R, = 0.301 (spectrum 2), and R. = 0.826
(spectrum 3) samples. RAIRS peaks associated with several
overlapping A1—O modes are presented in panel a. In panel
a, the spectra 2 and 3 are shifted upward (i.e., along the
RAIRS absorbance axis) by 0.2 x 10™" and 0.4 x 10~ for
the ease of view. The three spectra are nearly identical in
terms of both their peak absorbance and shapes, suggesting
that the overall chemical and physical characteristics of the
AlO;, layers deposited with various R. are comparable. In
addition to the RAIRS data, chemical compositions of the
AlO, layers were obtained by LEXES, which effectively
integrates over the entire AlO, layer thickness, collected from
witness samples deposited on OH-terminated silicon surfaces,
and shown in Table 1. The elemental compositions were
nearly comparable for all samples except for the gradual
increase seen in carbon content as R. increased.

Figure 2b displays RAIRS spectra associated with the
CH;—SAM underneath the AlQO, layers. The three spectra
represent R, = 0.002 (spectrum 1), R. = 0.301 (spectrum
2), and R, = 0.826 (spectrum 3). The spectrum O on the
bottom was collected from an as-formed CH;—SAM with
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Table 2. RAIRS Peak Positions Associated with C—H Stretching
Modes of the CH3—SAMs for the Four Characteristic Peaks I, 11,
III, and IV As Marked for Sepctrom 0 in Figure 2b

peak (cm™ )
spectrum I I I v
3 no peak 2919.6 2867.6 no peak
2 2954.4 1919.6 2872.4 2849.3
1 2959.2 2919.6 2871.4 no peak
0 2964 2918.7 2877.2 2850.2

no AlO, overlayer and is shown as a reference. The four
peaks marked I, II, III, and IV are associated with asymmetric
CHs;, asymmetric CH,, symmetric CHs, and symmetric CH,
stretching modes, respectively.'® Since the absolute absor-
bance of each peak is highly sensitive to total structural
characteristics of each sample, the absorption peaks of each
spectrum were normalized with respect to the absorbance
of the asymmetric CH; peak (i.e., peak II) of each spectrum.
The spectra 1, 2, and 3 are shifted upward (i.e., along the
axis of normalized RAIRS absorbance) for the ease of view.
Table 2 summarizes the peak wavenumbers for each
spectrum.

For the R. = 0.301 sample (spectrum 2), the four
characteristic peaks resolved clearly indicate that the chemi-
cal and structural integrities of the as-formed CH;—SAM
(spectrum 0) were well preserved even after the deposition
of AlO,. In spectrum 2, the peak positions of peaks II and
IV revealed no discernible peak shift with respect to the
corresponding peak positions for the as-formed CH;—SAM,
which further indicates that the alkyl chains were still well-
ordered. A broadened shoulder on the lower wavenumber
side of peak II is an indication of slight mode-softening
within the alkyl chains.'® The positions of peaks I (2954.4
cm™ 1Y) and I (2849.3 cm™ ') were shifted toward lower
wavenumbers compared to those for the as-formed
CH;—SAM (2964.1 and 2850.3 cm_l), which also indicates
slight mode-softening of the terminal methyl groups.'’

In contrast to the spectrum of the R. = 0.301 sample
(spectrum 2), the spectra of the R. = 0.002 (a single
n-propanol ALD cycle followed by a 400-cycle water stage,
spectrum 1) and 0.826 (spectrum 3) samples revealed that
all the vibration modes were severely perturbed by the AlO,
deposition. In both spectra, although peak II was still present,
peak IV was completely absent, which could be attributed
to symmetry-breaking in the alkyl chains.'® Furthermore,
peak I appeared to consist of multiple small peaks, in
particular in spectrum 1, suggesting the presence of both in-
plane and out-of-plane asymmetric vibrational modes of CHs.
In addition, for the R, = 0.002 sample (spectrum 1), the
characteristics of RAIRS peaks were consistent with our
previous observations on the AlO, deposition with water only
(note: more than 99% of ALD cycles were carried out with
water for the R. = 0.002 sample; thus, this sample was
effectively identical to a sample deposited with water only
as described in our previous paper'").
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Figure 3. Root-mean-square roughness obtained by AFM for the AlO,
samples with various R.. AFM images collected on the AlO, samples with
R. = 0.002 (top) and 0.301 (bottom) are shown as insets. Each image
represents a 500 x 500 nm scan, and the vertical scale bar corresponds to
60 nm.

Plotted in Figure 3 are root-mean-square (rms) roughness
data collected on the AlO, layers with various R, using AFM,
revealing the presence of a window of R, ~ 0.2 within which
the rms roughness was minimized. Beyond the R, ~ 0.2
window, the rms roughness appeared to increase as R.
increased. Shown as insets in Figure 3 are representative
AFM images (500 nm x 500 nm scan) collected from the
AlO, samples with R, = 0.002 (11 nm rms roughness) on
the top and R. = 0.301 (2.4 nm rms roughness) on the
bottom, showing characteristic granular features on two
different surfaces. The granular features on the R, = 0.301
sample (bottom) were much finer in both vertical and lateral
extensions than those on the R, = 0.002 sample (top).

Discussion

Conventional ALD processes for a binary alloy proceed
by alternatively providing a pulse of a precursor that contains
one of two constituents. Each precursor pulse is separated
by a period in which an inert gas pulse is provided to ensure
that the surface is saturated with a monolayer of one of the
two precursors (i.e., self-limiting surface reactions).'® Ato-
mistic ALD mechanisms have been theoretically investigated
by density functional theories.”®?' Experimentally, on
hydrogen-terminated silicon surfaces, an incubation period
was observed at the beginning of the ALD process with
trimethylaluminum and water, and the observed incubation
period was attributed to the time required for the formation
of interfacial silicon suboxide.”*** A study on the correlation
between ALD cycles and surface hydroxyl group concentra-
tions in AlO, ALD processes revealed that steric hindrance
by adsorbed methyl groups terminated the trimethylaluminum
reaction.”*
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The two-stage ALD process for AlO, with R, ~ 0.2
produced superior results on strong hydrophobic CH;—SAM
surfaces in terms of resulting surface morphologies of the
AlO, and structural integreties of the underlying CH;—SAMs,
showing marked contrast to conventional ALD processes that
use water as a sole oxygen source on strong hydrophobic
surfaces. As indicated in Figure 1, the wettability on the
CH;—SAM surfaces was expected to improve substantially
when pure n-propanol was used as the oxygen source, which
consequently resulted in significant improvement in the
surface morphologies of AlO,. This proved that our original
hypothesis that explicitly controlling the surface wetting in
the early stage of ALD process is critical to obtain AlO,
layers with smooth surface morphologies was correct.''

Characteristics of the AlO, layers deposited by the two-
stage ALD process were assessed by analyzing Figure 2a.
The three spectra 1, 2, and 3 associated with overlapping
Al—O vibrational modes indicate overall chemical charac-
teristics of the three AlO, layers deposited with various R,
are comparable in relation to their shapes, peak wavenum-
bers, and peak absorbance. AlO, formed at a relatively low
temperature is composed mainly of v-Al,Os. Since the AlI—0O
vibrational mode peaks of y-Al,O3 shown in Figure 2a are
mainly associated with the surface phonon mode of alumina,
a slight shift toward higher wavenumber observed at the peak
position of spectrum 2 in comparison to those of spectra 1
and 3 suggests that the granular features existing on the
surface of R, = 0.301 (spectrum 2) sample are much finer
than those on the R, = 0.002 (spectrum 1) and R. = 0.826
(spectrum 3) samples.”> The presence of finer granular
features on the R, = 0.301 sample is further supported by
the AFM image shown in the bottom inset of Figure 3 and
certainly contributes to the improved surface morphology
for the R. = 0.301 sample.

The core result is summarized as follows. In the two-stage
ALD of AlO, on strong hydrophobic CH;—SAM surfaces,
rms roughness of the AlO, can be minimized and structural
integrities of the CH;—SAMs can be maintained within the
narrow window of R, ~ 0.2. As shown in Figure 3, the rms
roughness dropped rapidly as R, increased toward 0.2 in the
smaller R. (R. < 0.2) range, which suggests that, given the
improved wettability on CH;—SAM surfaces with n-propanol
used in the first stage, the rms roughness of AlO, layers
deposited in the second stage improves as the surface
coverage (on the CH;—SAM surfaces) of the AlO, deposited
in the first stage increases (i.e., R. increases). In other words,
once nearly an entire CH;—SAM surface is covered with
AlQ; in the first stage (i.e., at R, ~ 0.2), a subsequent AlO,
deposition in the second stage with water proceeds with a
smooth surface morphology because the deposition in the
second stage is carried out on a hydrophilic AlO, surface
prepared in the first stage.

Figure 3 also shows that the rms roughness appears to
increase gradually beyond R. ~ 0.2, which could be
explained as follows. As R. increases, the thickness of AlO,
deposited with n-propanol in the first stage increases; that
is, the thickness of AlO, deposited with water in the second

(25) Ying, J. Y.; Benziger, J. B.; Gleiter, H. Phys. Rev. B 1993, 48, 1830.
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stage decreases (note that the nominal total thickness for all
samples is 31 nm regardless R.); therefore, the increase in
the carbon content indicated by the LEXES data in Table 1
can be attributed to the increase in the thickness of AlO,
deposited in the first stage with n-propanol. In the second
stage, wettability with water on the AlO, surface prepared
in the first stage would degrade as the total amount of carbon
in the AlO, deposited in the first stage increases (i.e.,
R. increases beyond 0.2), which would account for the
gradual increase in the rms roughness beyond R. ~ 0.2 in
Figure 3. We performed contact angle measurements on a
14 nm thick AlO, layer deposited only with n-propanol (i.e.,
an AlO, layer expected to contain ~8.2 atom % of carbon,
which corresponds to the R, = 0.826 sample after the first
stage is completed) and found that the contact angle for water
was 29.4°, which is approximately 50% higher than those
measured on an AlO, layer deposited only with water (i.e.,
an AlO, layer expected to contain much less carbon). This
suggests that the wettability of water on a thick AlO,, as in
the R. = 0.826 sample, deposited with n-propanol degrades.
In other words, the AlO, surfaces would roughen in the larger
R. (R. > 0.2) range because of the degraded wettability on
an AlO, surface prepared in the first stage with a large R.,
resulting in the appearance of the narrow R. window in
Figure 3 within which the rms roughness is minimized.

A major unanticipated bonus was that the CH;—SAM was
much less perturbed by the two-stage AlO, ALD as shown
by the RAIRS spectrum in Figure 2b for the R. = 0.301
sample (spectrum 2). Severe disruption on the CH;—SAM
for the R. = 0.002 (spectrum 1) in Figure 2b is consistent
with the results for the CH3—SAM covered by an ALD AlO,
layer deposited by a conventional ALD process with water;""
therefore, in the smaller R, range (R, < 0.2), an incomplete
AlO; layer deposited in the first stage is not able to protect
an underlying CH3;—SAM from chemically harsh pyrophoric
reactions between water and trimethylaluminum when the
deposition is switched to the second stage.

Addressing the mechanisms that would have caused the
severe disruption in the CH3—SAMs as seen in spectrum 3
in Figure 2b for the R. = 0.826 sample would need to invoke
several different contributions. First, throughout the first stage
required for the R, = 0.826 sample, the CH3;—SAM is
exposed to m-propanol for an extended period of time.
Alcohol such as n-propanol has a capability to chemically
attack alkane chains in CH;—SAMs when the SAMs are
exposed to alcohol for a prolonged time period.® During
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the long period of time required for R. = 0.826 sample in
the first stage, the CH;—SAM is exposed to n-propanol
repeatedly, which would cause substantial structural damages
on its alkane chains. A significant contribution to the
disruption of the underlying CH;—SAM can also be associ-
ated with mechanical strain generated by a roughening AlO,
layer, which can account for the disruption of CH;—SAMs
for both R, = 0.002 and 0.826 samples. In both samples, as
the AlO, layer on the CH3;—SAM surface roughens, sub-
stantial mechanical strain would be exerted on the
CH;—SAM; as a result, overall structure of the CH;—SAM
would be considerably perturbed. In other words, maintaining
smooth surface morphology of an AlO, layer is a key to
preserve structural integrities of an underlying SAM; thus,
it is not just a coincidence that both the rms roughness of an
AlO, layer is minimized and the structural integrities of an
underlying CH;—SAM layer are well maintained within the
narrow window of R, ~ 0.2.

Conclusion

The deposition of AlO, on strong hydrophobic CH;—SAM
surfaces by two-stage ALD was demonstrated. During a
conventional ALD process using water as the oxygen source,
the AIO, layers on the CH;—SAMs were found to undergo
growth instabilities and develop substantially rough surface
morphologies, which was attributed to the incomplete surface
wetting on the hydrophobic CH;—SAMs by water in the
early stage of the conventional ALD process. In addition,
the underlying CH;—SAMs were found to be significantly
disturbed by the conventional ALD process using water. In
contrast, the two-stage ALD using n-propanol in the first
stage improved the surface morphologies of AlO, noticeably
and simultaneously maintained the structural integrities of
underlying CH3;—SAMs when R. was within the narrow
window ~0.2, suggesting the importance of explicitly
controlling surface wetting in the early stage of an ALD
process, in particular, on strong hydrophobic surfaces. The
proposed two-stage ALD process successfully demonstrated
the deposition of AlO, on strong hydrophobic CH;—SAM
surfaces by providing smooth surface morphologies of the
AlO, and maintaining structural integrities of the underlying
CH;—SAMs.
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