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ABSTRACT: Artificially programming a sequence of organic−metal oxide multi-
layers (superlattices) by using atomic layer deposition (ALD) is a fascinating and
challenging issue in material chemistry. However, the complex chemical reactions
between ALD precursors and organic layer surfaces have limited their applications
for various material combinations. Here, we demonstrate the impact of interfacial
molecular compatibility on the formation of organic−metal oxide superlattices using
ALD. The effects of both organic and inorganic compositions on the metal oxide
layer formation processes onto self-assembled monolayers (SAM) were examined by
using scanning transmission electron microscopy, in situ quartz crystal microbalance
measurements, and Fourier-transformed infrared spectroscopy. These series of
experiments reveal that the terminal group of organic SAM molecules must satisfy
two conflicting requirements, the first of which is to promptly react with ALD
precursors and the second is not to bind strongly to the bottom metal oxide layers to
avoid undesired SAM conformations. OH-terminated phosphate aliphatic molecules, which we have synthesized, were identified as
one of the best candidates for such a purpose. Molecular compatibility between metal oxide precursors and the −OHs must be
properly considered to form superlattices. In addition, it is also important to form densely packed and all-trans-like SAMs to
maximize the surface density of reactive −OHs on the SAMs. Based on these design strategies for organic−metal oxide superlattices,
we have successfully fabricated various superlattices composed of metal oxides (Al-, Hf-, Mg-, Sn-, Ti-, and Zr oxides) and their
multilayered structures.
KEYWORDS: superlattice, atomic layer deposition, self-assembled monolayer, organic−inorganic hybrid materials, metal oxide nanowires

■ INTRODUCTION
Organic−metal oxide superlattices, which consist of alternating
nano-layers of organic and metal oxide materials, have
attracted much attention due to novel characteristics and
functionalities via their rich material combinations.1−4

Solution-phase synthetic methods are typically used to yield
a large amount of organic−metal oxide superlattices under
relatively mild conditions.5−9 However, it is essentially difficult
for such bulk synthetic methods to precisely manipulate the
orientation and thickness of each layer of the superlattices. In
order to overcome the above issues, new fabrication methods
that utilize atomic layer deposition (ALD)10−14 have been
recently developed.15−19 First, organic self-assembled mono-
layers (SAM) are formed by supplying the molecules via vapor
or solution phases and then organometallic species and H2O or
O3 are alternately supplied to form a metal oxide layer, whose
thickness can be precisely controlled by the cycle numbers.
When compared with conventional ALD processes, this
method is unique because it is intended that highly reactive
organometallic species are reacted on the top of organic layers
at high temperatures to form metal oxide layers. Although
several examples have been successfully demonstrated,1−4,15−17

it is still difficult to arbitrarily tailor organic−metal oxide
superlattices using ALD. This is mainly due to the lack of
comprehensive studies of ALD processes on organic
molecules.3,20−25 One of the major reasons for this is the
difficulty to perform morphological analysis [e.g., transmission
electron microscopy (TEM)26,27], spectroscopic reaction
tracking [e.g., Fourier-transformed infrared spectroscopy
(FT-IR)28,29], and quantitative deposition monitoring [e.g.,
quartz crystal microbalance (QCM)30−33] on the identical
sample. Recently, we developed single-crystal oxide nanowires
as a comprehensive platform for these analyses.34−36 The
arrays of the single-crystal nanowires are suitable for FT-IR and
QCM because their large surface area can significantly amplify
signals obtained from small amounts of monolayer com-
pounds. At the same time, each nanowire has flat single-crystal
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facets with well-defined edges, making it possible to observe
precisely aligned cross-sections by scanning TEM (STEM)
without complex destructive procedures including etching and
milling.

In this study, organic−metal oxide superlattices consisting of
(1) bottom metal oxide layers, (2) intermediate organic SAMs,
and (3) top metal oxide layers were formed on ZnO nanowires
(Figure 1). Various elements (Zn, Mg, Al, Ti, Sn, Zr, and Hf)

Figure 1. Concept of interfacial engineering in this work. (a) Illustrated structure and a SEM image of the ZnO nanowire array used as the platform
of the superlattice. (b) Schematic image of a superlattice. An aliphatic SAM (middle layer) is fabricated on a metal oxide layer (bottom layer), and
another metal oxide layer (top layer) is deposited on the SAM. The interfaces between bottom and middle layers or top and middle layers are
examined in this work.

Figure 2. STEM images ZnO nanowires after 40-cycle ALD depositions of TiO2 on (a) a bare ZnO nanowire, (b) CH3-terminated SAM on a ZnO
nanowire, (c) OH-terminated SAM on a ZnO nanowire, and (d) COOH-terminated SAM on a ZnO nanowire. The EDS elemental mapping image
of (c) is shown in (e). Magnified STEM images of TiO2 layers on OH-terminated SAMs with varying alkyl chain lengths of 8, 12, and 16 are shown
in (f−h). Each of the thickness values was obtained by taking 13 points of the distance between the bottom and top metal oxide layers and
averaging them.
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were examined as the top and bottom metal oxide layers. Alkyl
phosphonic acids, which are known to bind stably on a wide
range of metal oxides,37−43 were used as the intermediate
SAMs, and their length and terminal functional groups were
investigated. The superlattice formation process in these
various combinations was analyzed by STEM morphology
analyses, FT-IR chemical reaction tracings, and QCM
deposition monitoring to evaluate the effects of each layer
structure on the ALD on SAMs.

■ RESULTS AND DISCUSSION
First, we investigate the effects of the functional groups
(−CH3, −OH, and −COOH) of SAMs on the metal oxide
layer formation using ALD, as illustrated in Figure 1. TiO2
depositions using tetrakis(dimethylamino)titanium (Ti-
(NMe2)4, TDMAT) and H2O were performed onto ZnO
nanowire surfaces (bare ZnO) and nanowire surfaces
decorated by three kinds of aliphatic phosphonic acids:
dodecylphosphonic acid (CH3-PA), (12-hydroxydodecyl)-
phosphonic acid (OH-PA), and 12-phosphonododecanoic
acid (COOH-PA). The synthetic procedures of these
molecules can be seen in the Experiment section. These
ZnO nanowires were hydrothermally grown onto the c-axis-
oriented ZnO seed layer prepared by rf-sputtering, as reported
elsewhere.44−46 Note that Si substrates were used for
microstructural analysis using microscopy and spectroscopic
characterizations using IR, and quartz substrates with Au
electrodes were employed for QCM experiments, which
allowed us to monitor in situ mass gain data during the ALD
process. We confirmed that the quality of fabricated ZnO
nanowire surfaces is not affected by the substrate types due to
the uniformity of fabricated ZnO seed layer crystallinity
(Figure S1). This enables us to comprehensively analyze nearly
identical samples by three different methods-STEM, IR, and in
situ QCM.

Figure 2 shows the effects of different ZnO surface
decorations on microstructural data of STEM images for
ALD-grown TiO2 nanostructures. The ALD cycle number was
set to be 40 unless otherwise indicated. It is noted that all the
observed nanowire orientations were adjusted so that the
electron beam was parallel to 11−20, i.e., the projection
direction was always parallel to, the atomically flat m-plane of
ZnO surfaces to precisely visualize the cross-sectional ALD
layer morphology and thickness. As clearly seen in Figure 2a−
d, there is a distinct discrepancy between different surface
decorations on the morphology of TiO2 nanostructures. In
particular, the effect of SAM’s terminal group is significant. In
the case of the OH-SAM (Figure 2c), there is a spatially
uniform ZnO-SAM-TiO2 layer-by-layer (superlattice) struc-
ture. The energy-dispersive X-ray spectroscopy (EDS)
elemental mapping image in Figure 2e also supports the
floating TiO2 nanostructures onto SAMs. Such spatially
uniform TiO2 deposition is also found on bare ZnO nanowire
surfaces, as seen in Figure 2a. The TiO2 on the OH-SAM is
slightly thinner than that on the bare ZnO. On the other hand,
there are almost no TiO2 depositions on CH3-SAM (Figure
2b) and fewer depositions on COOH-SAM (Figure 2d)
decorated surfaces. Thus, it is possible to deposit TiO2
nanostructures onto SAMs using ALD by appropriately
selecting the terminal group. The estimated organic layer
thickness is measured to be 0.96 nm for the OH-SAM (C12)
from STEM images, which is consistent with the estimated
value of inclined SAM height (Figure S2 and Table S1). The
organic layer thickness of superlattice structures can be
arbitrarily controlled by varying the SAM’s chain length
(Figure 2f−h). We have synthesized these different carbon
number molecules-OH-SAM (C8, C12, and C16), as
described in the section of Experiment. It can be seen from
Figure 2f−h that the lengths observed as organic layers were
0.74 and 1.25 nm for C8 SAM and C16 SAM, respectively.
These values are also consistent with the estimated values of

Figure 3. (a) Mass gain data during ALD of TiO2 on SAM-modified or unmodified (bare) ZnO nanowires obtained by in situ QCM. (b) Magnified
mass gain data during the first five cycles of ALD, where tetrakis(dimethylamino)titanium (Ti(NMe2)4, TDMAT) and H2O were introduced
alternately. (c) Schematic image of the early slow growth mode and later fast growth mode of ALD on OH-terminated SAMs.
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inclined SAM heights (Table S1). These consistencies between
superlattice structures and molecular lengths further support
the existence of ZnO-SAM-TiO2 superlattice structure. Thus,
these results reveal the critical role of terminal groups of SAMs
on the formation of ZnO-SAM-TiO2 superlattice structures by
ALD, highlighting the superior characteristics of OH-PA SAM
as the ALD platform. Although the absence of superlattice
structures for CH3-SAM in Figure 2b is a straightforward result
by considering the fundamental principle of ALD pro-
cesses,10,11,21 the result for COOH-SAM is inconsistent with
the conventional trend of ALD chemical reactions, which
explains the −COOH group as an appropriate reactive group
for ALD processes.20,47,48

To further examine the effect of terminal groups of SAMs on
the formation process of ZnO-SAM-TiO2 superlattice
structures, we have performed in situ QCM experiments
during the ALD processes to monitor the mass gain data.
Figure 3a,b shows the effects of terminal groups on the mass
gain data. These samples’ surface modifications are identically
performed as those in Figure 2. As clearly seen, there are
significant differences between different terminal groups of
SAMs on mass gain data, which are almost consistent with the
experimental trends of STEM images in Figure 2. There is
reasonable mass gain data for bare ZnO and OH-SAM
samples, and no significant mass gain data for CH3-SAM and
COOH-SAM samples. The intensity order of mass gain data is
bare-ZnO > OH-SAM > COOH-SAM > CH3-SAM. The
QCM mass gain data of the bare ZnO show periodic mass
changes synchronizing with the QCM cycles (Figure 3a,b, blue
line). There is a sharp mass gain pulse at the moment of
TDMAT introduction, followed by a monotonous decrease
except for a slight change at the moment of H2O introduction.
This is known to be a typical QCM behavior of a successful
ALD process.49,50 On the other hand, CH3-SAM does not
show any mass gains during the ALD process (Figure 3a,b,
green line). This trend indicates that CH3-SAM has a high
blocking ability against TDMAT access to the ZnO surface as
previously studied.51−53 In contrast, OH-PA SAM shows a
clear periodic mass gain pattern (Figure 3a,b, yellow line) as
observed in the bare ZnO. Thus, the terminal hydroxyl groups

effectively act as the initial point of the ALD process. When
comparing OH-PA SAM and bare ZnO data, there are several
features of these mass gain data. First, at the initial ALD cycle
stages around below 15 cycles (500−600 s), the growth rate of
OH-PA SAM is significantly lower than bare ZnO data. At later
ALD cycle stages above 15 cycles, both the growth rates of
OH-PA SAM and bare ZnO data are almost identical. Thus,
the overall QCM mass gain data of the OH-PA SAM can be
divided into two stages: the early slow growth mode and the
later fast growth mode (Figure 3c). This behavior can be
interpreted in terms of the reactivity differences between
carbon−OH and metal−OH. Since the carbon−OHs are less
reactive to TDMAT than metal−OH possibly due to their
different circumstances of molecular reactions (including their
surface density and reactivity), the growth rate of the early
stage is much slower. As TiO2 deposition progresses, the
surface hydroxyl groups tend to be dominated by metal−OH
(Ti−OH), which accelerates the growth rate to the same level
as bare ZnO. The deposition QCM mass gain data are fitted by
a reported model to be classified into the early and later
deposition modes.32,54 The transition cycle (TC), at which the
transition from the early slow growth mode to the later fast
growth mode occurs, can be defined. The TC value of OH-
SAM in Figure 3a is estimated to be 15 by using the above
fitting model (Figure S3). Next, we focus on the mass gain data
trend of COOH-SAM by comparing with others. The TiO2
deposition on the COOH-SAM is much slower than that of
the OH-SAM, and the behavior is rather similar to that of
CH3-SAM (Figure 3a,b, red line). In fact, these trends are
consistent with the microstructural data of STEM images in
Figure 2. Since some previous studies suggest that the
−COOH group is a good functional group for ALD
depositions,20,47,48 these experimental trends cannot be easily
understood as long as we assume conventional SAM
conformations with −COOH functional group at the top of
the layer and −PA head group attached onto ZnO surface. It is
inferred that for some structural reasons of COOH-SAM on
ZnO, −COOH is less likely to act as an ALD initiation site.

To answer the abovementioned question on COOH-SAM
data, we measure the molecular conformations of SAMs on

Figure 4. FT-IR spectra of OH-PA (yellow), COOH-PA (red), and CH3-PA (green) in the (a) alkyl regions and (b) carbonyl region. νas(CH2) and
νs(CH2) are the asymmetric and symmetric vibration mode of CH2, respectively. νas(COO) and νs(COO) are the asymmetric and symmetric
vibration mode of the carboxylate, respectively. (c) Schematic image to explain the low-reactivity of COOH-SAM on ZnO with ALD precursors.
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ZnO surfaces by using infrared spectroscopy. Figure 4a,b show
the comparison between different terminal groups (−OH,
−COOH, and −CH3) of SAMs on FT-IR spectra. The two
major peaks in the region of 2800−3000 cm−1 can be assigned
to methylene symmetric [νs(CH2)] and asymmetric
[νas(CH2)] stretching vibrations. Wavenumbers of νs(CH2)
and νas(CH2) reflect the trans and cis conformational
occupancy, which can be used as indicators of SAM packing
degree. The greater the degree of packing, the smaller the
wavenumber values.55−57 The wavenumbers of νs(CH2) =
2852.35 cm−1 and νas(CH2) = 2922.35 cm−1 observed in the
SAM of dodecylphosphonic acid (CH3-PA) are consistent with
the literature, which indicates a dense packing of the SAM.58

The SAM of OH-terminated phosphonic acid (OH-PA) shows
slightly higher νs(CH2) and νas(CH2) wavenumbers (2852.77
and 2923.71 cm−1), which indicates the disordered packing of
the OH-SAM, as discussed in the previous works.59 In contrast
to the two abovementioned SAMs, the methylene stretching
vibrations of the COOH-SAM exhibit significantly higher
wavenumbers (νs(CH2) = 2855.84 cm−1, νas(CH2) = 2928.11
cm−1) and lower peak intensities. These results reveal that the
COOH-SAM is sparser and more disordered when compared
with typical SAMs. In addition, typical symmetric and
asymmetric carboxylate peaks placed around 1460 and 1570
cm−1 are observed in Figure 4b,60 clearly indicating that many
−COOH groups are not pointing upward but are bonded to
the ZnO surface, forming possibly a U-shaped bent structure.
Thus, these spectroscopic data well explain the absence of
ALD crystal growths on COOH-SAM surfaces in terms of such
U-shaped SAM conformations with less −COOH on the top
of the SAM (Figure 4c). The underlying mechanism to form
such U-shaped SAM conformations is the inevitable strong
reactivity between −COOH groups of SAMs and metal oxide
surfaces during SAM formation processes. From the viewpoint
of this implication, OH-SAM, which we have synthesized, is
one of the best candidates to form organic−metal oxide
superlattices by using ALD processes.

Here, we investigate the applicability of OH-SAMs on the
formations of various organic−metal oxide superlattices by
using various metal oxides (MgO, Al2O3, TiO2, ZnO, ZrO2,
SnO2, or HfO2). Figure 5a−e shows the cross-sectional STEM
images of the metal oxide layers deposited onto OH-SAMs. It
can be seen that MgO, Al2O3, ZrO2, SnO2, and HfO2 layers
were successfully deposited onto the SAMs with the spatial
uniformity. However, ZnO shows a heterogeneous grain-like
deposition onto the SAM, as seen in Figure 5f. To understand
this difference between metal oxides on the superlattice
formations, we consider the reactivity (compatibility) between
ALD metal oxide precursors and −OH groups of SAM. As
shown in Figure 5g of FT-IR spectra for TiO2 ALD, the
intensity of the −OH peak at 3380 cm−1 decreases after the
ALD, corresponding to the conversion from the terminal −O−
H to the −O−M structure. By measuring the IR peak intensity
differences during ALD processes, it is possible to quantify the
degree of conversion progress. Metal oxides (MgO, Al2O3,
ZrO2, SnO2, and HfO2), which exhibited successful superlattice
structures in Figure 5a−e, show significant reductions of the
−OH peaks (Figure S7). In contrast, these decreases are much
lower in the case of the ZnO ALD (Figure S7). These
differences in reactivities of metal oxide species can be
attributed to the activation energies of the reactions between
their precursors and the OH-SAM. The calculated activation
energies of the reactions with simplified models show linear
relationships with the −OH conversions, whereas their
calculated reaction enthalpies do not have such clear
correlations (Figure 5h).20,61 Thus, these results highlight
that OH-SAM has good compatibility with various metal oxide
precursors for ALD processes, and it is also important to select
a metal oxide precursor, which has a low activation energy for
the reaction with the alcoholic OH group of SAMs.

Next, we examine the applicability of OH-PA SAMs when
varying metal oxide bottom layers as a scaffold for the SAMs.
TiO2 ALDs were performed on OH-SAMs on the four metal
oxide bottom layers (ZnO, Al2O3, TiO2, and SnO2), and the

Figure 5. Magnified STEM images of ALD-deposited nanostructures of (a) MgO, (b) Al2O3, (c) ZrO2, (d) SnO2, and (e) HfO2 on OH-terminated
SAMs modified on nanowires. The STEM image of ZnO (f) shows that the deposition is not uniform, resulting in a sparse particulate deposition.
(g) FT-IR spectra before (solid line) and after (hashed line) TiO2 ALDs. (h) Calculated reaction enthalpy (ΔE) and activation energy (ΔG⧧) of
reactions between −OH and each metal oxide precursor plotted against OH conversion calculated by FT-IR. Details of the calculation are shown in
Figures S7 and S8.
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amounts of depositions were monitored by QCM (Figure 6a).
Periodic mass increase profile is consistently observed in all
samples, although there are differences in their deposition rate
profiles, especially in the early ALD cycle stage. By using fitted
parameters (TC) as discussed in Figures 3 and S3, we can

evaluate the reactivity of ALD precursor-TDMAT to OH-SAM
immobilized on the different metal oxides. The order of
reactivities with TDMAT is estimated to be SAM on ZnO (TC
= 15) > SAM on Al2O3 (TC = 22) > SAM on TiO2 (TC = 30)
> SAM on SnO2 (TC = 32). Since the SAM molecular

Figure 6. (a) Mass gain data during TiO2 ALD onto OH-terminated SAMs modified on various metals (red: bare ZnO, blue: TiO2, green: Al2O3,
and purple: SnO2) observed by in situ QCMs. (b) FT-IR spectra of OH-terminated SAMs modified on various metals (red: bare ZnO, blue: TiO2,
green: Al2O3, and purple: SnO2) to evaluate the conformational enrichments of their alkyl chains. (c) TCs of QCM mass gain data plotted against
νs(CH2) peak wavenumber for each bottom layer compound. The values of pH0 are the zero charge points of each metal oxide.

Figure 7. STEM images of double-layered organic−inorganic superlattices fabricated on ZnO nanowires with OH-PA and metal oxides.
Composition of layers are (a) first: Al2O3, second: Al2O3, (b) first: MgO, second: MgO, and (c) first: TiO2, second: Al2O3 (80 cycles). The EDS
elemental mapping image (red: Al, green: Ti, and blue: Zn) of the sample (c) is shown in (d).
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structure itself is common for these ALD depositions, the
reactivity discrepancy might be attributed to the different
molecular conformations of the SAMs on the different metal
oxide surfaces. Figure 6b shows the FT-IR spectra of OH-
SAMs modified on four different metal oxides. It can be seen
that the peak wavenumbers of νs(CH2) and νas(CH2) are larger
for ZnO, Al2O3, TiO2, and SnO2, in that order. Since the larger
wavenumbers more disordered SAM structures with larger
proportions of Gauche conformation, the order of the degree
of molecular disorderness is SnO2 > TiO2 > Al2O3 > ZnO, as
illustrated in the figure. Similar trends are also observed when
the terminal functional groups are CH3 (Figure S9).
Interestingly, as shown in Figure 6c, the order of molecular
disorderness [the wavenumber of νs(CH2)] is consistent with
that of TC values, indicating that the TC number from the
initial slow growth mode (metal oxide deposition on
−carbon−OH) to the later fast growth mode (metal oxide
deposition on −metal−OH) is determined by the molecular
conformation of SAMs. This is because less ordered SAMs are
considered to cause lower densities of reactive OH exposed on
the surface, which result in lower ALD reaction rates.
Furthermore, the νs(CH2) and νas(CH2) peak wavenumbers
of the OH-SAM well correlate with the zero charge point
(pH0) of the metal oxides, as shown in Figure 6c. The values of
pH0 are from the literature.62 This trend can be explained by
stronger interactions of more basic metal oxides with
phosphonic acids of SAMs. These results highlight the
important role of interfacial compatibility between a head
group of SAMs and a bottom metal oxide layer on superlattice
formations using ALD. Finally, we examine the applicability of
the present strategy using OH-SAMs for forming multilayered
and hetero-superlattices, as shown in Figure 7. Figure 7a,b
shows the STEM images of fabricated multilayered super-
lattices composed of ZnO-SAM-Al2O3-SAM-Al2O3 and ZnO-
SAM-MgO-SAM-MgO, respectively. Clearly, the well-defined
multilayered superlattice structures are observed for both cases.
In the case of Al2O3 multilayered superlattices, the outer
second Al2O3 layer is found to be slightly thinner than the
inner first layer. This is because the conformation of the
second SAM was identified to be more disordered Gauche-
rich, resulting in the higher TC value as explained in Figure 6.
More detailed information can be seen in Figure S10. Figure 7c
shows the STEM images of fabricated ZnO-SAM-TiO2-SAM-
Al2O3, highlighting the applicability of the present method for
various material combinations. The EDS elemental mapping
image clearly shows that the superlattice structures were
accumulated in the intended order (Figure 7d). Although we
demonstrate several material combinations and applications of
our method using OH-SAMs, the present strategy can be a
useful guideline to arbitrarily program organic−inorganic
superlattices.

■ CONCLUSIONS
We have demonstrated the impact of interfacial molecular
compatibility on the formation of organic−metal oxide
superlattices using ALD. The series of experiments reveal
that the terminal group of organic SAM molecules must satisfy
two conflicting requirements, the first of which is to promptly
react with ALD precursors and the second is not to bind
strongly to the bottom metal oxide layers to avoid undesired
SAM conformations. OH-terminated phosphate aliphatic
molecules, which we have synthesized, were identified as one
of the best candidates for such a purpose. Molecular

compatibility between metal oxide precursors and the -OHs
must be properly considered to form superlattices. In addition,
it is also important to form densely packed and all-trans-like
SAMs to maximize the number of reactive −OHs on the
SAMs. Based on these design strategies for organic−metal
oxide superlattices, we have successfully fabricated various
superlattices composed of metal oxides (Al-, Hf-, Mg-, Sn-, Ti-,
and Zr oxides) and their multilayered structures. The following
three conditions are important for ALD on phosphonic acid
SAMs on metal oxides. (1) The terminal functional group of
the SAM must have low interaction with the bottom metal
oxide while ensuring reactivity with the ALD precursor (e.g.,
−OH). (2) The deposited metal oxide species on the SAM
must have a low activation energy for reaction with the SAM
terminal functional group. (3) The bottom metal oxide must
be highly basic to enable the formation of dense, ordered
SAMs on top of it. To the best of our knowledge, this is the
first example to fabricate nano-level organic−inorganic multi-
layer structures using alternating solution-phase SAM for-
mation and metal oxide ALD.

■ EXPERIMENT
Reagents. Zinc nitrate hexahydrate (Zn(NO3)2·6H2O, JIS-

GR), hexamethylenetetramine (HMTA, JIS-GR), acetone (JIS-
GR), methanol (JIS-GR, MeOH), CH2Cl2 (super dehydrated),
CHCl3 (JIS-GR), tetrahydrofuran (super dehydrated, THF),
and 16-bromo-1-hexadecanol (JIS-GR) were purchased from
FUJIFILM Wako Pure Chemical Corp. NaI (JIS-GR) and
trimethylbromosilane (JIS-GR), dodecylphosphonic acid (JIS-
GR), 8-bromo-1-octanol (JIS-GR), and 12-bromo-1-dodecanol
(JIS-GR) were purchased from Tokyo Chemical Industry Co.,
Ltd. Polyethyleneimine (PEI, Mn = 1800, 50 wt % in H2O) was
purchased from Sigma-Aldrich Co. LLC. These reagents were
used without further purification.
Growth of ZnO Nanowires. ZnO nanowire arrays on

Si(100) wafers or QCM sensors were grown using the
hydrothermal method.63 First, a 1.5 nm Ti buffer layer was
sputtered onto the substrate, and then a 45 nm ZnO film was
sputtered on as the seed layer. 2.5 mM PEI, 25 mM HMTA,
and 25 mM Zn(NO3)2·6H2O were dissolved sequentially in
distilled water (150 mL). The pre-prepared substrate was
dipped into the solution and maintained at 95 °C for 6 h. After
growth, the samples were rinsed with distilled water. Then the
as-grown ZnO nanowires were annealed at 400 °C in the air
for 30 min.
Synthesis of 2-(12-Bromododecyloxy)tetrahydro-2H-

pyran (1). 1 was synthesized from 12-bromo-1-dodecanol
according to the modified literature procedure.64

Synthesis of 2-(12-Iodododecyloxy)tetrahydro-2H-
pyran (2). To a solution of NaI (1.00 g, 6.67 mmol) in
acetone (10 mL) was added 1 (1.14 g, 3.26 mmol). The
reaction was stirred at room temperature for 12 h, after which
the white solid of NaBr was removed by filtration. The mixture
was concentrated and a white solid of excess NaI was filtered
to afford a yellow oil 2 (1.26 g, 98%). 1H NMR (400 MHz,
CDCl3): δ = 4.57 (dd, J = 4.4, 2.7 Hz, 1H), 3.86 (d, J = 11.1
Hz, 1H), 3.73 (dt, J = 9.6, 6.9 Hz, 1H), 3.51−3.50 (m, 1H),
3.38 (dt, J = 9.6, 6.7 Hz, 1H), 3.19 (t, J = 7.1 Hz, 2H), 1.85−
1.57 (m, 9H), and 1.40−1.25 (m, 17H).
Synthesis of Diethyl 12-[(2-Tetrahydro-2H-pyranyl)-

oxy]dodecyl-phosphonate (3). 3 was synthesized from 2
according to the modified literature procedure.64 Crude 3 was
used for the next reaction without further purification.
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Synthesis of (12-Hydroxydodecyl)phosphonic Acid
(OH-PA, 4). 4 was synthesized from 3 according to the
modified literature procedure64 as follows. To a solution of 3
(0.894 g, 2.20 mmol) in dry CH2Cl2 (30 mL) was added
trimethylbromosilane (3 mL, 21.6 mmol). The mixture was
stirred under Ar at room temperature for 24 h, and then
MeOH (30 mL) was added and stirred for 24 h. The mixture
was then concentrated and recrystallized with acetone to afford
a white solid 4 (0.116 g, 20%). 1H NMR (400 MHz, CD3OD):
δ = 3.54 (t, J = 6.6 Hz, 2H), 1.70−1.30 (m, 22H).
Synthesis of 2-(16-Bromohexadecyloxy)tetrahydro-

2H-pyran (5). 5 was synthesized from 16-bromo-1-hexadeca-
nol according to the modified literature procedure.64

Synthesis of 2-(16-Iodohexadecyloxy)tetrahydro-2H-
pyran (6). To a solution of NaI (1.00 g, 6.67 mmol) in
acetone (10 mL) was added 5 (1.20 g, 2.96 mmol). The
reaction was stirred at room temperature for 3 h, after which
the white solid of NaBr was removed by filtration. The mixture
was concentrated and a white solid of excess NaI was filtered
to afford a yellow oil 6 (1.31 g, 98%). 1H NMR (400 MHz,
CDCl3): δ = 4.57 (dd, J = 4.2, 2.8 Hz, 1H), 3.90−3.84 (m,
1H), 3.73 (dt, J = 9.6, 6.9 Hz, 1H), 3.53−3.47 (m, 1H), 3.38
(dt, J = 9.5, 6.7 Hz, 1H), 3.19 (t, J = 7.1 Hz, 2H), 1.86−1.78
(m, 3H), 1.75−1.68 (m, 1H), 1.62−1.58 (m, 2H), 1.55−1.49
(m, 3H), and 1.42−1.27 (m, 25H).
Synthesis of 16-[(2-Tetrahydro-2H-pyranyl)oxy]-

hexadecyl-phosphonate (7). 7 was synthesized from 6
according to the modified literature procedure.64 Crude 7 was
used for the next reaction without further purification.
Synthesis of (16-Hydroxydodecyl)phosphonic Acid

(8). 8 was synthesized from 7 according to the modified
literature procedure64 as follows. To a solution of crude 7 (2
mmol) in dry CH2Cl2 (20 mL) was added trimethylbromo-
silane (3 mL, 21.6 mmol). The mixture was stirred under Ar at
room temperature for 24 h, and then MeOH (20 mL) was
added and stirred for 24 h. The mixture was then concentrated
and recrystallized with acetone and ethanol to afford a white
solid 8 (0.515 g, 80%). 1H NMR (400 MHz, CD3OD): δ =
3.56−3.51 (m, 2H), 1.72−1.38 (m, 30H).
Synthesis of (8-Hydroxyoctyl)phosphonic Acid (9). 9

was synthesized from 8-bromo-1-octanol according to the
same procedure as for (12-hydroxydodecyl)phosphonic acid 4
and (16-hydroxyhexadecyl)phosphonic acid 8.
Synthesis of 12-Bromododecanoic Acid (10). 10 was

synthesized from 12-bromo-1-dodecanol according to the
literature procedure.65

Synthesis of Ethyl 12-(Diethoxyphosphoryl)-
dodecanoate (11). 11 was synthesized from 10 according
to the modified literature procedure.66

Synthesis of 12-Phosphonododecanoic Acid (COOH-
PA, 12). To a solution of 11 (1.25 g, 3.44 mmol) in dry
CH2Cl2 (30 mL) was added trimethylbromosilane (3 mL, 21.6
mmol). The mixture was stirred at room temperature under Ar
for 24 h, and then MeOH (30 mL) was added and stirred for
24 h. The mixture was then concentrated and recrystallized
with CHCl3 and MeOH to afford a white solid 12 (0.677 g,
70%). 1H NMR (400 MHz, CD3OD): δ = 2.30−2.25 (m, 2H),
1.73−1.32 (m, 20H).
Modification of Phosphonic Acid SAM on ZnO

Nanowires. Modification solutions (0.1 mM) were prepared
by dissolving a powder of phosphonic acid in THF at room
temperature. The annealed ZnO nanowire array was dipped

into the solution (5 mL) for 2 h at room temperature. Then,
the samples were washed several times with THF.
ALD of Metal Oxides on SAM-Modified and Bare ZnO

Nanowires. ALD of metal oxides on SAM-modified and bare
ZnO nanowire array was conducted by Veeco Savannah G2.
The following five steps are performed to form one ALD cycle.
Step 1: evacuate the chamber (about 20 Pa) with 20 sccm N2
flow. Step 2: supply a given precursor by opening the
precursor-supplying valve for T1 s. Step 3: wait for T2 s with
continuous N2 flow. Step 4: supply H2O by opening the
precursor-supplying valve for 0.015 s. Step 5: wait for T3 s with
continuous N2 flow. Each experimental parameter is
summarized in Table S3. It should be noted that we selected
the lowest possible temperature for each ALD precursor within
the range provided by the manufacturer of the ALD equipment
used in this study to minimize the thermal decomposition of
the SAM skeletons. All the used temperatures (150 or 200 °C)
are sufficiently low since the alkyl skeletons are reported to
begin decomposing at around 250 °C.36

FT-IR Analysis of SAM. The FT-IR spectra of the surface
molecules on the ZnO nanowires were recorded at room
temperature on a Thermo Fisher Scientific Nicolet iS50 FT-IR
spectrometer equipped with a mercury−cadmium−telluride
detector. 300 scans were accumulated to obtain each spectrum
with a resolution of 4 cm−1. The test room was always purged
with dry air. FT-IR spectra for bare ZnO were used as the
background spectrum for the other measurements.
In Situ QCM Analysis of Metal Oxide Deposition by

ALD. The deposition process of metal oxides was monitored
by QCM during the ALD process. Tama device SEN-9E-H-10
was used for sensors. The oscillation frequency of ZnO-
nanowire-modified QCM sensors was counted by Tama device
THQ-100P-SW and Iwatsu SC-7217A.
STEM Analysis of Nanostructures. STEM images were

acquired using JEOL JEM-ARM200F or Thermo Fisher
Scientific Titan cubed G2 60-300, which is equipped with a
spherical aberration corrector (DCOR, CEOS) for the probe-
forming lens system and a Super-X system for EDS. The
microscope was operated at an accelerating voltage of 300 kV.
The convergence semiangle of the electron probe was set to 18
mrad. The typical probe diameter was less than 0.1 nm. An
annular dark-field detector was positioned to detect scattered
electrons with an angular range from 38 to 184 mrad.
SEM Analysis of Nanostructures. Scanning electron

microscope (SEM) images were acquired using a JEOL JSM-
7610F.
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density functional theory (DFT) calculation, the effect
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