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ABSTRACT: Atomic-layer deposition (ALD) is now being recognized as
a powerful, general tool for modifying the surfaces of nanomaterials in
applications for many energy conversion devices. However, ALD involves
slow processes particularly when it is subjected to nanoporous media with
high-aspect ratios. Predicting the exact experimental conditions of the
desired reactions for coating inside deep pores by ALD is not available
because of the lack of complete understanding of diffusion in nanoporous
media. Here, we report a comparative study of the ALD coating onto two
distinctive templates having nanopores, i.e., 2- and 3-dimensionally ordered
media (DOM), of similar porosity and pore dimension. Self-supporting,
crack-free templates were carefully prepared in centimeters for both 2- and
3-DOM and thus avoid any possible sources of uncontrollable diffusion of
precursor gas molecules through unwanted microvoids and cracks. Comparison of the ALD coating profiles across the thickness
of both templates reveals a fundamentally distinct coating mechanism. While a uniform growth zone develops along the pores of
the 2-DOM (i.e., 1-D diffusion path), a gradual decrease in the deposition is observed in those of the 3-DOM (i.e., 3-D diffusion
path) as ALD pulse time increases. This observation suggests an essential role of the pore connectivity, rather than individual
pore sizes, in the gas diffusion dynamics inside nanoporous media. The present model can universally predict the ALD
behaviors in nanoporous media even with different types of pore connectivity.

Diffusion in nanoporous media is of paramount
importance in biophysics,1 batteries,2 fuel cells,3

catalysts,4 separation membranes,5 and many other reaction-
diffusion processes.6 Although materials containing pores are
traditionally categorized into microporous (<2 nm), meso-
porous (2−50 nm), and macroporous (>50 nm) materials,7 a
term, “nanoporous”, is becoming popular with increasing
research activities in nanoscience and technology.8 Conven-
tionally, the nanopores refer to 100 nm in diameter or smaller
because they originate from nanomaterials having sub-100 nm
dimension.9 Nanoporous materials often bear a mixture of
micro-, meso-, and/or macropores within their pore network.
Defining the physical dimension of the nanoscale pores (e.g.,
diameter, 2r) is critical in that the types of diffusion are
determined by the mean free path (λ) of the moving particles
inside. Most of the studies on describing the diffusion
phenomena in nanoporous materials assume two distinctive
cases: Knudsen diffusion for relatively long λ in comparison to
2r (i.e., mesoporous systems) where the molecules frequently
collide with the pore walls10 and molecular diffusion (λ ≪ 2r)
where intermolecular collision dominates the momentum and
energy exchange.11 Knudsen diffusion is described by the
Einstein−Smoluchowski relation as follows12
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where Ds is the self-diffusion coefficient as a function of the
concentration, c; t is time; N is the number of particles; and ri
is the position vector of the i-th particle. The real-world
applications involve more complex reaction-diffusion processes
in the presence of concentration/pressure gradients, with
varying the collision probability. It implies that Knudsen
number (Kn = λ/2r) goes far below the unity in the region of
interest, and gas transport within the system is governed by
Fick’s law (i.e., driving force in the concentration)13

= − ·∇D c cj ( )t (2)

where j is the mass flux; Dt is the transport diffusion
coefficient; and ∇c is the concentration gradient. Therefore,
the fact that the pore dimensions of nanoporous materials span
across mesopores and macropores and the presence of the
concentration/pressure gradients in reaction-diffusion pro-
cesses imply complexity in the analysis of diffusion dynamics in
nanostructured materials. Furthermore, nanoporous media
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have not only morphological effects on surface roughness of
the material itself but also topological ones on the connectivity
of pore networks. Indeed, Roy et al. have shown that the
presence of pore trapping zones could further lead to
diminution of Ds.

14

Atomic-layer deposition (ALD) is a variant of chemical
vapor deposition (CVD) because it brings chemical reactions
of desire onto surfaces through chemical design using
precursor molecules.15 It differs from CVD in that the thermal
decomposition of precursors that might be involved in the
target reactions does not take place, resulting in the overall
surface reactions in a sequential, self-limiting manner.16 As a
result, ALD is capable of controlling the resulting layers of
materials down to subunit-cell thicknesses and suitable for the
conformal coating of nanostructures of very high aspect ratio.17

Combined with the recent progresses in the chemical synthesis
of precursor molecules, ALD is actively seeking a wide range of
applications by applying its capability to nanoporous
materials/systems. Materials systems available in the literature
range from diverse oxides through compound semiconductors

to noble metals.18 When applied to nanostructured devices/
systems, the discrete and/or continuous ALD layers should
produce synergetic effects on the performance with the large
specific surface area by the unconventional junction interfaces
difficult to create by other methods. Recent studies report that
the resulting topologies of the ALD-grown materials pertain to
the charge transport properties.19,20 ALD on nano-/micro-
powders also offers a great deal of potential for many
applications in the fabrication of novel core/sheath and
composite particles.21,22 Even in this case, the particles before
and after coating could form large agglomerates during
reactions, and estimating the exquisite experimental conditions
is the key. Despite the great promise of this strategy, the lack of
understanding of the transport phenomenon in nanoporous
media currently hampers the prediction of the reliable
experimental conditions for desired ALD processes in
depth.23,24

Gordon and co-workers have developed a kinetic model to
describe the ALD coating on the hole/trench surfaces.25 The
key idea is based on the transmission probability with a

Figure 1. Preparation of the self-suspending and crack-free two- and three-dimensional ordered media (2- and 3-DOM) as model templates.
Schematic illustrations of diffusion dynamics in (A) anodic alumina membranes (AAMs) and (D) silica synthetic opals (SSOs). Photographs of (B)
the resulting AAMs and (E) SSOs. The representative SEM micrographs of (C) the cross-sectional AAMs (inset, plan view) and (F) the SSOs
(inset, a magnified photo).
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nonlinear function along pore length when molecules enter the
pore.26 The exposure condition on planar surfaces is given by
eq 3.

π=Pt S mkT2 (3)

where P is the partial pressure of the precursor near the surface
(Pa); m is the molecular mass (kg); k is the Boltzmann
constant (1.38 × 10−23 J·K−1); T is the temperature (K); and t
is the time required for the vapor to supply a saturation dose, S.
In eq 3, a non-SI (International System of Units) unit,
Langmuir = 10−6 Torr·s, was intendedly used to directly
produce the exposure time, t, by Pt. This value allows an idea
on the typical experimental conditions of ALD in a more
intuitive manner. The exposure in ALD on the narrow hole/
trench surfaces is given in eq 4

π= + +i
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where a is the aspect ratio, L
r2
, of a hole with the radius, r, and

the pore length, L. Note that eq 4 has been proven
experimentally in describing the ALD of HfO2 and ZrO2
layers for both trench and hole pores.27,28 Although eq 4 is
universal and is practically valid when 2r ≪ λ, in the literature,
the difficulties in conformally coating other types of nano-
porous templates such as sintered nanopowders and opals are
often found.21,22 Note that both types of media (trench/hole
versus powder/opal) have similar physical dimension of pores
(i.e., 2r ≪ λ). The origin of such controversial observations
remains elusive to date.
Here, we clarify the significance of the configuration of the

pore network in diffusion in nanoporous media by
comparatively studying the ALD of TiO2 as a model functional
material onto two different kinds of nanoporous templates.
Crack-free templates were carefully prepared in centimeters for
both 2- and 3-DOM to eliminate possible sources of
uncontrollable gas-phase diffusion of precursor molecules
through micropores. By monitoring the thickness profiles in
depth upon ALD on both templates, we found out that even
under the identical experimental conditions the resulting
thickness profiles differ fundamentally from each other. While
the uniform growth zones were observed along 2-DOM pores,
a gradual decrease in thickness was observed in 3-DOM.
Remarkably, eq 4 failed when the pore configuration deviated

from that of the 1D cylinder, indicating that the way the pores
are connected is essential in diffusion in nanoporous media.
The fact that this discrepancy of diffusion can be modeled
simply by introducing tortuosity suggests that the primary
effect of the pore connectivity in nanoporous diffusion lies in
the effective residence time of the molecules diffusing across
the porous media.
The study began by carefully considering the conditions of

two model templates. Three key prerequisites include: (i)
similar porosities; (ii) distinctive pore connectivities; (iii)
crack- or void-free media. We chose anodic alumina
membranes (AAMs) and silica synthetic opals (SSOs) as
model 2- and 3-DOM, respectively. Note that AAMs represent
1-D cylindrical pores and SSOs 3-D pores in view of the
diffusion paths (Figure 1A and D). While the porosity of as-
grown opals has a fixed value of 26% (for close-packed
lattices), that of AAMs is tunable between 13 and 74%
(assuming the triangular 2D lattice) via so-called pore-
widening processes with aqueous phosphoric acid. The AAM
samples we used here were prepared with well-known two-step
anodization methods to have 25−30% in porosity in oxalic acid
(Figure 1C).29,30 The physical dimensions of the pore cross-
section were also selected carefully at a crossover point
between AAMs and SSOs. The depth of pores in AAMs is
tailorable by controlling the charge currents during anodiza-
tion, and the resulting AAMs are free-standing and crack-free
in a centimeter scale after removal of aluminum (Figure 1B,
after removing the back-side Al mostly). Preparing crack-free
opals is essential in that the cracks should incur uncontrollable
gas-phase diffusion of precursor molecules. In SSOs, the
formation of microcracks has been known to be inevitable
because silica beads prepared by the sol−gel Stöber process
contain substantial amounts of water within their surfaces.
Upon self-assembly and subsequent drying of SSOs, such
cracks additionally make them not self-suspending and intact
mechanically although SSOs can be grown on various
substrates. Chabanov et al. have reported that the heat
treatment of silica beads prior to self-assembly can effectively
avoid the crack formation.31 Following this method, we
successfully prepared crack-free SSOs in a centimeter scale,
and the resulting SSOs upon being released from glass vials
(Figure 1E) show only stacking faults and vacancies at their
surfaces (Figure 1F, also see Figure S1 for more details).
Indeed, without any supporting substrates, our single-

Figure 2. Results of the diffusion through 1D nanopores (2-DOM) by observing the thicknesses of ALD-grown layers along the pores. (A) SEM
and (B) TEM of the TiO2 nanotubes released from AAMs by wet-chemical etching. (C) The representative thickness profiles from selected tp,
measured with TEM mosaics such as panel (D). The uniform thickness zones were highlighted by colored areas.
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crystalline SSOs are freestanding (Figure 1E), indicative of the
presence of no macroscopic cracks.
Once the crack-free, self-supporting 2- and 3-DOM are

prepared with very similar porosity values, TiO2 layers were
grown onto both porous media under the identical ALD
conditions (except for pulse time, tp). Titanium(IV)
isopropoxide (TTIP, UP Chemical, South Korea) and water
were used as precursors and argon (5 N) as purging gas. The
ALD process was carried out in a shower-head-type reactor
(Ozone, Forall, South Korea) under a so-called flow-through
mode (i.e., maximal concentration gradient by continuous
evacuation when precursor molecules are exposed), which is
suitable in such a study. A full cycle consists of tp of 1−30 s for
both precursors, followed by purging for 5−150 s. The pore
surfaces have an equal distance with respect to the shower
head. Then, the resulting thicknesses, d, were measured in
depth with the micrographs taken by both transmission
electron microscopy (TEM) and scanning electron microscopy
(SEM) upon thermal annealing at 400 °C for ∼1 h (see Figure
2 and Figure 3). The annealing leads to the phase
transformation from amorphous to anatase TiO2, further
rendering its chemical resistance during wet etching of the
templates in KOH.32 First of all, the length of nanotubes
obtained by ALD of 2-DOM was a function of tp, as expected
in eq 4 (also see Figure S3). The separation between the
saturation and undersaturation regions along the pore was
clearly visible in the thickness profiles (Figure 2C, 2D). Note
that in the uniform growth zone the variation in dAAM must
come from the Wulff construction of anatase TiO2 in the
confined geometry, rather than nonuniformity in the resulting
thicknesses.33

dSSO was also measured in the same way upon thermal
annealing at 400 °C for ∼1 h, followed by wet etching of SSOs

in diluted HF. The large-area inverse opals of TiO2 remained
intact in structure (Figure 3A−E, also see Figure S2 for more
data with different experimental conditions). The difference in
dSSO between the structures near the distal pores (Figure 3D)
and around the deep pores (Figure 3E) is unambiguously seen
by the self-collapsed hollows. Remarkably, while dAAM in the
saturation zone was uniform up to about 3 μm only at tp = 1 s,
the overall dSSO was gradually decreased in depth inside SSOs
even for tp = 10 s. Such a trend was similar in control
experiments with different diameters of silica beads (Figure
3F). The depths of ALD coating between AAM by tp = 1 s and
SSO by tp = 10 s were comparable to each other, indicative of
the strong suppression of precursor diffusion along the
nanopores of SSOs. Reported for the first time in this study
with carefully prepared and reliable model templates, this
observation is understood intuitively by the unique nature of 3-
D pores (Figure 1D). Considering λ ≈ several micrometers,
connectivity of the pores inside 2- and 3-DOM should be
critical because the characteristics of scattering events differ
between each other as expected (schematically illustrated in
Figure 1A and 1D). The present observation should be
beneficial for fabricating inverse opals having a gradient index
on a large scale. Figure 3G exhibits the photonic band gaps of
TiO2 inverse opals when prepared with different tp. The optical
shifts could be understood in the context of systematic changes
in effective refractive indices.34 Briefly, the optical spectra at
about 600−800 nm do not correspond to any material
absorption because the present TiO2 structures have anatase
form to be a bandgap of 3.2 eV (ca. 387.5 nm). The resulting
spectral patterns at longer wavelengths come from the titania
inverse opals that had been originally close-packed via self-
assembly of monodisperse silica beads. They correspond to the
pseudogap between the second and third bands at the L point

Figure 3. Results of the nanopore diffusion through 3D networks (3-DOM) by observing the thicknesses of ALD-grown layers along the pores.
(A−D) SEM images of the TiO2 inverse opals liberated from SSOs upon etching at different magnifications. (F) The representative thickness
profiles (tp = 10 s, 600 cycles) measured with SEM mosaics such as panel (E) (insets, TEM results). The uniform thickness zones were not clearly
defined. (G) Optical reflectance spectra of TiO2 inverse opals (2Rsso = 360 nm) with different tp.
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of the first Brillouin zone, as confirmed with the modified
Bragg law, λ ε= D2max eff where D is the distance between
the crystal planes and εeff is the volume-averaged effective
dielectric constant; εeff = (n1)

2f + (n2)
2(1 − f) where f is the

crystal filling fraction and n is the refractive index. That is, the
peaks at 650−700 nm (Figure 3G) could be assigned to the
positions of the (111) stop gaps of 360 nm titania (n2 = 2.49)
inverse opals. The detailed calculation results with the uniform
d could be found in the Supporting Information (Table S1).
Although the present structures have gradients in the thickness
(i.e., dSSO) along L, estimating the exact prediction of εeff is not
easy. Nonetheless, the observed positions well correspond to
the pseudogaps assuming d = 10−15 nm. Moreover, the
detected blue shifts could be understood by the increase of εeff
with increasing tp, indicative of the capability of fine-tuning the
desired optical properties.
The experiments have shown that the pore connectivity is

critical in performing ALD of nanoporous materials even in the
similar, meso-to-microporous pore size regimes. The estima-
tion of diffusion behaviors would fail by the quasi-1-D
diffusion/heat equations only. To fill this gap for the tendency
in d, we propose that the introduction of tortuosity can result
in a good estimation of the thickness profiles of ALD layers, in
general, into diffusion within nanoporous media. The
tortuosity, τ, represents the actual paths through the porous
media, defined by the arc-chord ratio

τ = M
C (5)

where M is the length of the curve to the distance (C) between
the two points. By substituting eq 5 to eq 4, consequently, we
obtain a tortuosity-correlated form of Gordon’s equation

π

τ
′ =

+ +( )
Pt

S mkT a a2 1 19
4

3
2

2

(6)

where t′ is time for the revised tp. For a straight line that
implies the 1D path as in our AAMs, τ equals to one and does
not affect the original Gordon equation. As for 3-DOM,
however, the curved path results in increasing the denom-
inator, leading to the estimation of the prolonged tp. We also
have proven the present solution, by performing numerical
calculations on the thickness profiles of TiO2 layers by solving
differential equations on the basis of Fick’s law.35 Uniform
zones were visible as functions of both tp and 2rAAM as expected
and in the previous reports by others23 (Figure 4, dotted lines).
Additionally, we applied the τ correction to ALD of 3-DOM
(also see Figure S4). As seen in the results (Figure 4, solid
lines), the overall uniform zones were reduced with respect to
pore depth, L. This observation strongly suggests that the pore
connectivity affects the residence time of the diffusing
precursor molecules and that the simple correlation by τ is
truly practical in the experimental design of ALD into
nanoporous media.
Finally, we discuss other effects on the coating of

nanoporous media by ALD. We also observed a higher growth
rate (0.45 Å/cycle) of TiO2 on the pore-entering surfaces (i.e.,
L ≈ 0) in the case of SSOs than that on both planar and AAM
substrates (0.40 Å/cycle). This observation could not be
understood in the context of the ideal ALD growth because we
assume that the precursor molecules on the surfaces are
saturated at equilibrium distance. However, the ideal mode
deviates chemistry by chemistry in practice, except for the ALD

of trimethylaluminum and water for Al2O3. The authors claim
that the enhanced collision near the entering pores might affect
the molecular saturation. Similar behaviors have been reported
in the ALD of WN into opals.36 Therefore, it could be
understood by the increased normal-mode diffusion (a type of
diffusion mode where mutual intertransports of particles take
place along the pore). This is because the back-side diffusion
was boosted near the molecular entrance (with the nature of 3-
D pore connectivity) although diffusion in the forward
direction is originally expected from the pore entrance to the
deep pores as a result of concentration gradients. Therefore,
the reaction probability of the precursor molecules was
enhanced accordingly. Capillary condensation would be
another trapping source of water (if used) at around the
contact or sintering points when ALD is applied for 3-DOM.
Considering the slow kinetics of capillary condensation (∼
hours),37 however, we could rule out this possibility during
typical ALD processes having tp of ∼ seconds. We also

Figure 4. Calculation results on the thicknesses of the ALD-grown
TiO2 layers by solving differential equations upon the correction by
tortuosity (τ) of 3-DOM. By comparing the results at tp = 1 and 10 s
(panels A and B, respectively), the simulations fit well with our
experiments, indicative of the feasibility of the utility of τ-correction
when ALD is applied for nanoporous media. The inset illustrations
represent the approximated diffusion paths (dotted blue lines) in
order to apply τ-correction (dotted black lines). The open hexagons
and closed circles represent experimentally measured dAAM and dSSO
(d = thickness of TiO2), respectively. The vertical and dotted sky blue
lines were used for comparison between the top and bottom lines.
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highlight that the present approach can generally describe the
diffusion behaviors of 3D media with other pore structures.
Porous media consisting of irregular particles could be first
approximated into spherical ones, and by introducing a
structural factor, n (see Figure 5), we obtain the corresponding
τ values. This further explains why the coating by ALD in
micropores is difficult as a result of very limited transmission
probability.

In conclusion, we presented a comparative study of the ALD
coating onto two distinctive nanoporous templates (2- versus
3-DOM). Crack-free templates were carefully prepared in
centimeters, and possible sources of uncontrollable gas-phase
diffusion were ruled out. With the resulting thickness profiles,
we found out that even under the identical experimental
conditions the resulting profiles fundamentally differ from each
other. The pore connectivity was the key in the gas-phase
diffusion dynamics inside nanoporous media. A corrected
model in the estimation of ALD procedures was proposed by
considering tortuosity. The present model study helps
universally describe the ALD coating of nanoporous media
even with different types of pore connectivity.
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