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ABSTRACT: In the semiconductor industry, economical high-end
interposer technologies with high thermal conductivity are in high
demand. The recently reported anodic aluminum oxide (AAO)
template has limitations of low mechanical strength and thermal
conductivity due to the amorphous phase. In addition, AAO has
microthickness and nanopores, and it is easy to break. In this study,
the AAO template does not develop a microcrack at high
temperature by controlling the pores on the front and back side
of the same pore of the AAO, as concluded in the COMSOL
simulation. The nonmicrocrack alpha-AAO template is mechanically
robust with high thermal conductivity owing to thermal stress
minimization and phase transformation (anodizing temperature and
annealing treatment). In addition, anionic contamination compo-
nents present on the surface of the alpha-AAO pores were removed by increasing the temperature, and the properties were
investigated. The hardness and thermal conductivity of the alpha-AAO template (8.98 GPa and 13.7 W/(m·K)) were 3.3 and 6.7
times higher than those of bare-AAO (2.74 GPa and 2.08 W/(m·K)), respectively. Especially, the superior thermal conductivity of
alpha-AAO was confirmed by a thermal imaging camera (TIC). The alpha-AAO template with enhanced hardness and thermal
conductivity can potentially be used in various applications, such as semiconductor interposer materials and 6G wireless
communication components.
KEYWORDS: anodic aluminum oxide, nanopore, hardness, thermal conductivity, alpha phase, annealing

1. INTRODUCTION
Advanced interposer technology is crucial for developing
highly integrated devices in packages for various applications,
including custom electronics, the Internet of things, and
sensors in smart factories. Interposer technology has evolved
from multichip modules to Si and glass interposers; this
evolution aims to simplify the manufacturing process, integrate
different technologies into the interposer from vendors, and
eventually decrease the overall cost.1 Silicon and glass
interposers are characterized by several well-known limitations.
For example, the high electrical loss of silicon is attributed to
its conductive property, overall process complexity, and cost;
in contrast, high-density vias with small via diameter cannot be
easily drilled using glass interposers, particularly when the glass
thickness is approximately 100 μm or less, based on current
drilling technologies.2 Materials or fabrication technologies
that can solve these problems are urgently required. Anodic
aluminum oxide (AAO) template is electrochemically
synthesized alumina with a nanoporous cylindrical structure;3

this template is an important material in nanotechnology
applications such as catalysts, gas sensors, batteries, mem-
branes, filters, and the biological and semiconductor

industries,4−11 owing to the convenient manufacture of the
AAO template and the adjustment of pore sizes and
thickness.12 Acidic electrolytes consisting of sulfuric, oxalic,
and phosphoric acid have been reported as electrolytes for
synthesizing AAO templates.13−16 The pores and thickness of
the AAO template can be controlled by regulating the
anodizing temperature and voltage.17−21 Because the electro-
chemically synthesized AAO template contains an amorphous
alumina phase, its properties, such as chemical stability,
hardness, and thermal conductivity, are inferior to those of
crystalline alumina.22,23 Because of these properties, the use of
the AAO templates has been limited to hard ceramic templates,
owing to the AAO composition of relatively pure alumina
regions and acid-contaminated regions on pore surface24 as
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amorphous phase alumina. Nonporous thin-film type alumina
exhibit Vickers hardness values of 10, 14, and 22 GPa for
amorphous, gamma-, and alpha-alumina, respectively.25 To
overcome these limitations, the phase transition of amorphous
AAO into a crystalline phase such as alpha-phase alumina was
attempted through annealing. However, deformations such as
bending and cracking occurred owing to the minute structural
difference between the front and back surfaces of the AAO
template.26 To prevent these deformations, an outer layer
etching process using sodium citrate was proposed. This
method could prevent the deformation of the AAO templates,
however, because the space of the template was predominantly
empty, improving the hardness and thermal conductivity was
difficult.27

In this study, a fabrication method and mechanism for an
AAO template with high thermal conductivity and hardness
were proposed. To fabricate the AAO template, oxalic acid was
used as an electrolyte, and the anodization and annealing
temperatures were adjusted to compare the hardness and
thermal conductivity concerning the effect of the pore
diameter. In addition, through COMSOL simulations, a
structure wherein the AAO template did not crack despite a
high heat treatment process (e.g., at 1300 °C) was determined,
and these findings were applied to the experiment. The
hardness, thermal conductivity, and corrosion inhibition
properties of the fabricated alpha-AAO template were superior
to those of a bare-AAO template.

2. EXPERIMENTAL SECTION
2.1. Materials. Oxalic acid (C2H2O4, purity 98%), copper(II)

chloride dihydrate (CuCl2·2H2O, purity ≥ 99.0%), and phosphoric
acid (H3PO4, purity ≥ 99.0%) were procured from Sigma-Aldrich.
Ethyl alcohol anhydrous (C2H5OH, purity 99.9%), hydrochloric acid
(HCl, assay ≥ 35%), and acetone (C3H6O, purity 99.5%) were
purchased from Daejung Chemicals. Perchloric acid (HClO4, assay
70.0−72.0%) was purchased from Duksan Pure Chemicals.
Chromium trioxide anhydrous (CrO3, purity ≥ 99.99%) was
purchased from Kojundo Chemical Laboratory.

2.2. Fabrication of AAO Template Using Various Anodizing
Temperatures. High-purity aluminum foil (99.999%, Alfa Aesar,
USA) was cut into a rectangular shape (50 mm × 50 mm × 0.25
mm). The sheet was sonicated in anhydrous acetone for 2 min to
remove organic contaminants and was subsequently electropolished in
a mixed solution of perchloric acid and ethanol (1:4 volumetric ratio)
at 0 °C for 120 s under an applied voltage of 20 V. To fabricate a
pore, the first anodization was conducted in 0.3 M oxalic acid at 5−20

°C for 30 min at a voltage of 50 V. As a result, irregular pores were
formed on the AAO surface. Subsequently, wet chemical etching was
performed to remove these irregular pores. The first oxide layer
produced during the first anodization step was wet-chemically
removed with 1.8 wt% chromic acid and 6 wt% phosphoric acid
solution at 60 °C for 2 h. Thereafter, to generate regular pores and
facilitate the growth of the AAO template, a second anodization step
was conducted in 0.3 M oxalic acid at 5−20 °C for 8 h at a voltage of
55 V. After anodization, the AAO/Al template was immersed in a
mixture of 0.1 M copper chloride and 20 vol% HCl for 1 h to
selectively remove the aluminum foil.

2.3. Fabrication of Alpha-AAO Template Using an Anneal-
ing Temperature. The effect of annealing temperature was
investigated on AAO templates heat treated at bare (bare-AAO),
850 °C (gamma-delta-AAO), and 1300 °C (alpha-AAO) after
anodization at 5 °C. It was also prepared at 1300 °C after anodization
at 10 and 20 °C. Before removing the aluminum foil, the front surface
of the AAO template was coated with stop-off lacquer (Miccrosfront,
Tolber, USA) to prevent corrosion of the exposed pores in the front.
In the pore-widening process, only the pores of the back surface were
selectively opened. The AAO template, which was coated on the front
surface, was immersed in 10 wt% phosphoric acids at 33 °C.
Subsequently, the stop-off lacquer was removed using anhydrous
acetone in an ultrasonication bath for 2 min. After AAO fabrication,
the samples were annealed in a box furnace under an air atmosphere.
Heat treatment was conducted in two steps at 850 and 1300 °C for 3
and 2 h respectively. The fabrication mechanism of the overall AAO
template is depicted in Figure 1.

2.4. Characterization. The study of thermal stress was carried
out with the finite element model with COMSOL Multiphysics. The
three-dimensional AAO was modeled with the 75 nm pore widening,
which is the same size as the upper and bottom pore size. Due to the
geometry, the simulation result shows the thermal stress distribution.
The morphology and pore distribution of the AAO template was
characterized using a field-emission scanning electron microscope
(FE-SEM, Hitachi, S-4800, Japan) after platinum sputtering for 1 min.
The structures of the AAO templates were investigated concerning
the front, back, and cross-sectional views to examine pore diameter
and thickness. Their characteristics were measured using Image J
software. All XPS spectra were collected in ultrahigh vaccum (UHV),
but without exposing the sample to air, using Al Kα radiation
(Thermo scientific, K-alpha, monochromatic). Emitted photoelectons
were detected with 180° double focusing hemispherical analyzer with
a collimator aperture to bring the spot size at 400 μm. The vacuum
pressure in the chamber ranges from 3 × 10−7 mbar to 5 × 10−8 mbar.
The binding energies were calibrated against the known energy of the
C−C bonding of 284.7 eV. After calibration, the spectra were
corrected by subtracting a linear background. The XPS peaks were
fitted with a Gaussian−Lorentzian (80% Gaussian) function requiring

Figure 1. Fabrication mechanism for AAO templates with high hardness and thermal conductivity.
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the following fitting parameters: binding energy, intensity, Lorentzian
line width, Gaussian line width, and asymmetry factor.

To compare the properties according to the anodizing temperature,
thermogravimetric analysis (TGA), X-Ray diffraction (XRD) patterns,
Vickers hardness, dielectric constant, and thermal conductivity were
examined. Thermal analysis was quantitatively conducted using TGA
(Perkin-Elmer, STA 8000, USA) from room temperature to 1300 °C,
and the temperature was increased at a rate of 5 °C /min. XRD
patterns were analyzed to investigate the annealed AAO crystalline
structure. Vickers hardness was tested using a nanoindentation tester
(Fischerscope, HM2000, Germany) at a force of 2000 mN. The
dielectric constant (k) was measured using an LCR meter at 1 MHz.
For moisture removal, the hot plate was set to 130 °C and AAO was
placed on it to remove the absorbed water for 15 min. The mask for
sputtering was manufactured by making a 1 cm × 1 cm square shape
using laser cutting on the glass. Au sputtering was performed for 15
min, and each front and back surfaces of AAO were performed once.
As a result of sputtering, an Au electrode with a thickness of about 90
nm was generated on the surface of AAO. After that, the copper wire
and Au electrode were connected using a silver paste, and the copper
wire was connected to the LCR meter using an alligator clip, as shown
in Figure S1. Since the roughness of the surface measured using AFM
was 6.078 nm (Figure S2), it is considered that there will be no fatal
effect on the Au electrode performance of about 90 nm. The dielectric
constant was calculated using the permittivity of vacuum (ε0, 8.854 ×
10−12 F/m) and the measured experimental capacitance (C), area
(A), and thickness (D) of the gold-sputtered AAO template based on
the following relation: k = C × D/ε0 × A. The thermal
conductivity,28,29 λ, was calculated as the product of density (ρ),
specific heat (Cp), and thermal diffusivity (α): λ = ρ·Cp·α

The ρ was measured using Archimedes’ principle with toluene as
the auxiliary liquid; Cp was measured using a differential scanning
calorimeter (DSC, Shimadzu, DSC-60, Japan); α was measured using
thermal wave wave analysis (ai-Phase Co. Ltd., ai-Phase Mobile M3,
Japan). In addition, relative thermal conductivity was investigated
using a thermal imaging camera (TIC, FLIR T620, Teledyne, Korea)
for 10 min.

3. RESULTS AND DISCUSSION
3.1. Fabrication of Noncrack AAO Template Using

COMSOL Simulation. Thermal stress and tensile were
simulated using COMSOL to fabricate AAO templates without
nonmicro cracks. The pore diameter at the front of the
template was set as 75 nm using COMSOL simulation. The

back side pore diameters were diversified to 0 and 75 nm, and
the stress applied to the AAO template in the cooling process
from 1300 °C to room temperature was visualized. Figure 2
shows the results of the COMSOL simulation. When the pore
diameter of the back is 0, stress is concentrated in the center of
the pore at the back (Figure 2a-1 to a-3). According to the
simulation results, the maximum stress and tensile strength
applied to the template are 506 and 637 MPa, respectively.
However, when the sizes of the front and back pores are equal
at 75 nm (Figure 2b-1 to b-3), the maximum stress is 10 MPa,
and the maximum tensile strength applied is 3 MPa. The
thermal stress of the AAO template with equal (front of 75 nm
and back of 75 nm) front and back pore sizes is lower
compared to not equal AAO template. Therefore, when the
pore sizes at the front and back are not equal, cracks occur, and
the template is broken when the AAO template is annealed at
1300 °C (Figure 2a-3). However, when the pore sizes at the
front and back are equal, no cracks are generated, and thus the
template is not broken (Figure 2b-3). In these simulation
results, the stress applied to the AAO template is attributed to
structural instability caused by the difference in pore diameter
between the front and back. The fabricated AAO template has
a nanoporous structure on the front and a barrier structure on
the back; thus, differences are observed in the morphology and
structure. The structural difference between the front and back
of the AAO template causes it to crack during the annealing
process. Therefore, to prevent microcracks and minimize the
thermal stress on the front and back of the AAO template,
identical structural characteristics are applied during fabrica-
tion.

3.2. Morphology of AAO Template. The SEM images
and pore diameters are presented in Figure S3 and Figure S4 to
investigate the morphology of the AAO templates fabricated
under different anodizing temperature conditions from 5 to 20
°C. The AAO templates fabricated under different temper-
atures have average pore diameters of 81, 96, and 103 nm on
the front at 5, 10, and 20 °C, respectively, and the back has
average pore diameters of 66, 73, and 94 nm, respectively.
Moreover, the average porosities of the front and back surfaces
are 29, 37, and 50% under the temperature conditions of 5, 10,
and 20 °C, respectively. The thickness of the AAO templates is

Figure 2. COMSOL simulation of (a) nonpore and (b) pore size of 75 nm (front and back); (a−b-1) front view, (a−b-2) back view, and (a−b-3)
image of the real sample.
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increased to 92, 99, and 128 μm at anodizing temperatures of
5, 10, and 20 °C, respectively. The pore size, porosity, and
thickness with different anodizing temperature are summarized
in Table S1. The pore size, porosity, and thickness have the
lowest values at the anodizing temperature of 5 °C (Figure 3a,
a′) compared with those at 10 and 20 °C. The change in the
pore diameter owing to the electrolyte temperature of the
electrolyte can be explained by the enhanced field-assisted
dissolution of the oxide layer. In addition, the wet-chemical
etching of the acid electrolyte, according to the increase in the
electrolyte temperature, widens the pore diameter.30 The SEM
images in Figure S5 present the morphology of the AAO
templates fabricated under different annealing temperature
conditions at 850 and 1300 °C. Bare and annealed AAO
templates at 850 and 1300 °C have average pore diameters of
81, 69, and 74 nm on the front and 66, 51, and 71 nm on the
back, respectively (Figure S6). Moreover, the average porosity
at the front and back is 29, 25, and 27% in Table S2. As the
temperature increases to 850 °C, pores of delta-gamma-AAO
decrease with water of the surface and hydroxyl groups
removed. Further, pores of alpha-AAO increase with the
coefficient of thermal expansion increasing by increasing
temperature to 1300 °C. Figure 3b, b′ demonstrates that the
pore size of alpha-AAO is approximately 9 nm smaller than

that of bare-AAO. As shown in Figure 3b, b′ and c, delta-
gamma-AAO and alpha-AAO are formed with smaller pore
sizes than that of bare-AAO owing to thermal contraction, and
alpha-AAO has a pore size difference of approximately 3 nm
between the front and back in Table S2. In particular, as shown
in Figure S7, all samples of the fabricated AAO template are
stable without microcracks. Furthermore, as shown in Figure
S8 and Figure S9, the pore size decreases due to increased
thermal stress after annealing at 1300 °C upon increasing the
anodizing temperature from 5 to 20 °C (Table S3).

3.3. Thermal Decomposition Behavior of AAO
Template through Alpha Phase Transformation. In the
anodizing reaction, Al metal is changed to Al3+ anion at the
metal−oxide interface. Oxalic acid (C2H2O4) is converted to
oxalate ion (C2O4

2−) by the applied current. Subsequently, the
anions are moved to the positively charged electrode via the
electric field. At this stage, light anions such as O2− move
rapidly and combine with Al3+ ions to create an inner layer
composed of considerably pure Al2O3, and relatively heavy
oxalate ions penetrate the outer layer to create a contamination
layer.24 A thermal behavior analysis method was used to
investigate the decomposition mechanism of anion contami-
nation generated during anodization. The results of TGA
analysis are shown in Figure 4a. TGA of AAO is divided into

Figure 3. SEM images of (a,b) front and (a′,b′) back of the AAO template; (a,a′) anodizing temperature at 5 °C without annealing and (b,b′)
annealing temperature at 1300 °C after anodizing temperature at 5 °C. (c) Summary of pore diameter; inset of annealing temperature at 1300 °C
after template anodizing temperature of 5 °C, 10 and 20 °C.
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five steps: (step 1) the moisture contained in the template
evaporates up to 100 °C; (step 2) dehydration is performed to
approximately 450 °C; (step 3) dehydroxylation is performed
up to 850 °C; (step 4) crystallization occurs from the
amorphous to the crystalline phase, and the combined oxalate
ions evaporate to CO2 gas; (step 5) finally, the gamma phase is
transformed into the alpha phase when the temperature is
increased from 850 to 1300 °C.31 The TGA analysis results are
used to investigate the amorphous (step 1) and crystalline
structure (steps 4 and 5). XRD patterns are shown in Figure
4b. Bare-AAO exhibits an amorphous phase. The AAO
annealed at 850 °C displays peaks at approximately 31.82,
37.50, 39.23, 45.63, 56.70, 60.51, and 66.56°, which can be
assigned to the γ (gamma)-Al2O3 phase (JCPDS Card No. 00-
050-0741), and at 31.84, 37.83, 39.54, and 67.29°, which can
be assigned to the δ (delta)-Al2O3 phase (PDF No. 00-046-
1131), thus indicating gamma-delta-Al2O3 phases. The α
(alpha)-Al2O3 phase peaks are confirmed at approximately
25.5, 35.51, 37.70, 43.28, 52.48, 57.43, 66.45, and 68.14°,
which can be assigned to the α-Al2O3 phase (JCPDS Card No.
98-000-0147) in AAO annealed at 1300 °C. In addition, the
XRD pattern after annealing at 1300 °C is shown in Figure 4c,
for which the anodizing temperature is increased from 5 to 20
°C. Consequently, the intensity of alpha-Al2O3 crystallinity
decreases after annealing. Because the gamma-Al2O3 phase
remains at an anodizing temperature of 20 °C in Figure 4d, the
crystallinity of the alpha-Al2O3 phase is low. As the anodizing
temperature is increased, the area of the anion contamination
layer increases; thus, the crystallinity is reduced in the alpha
phase. The AAO before heat treatment is amorphous, and it is
believed that the lower the anion concentration, the faster the

anion is removed, and thus the higher the crystallinity of the
alpha phase. In the anodization process, impurities such as
oxalate ions participate between Al−O bonds. Therefore, if
impurities are decomposed during annealing above 1000 °C,
vacancies may occur between Al-O during the crystallization of
Al2O3, which causes a decrease in crystallinity.
To determine the elements and chemical components

constituting the AAO templates as anion contamination, the
XPS profiles are presented in Figure 5. Figure 5a shows the
binding energy at different annealing temperatures; C 1s, Al
2p, and O 1s binding energies are observed, and the intensity
of the binding energy of C 1s is confirmed to decrease with
increasing annealing temperature. The C−C bonding at 284.7
eV and C�O bonding at 289 eV is observed in Figure 5b. For
the bare-AAO templates, the binding energy peaks of C−C
and C�O bonding are confirmed.32 However, for the gamma-
delta-AAO and alpha-AAO templates, (C2O4

2−) oxalate ions
are considerably decomposed, and C�O bonding is not
confirmed. Moreover, the intensity of the C−C binding energy
decreases from the bare-AAO to the alpha-AAO templates.
Figure 5c shows that the binding energies of Al2O3 and
Al(OH)3 are observed at 73.8 and 74.8 eV, respectively.33 For
the bare-AAO template, Al(OH)3 bound to the hydroxyl group
of oxalic acid and Al2O3 produced by anodization are
confirmed. For the gamma-delta-AAO templates, the hydroxyl
groups start to decompose and oxidize. Therefore, the
Al(OH)3 peak intensity decreases, and the Al2O3 peak
intensity increases. For the alpha-AAO templates, all the
remaining hydroxyl groups are oxidized, and only the peak of
Al2O3 is observed. Figure 5d shows the binding energy of O 1s.
The Al2O3, C�O, and PO3

− are observed at 530.8, 531.6, and

Figure 4. (a) Thermogravimetric analysis plot for the AAO template with anodizing temperatures at 5 °C, 10 and 20 °C and (b) X-ray diffraction
pattern of the AAO template with annealing temperatures at 850 and 1300 °C after anodizing temperatures at 5 °C. (c) Alpha-AAO template with
annealing temperatures at 1300 °C after anodizing temperatures 5 °C, 10 and 20 °C and (d) zoomed-in image from 44 to 46°.
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532.9 eV, respectively.34 Al2O3 and C�O are produced during
anodization, and PO3

− (phosphoric) ions are produced in the
pore-widening process.35 In the alpha-AAO template, C�O

peak is not confirmed, and the fraction of Al2O3 is increased.
An increase in the amount of Al2O3 and a decrease in carbon
impurities through annealing are confirmed. Particularly, the

Figure 5. X-ray photoelectron spectra: (a) overall spectrum, (b) C 1s, (c) Al 2p, and (d) O 1s of AAO templates with different annealing
temperatures.

Figure 6. (a) Vickers hardness, (b) dielectric constant, and (c) thermal conductivity of AAO templates with different anodizing and annealing
temperatures.
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decomposition of carbon impurities and the increase in the
Al2O3 phase according to the annealing temperature and PO3

−

ions chemically bound to the AAO template are confirmed.
Similar behaviors are shown in the FT-IR spectrum in Figure
S10. The Al-O peak becomes stronger, and OH− and C�O
decrease as the annealing temperature increases.

3.4. High Mechanical Hardness, Low Dielectric
Constant and Thermal Conductivity of Alpha-AAO
Templates. Figure 6a shows the Vickers hardness according
to the anodizing and annealing temperatures to confirm the
mechanical hardness. Considering the anodizing temperatures,
the Vickers hardness was confirmed as 2.74, 1.03, and 1.34
GPa at 5, 10, and 20 °C respectively. Especially, the annealing
temperature was increased to 1300 °C, resulting in Vickers
hardness was 2.74, 4.47, and 8.98 GPa for bare-AAO, gamma-
delta-AAO, and alpha-AAO, respectively. Based on the
different anodizing temperatures, the AAO template fabricated
at 5 °C has the highest Vickers hardness. Table S1 indicates
that the AAO template prepared at 5 °C has the lowest pore
size of 81 (front) and 66 nm (back), and a porosity of 29%.
Compared with the Vickers hardness at 10 and 20 °C, the
value at the anodizing temperature of 5 °C is high, because the
pore size and the porosity are the lowest. In addition, the
Vickers hardness values of the alpha-AAO template are
approximately 3.3 times higher than that of the bare-AAO
template. This result is related to the phase transformation
investigated in the XRD pattern analysis in Figure 4b because
the bare-AAO, gamma-delta-AAO, and alpha-AAO templates
have amorphous, gamma- and delta-Al2O3, and alpha-Al2O3
phases, respectively. Furthermore, the hardness of the AAO
sample annealed at 1300 °C with anodizing temperatures of 5,
10, and 20 °C are shown in the inset of Figure 6a. These AAO
templates have Vickers hardness values of 8.98, 6.05, and 5.8
GPa, respectively. When the annealing temperature is
considered constant at 1300 °C, the porosity is increased by
22, 25, and 27%, respectively (Table S3). Thus, the Vickers
hardness decreases with increasing anodization temperatures.
Alpha-AAO was confirmed 1.5 times higher compared to the
recent report of Vickers hardness of AAO in Table 1.

To determine the dielectric properties of the AAO
templates, the dielectric constant was measured by the
capacitance method at 1 MHz using an LCR meter. Figure
6b shows the dielectric constant according to the anodizing
temperature at 5, 10, and 20 °C, where the samples exhibit
dielectric constants of 8.78, 8.44, and 7.73, respectively. The
thickness and capacitance are 92 μm and 83.8 pF, 99 μm and

75.5 pF, and 128 μm and 53.5 pF for samples prepared at 5,
10, and 20 °C, respectively. This result is related to the surface
morphology of AAO templates, and the dielectric constant is
found to decrease because the sample with high porosity
contains several empty spaces in the template. The dielectric
constant decreases with increasing annealing temperature. Bare
and annealed templates at 850 and 1300 °C have dielectric
constants of 8.78, 7.31, and 4.36, respectively. The thickness is
92 μm, and the capacitance is 83.8, 70.4, and 42.0 pF,
respectively. The decreasing trend of the capacitance with the
increasing annealing temperature can be explained using the
results of TGA analysis and XPS profiles in Figure 4a and
Figure 6, respectively. As capacitance refers to the ability to
store an electric charge, the capacitance may vary depending
on the relative amount of negative ions inside the capacitor.36

Based on the results of TGA and XPS, anions such as carbon
impurities and hydroxyl groups predominantly exist inside the
bare-AAO; thus, it has a higher dielectric constant than those
of the gamma-delta-AAO and alpha-AAO templates. Consid-
ering the gamma-delta-AAO template, the anion contami-
nation is confirmed to be lower than that of bare-AAO; anions
are still retained inside, and the dielectric constant is higher
than that of the alpha-AAO template.37,38 The inset data shows
the dielectric constant for the template annealed at 1300 °C
under the anodizing temperatures of 5, 10, and 20 °C,
respectively. The capacitances of the samples fabricated at the
anodizing temperatures of 5, 10, and 20 °C are 42.0, 41.9, and
41.0 pF, respectively. As the anodizing temperature is
increased, the porosity increases to 23, 25, and 27%, and the
thickness of the AAO template increases to 92, 99, and 128
μm, respectively, indicating that the dielectric-constant
increases with increasing dielectric polarization and distance
between the electrodes.
The thermal conductivity is determined depending on

anodizing and annealing temperatures, as shown in Figure 6c.
For the templates at 5, 10, and 20 °C, the densities are 2.874,
2.838, and 2.835 g/cm3; the specific heats are 0.8872, 0.8501,
and 0.9267 J/g·K; and the thermal diffusivities are 0.8002,
0.7524, and 0.6684 m2/s, respectively. Each of these values is
multiplied, and the thermal conductivities are calculated as
2.08, 1.82, and 1.75 W/m·K, respectively. The anodizing
temperature of 5 °C results in high thermal conductivity, which
is demonstrated by the AAO templates with a small pore size
and low porosity. In addition, for the bare-AAO, gamma-delta-
AAO, and alpha-AAO templates, the densities are 2.874, 3.267,
and 3.700 g/cm3; specific heats are 0.8872, 1.085, and 0.973 J/
g·K; and thermal diffusivities are 0.8002, 1.245, and 3.792 m2/
s, respectively. The corresponding values are multiplied, and
the thermal conductivities are calculated as 2.08, 4.08, and
13.67 W/m·K, respectively. In addition, alpha-AAO templates
have a thermal conductivity of approximately 6.7 times higher
than those of bare-AAO and gamma-delta-AAO templates.
Based on the XRD patterns in Figure. 4b, the difference in
thermal conductivity according to the annealing temperature is
interpreted as a change in the phase transformation of AAO
templates. Inset data in Figure 6c show the thermal
conductivity of the templates annealed at 1300 °C, which
are anodized at 5, 10, and 20 °C, respectively. The densities of
the templates are 3.704, 3.827, and 3.589 g/cm3; specific heats
are 0.973, 1.125, and 1.02 J/g·K; and thermal diffusivities are
3.792, 2.643, and 1.844 m2/s, respectively. By multiplying
these values, thermal conductivities are calculated as 13.67,
10.98, and 5.945 W/m·K, respectively. These results can be

Table 1. Literature Survey of the Electrolyte, Pore
Diameter, Porosity, and Vickers Hardness Values of AAO
Templates

Sample
type Electrolyte

Pore
diameter
(nm)

Porosity
(%)

Vickers
hardness
(GPa) Reference

Bare-
AAO

Oxalic acid 81 35.35 2.74 This
work

Alpha-
AAO

Oxalic acid 72 28.88 8.98

AAO Oxalic acid 40−55 - 2.00 39
AAO Etidronic acid 130 - 5.98 40
AAO Phosphoric

acid
- - 1.44 41

AAO Sulfuric acid 10 4 4.70 42

ACS Applied Nano Materials www.acsanm.org Article

https://doi.org/10.1021/acsanm.3c00396
ACS Appl. Nano Mater. 2023, 6, 10967−10976

10973

https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c00396/suppl_file/an3c00396_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c00396/suppl_file/an3c00396_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c00396/suppl_file/an3c00396_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c00396/suppl_file/an3c00396_si_001.pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.3c00396?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


explained using the XRD patterns in Figure 4c and d. The
AAO anodized at 5 °C shows the highest intensity and
crystallinity of alpha-AAO and thus exhibits the highest
thermal conductivity. The inset results show the dielectric
constant for the template annealed at 1300 °C under
anodization at 5, 10, and 20 °C, respectively. The capacitance
of the template fabricated at 5, 10, and 20 °C anodization
temperatures are 42.0, 41.9, and 41.0 pF, respectively.
Furthermore, the AAO template thickness increases to 92,
99, and 128 μm, respectively. The results show that the
dielectric constant decreases with decreasing dielectric polar-
ization and increasing electrode distance. As shown in Table 2,
the reported thermal conductivities of AAO templates. By
controlling the type of electrolyte and anodizing temperature,
the thermal conductivity for alpha-AAO is 2.8 times higher
than the recently reported values.41

Figure 7 shows the amorphous and bare-AAO images
captured using the TIC. Each sample was placed on a heating
plate heated to 150 °C and the surface temperature was
measured by FLIR software. Captured at the same time when
the temperature started at 35 °C and increased to 150 °C. The
TIC image and temperature of AAO template were shown,
bare-AAO was heated to 84.4, 105.3, 120.0, and 131.8 °C, and
alpha-AAO was heated to 92.5, 116.1, 132.7, and 144.4 °C. It
was confirmed that the superior thermal conductive alpha-
AAO was about 12 °C higher than that of amorphous AAO up
to 150 °C.

4. CONCLUSION
We fabricated a hard AAO template without microcracks, and
the nanopores and thickness were controlled by the anodizing
temperature. The AAO template minimized thermal stress for
annealing at 1300 °C owing to the equal size of the nanopores
on the front and back, as determined from the COMSOL
simulation. The structural change from amorphous to alpha
phase confirmed that anion contamination removed impurities
above 850 °C. Through structural transformation, the hardness

and thermal conductivity of the alpha-AAO template (8.98
GPa and 13.7 W/(m·K)) were 3.3 and 6.7 times higher than
those of bare-AAO (2.74 GPa and 2.08 W/(m·K)),
respectively. In addition, the dielectric constant decreased by
approximately 2 times, from 8.78 to 4.36. The alpha-AAO
template with enhanced hardness and thermal conductivity can
potentially be used as an interposer material. Compared with
the existing interposers, the alpha-AAO template exhibits
additional degrees of freedom to manipulate material proper-
ties during fabrication, in addition to a simple manufacturing
process, favorable material properties, customizable film
condition, reasonable electrical performance, and low overall
costs.
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