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Abstract

Ordered nanostructures on a quartz crystal microbalance (QCM) can be used to develop sensors
for various applications, including frosting and icing. Since nanostructures with a specific
geometry are often desirable for sensing, this work focuses on using the two-step anodization of
aluminum to obtain a well-organized, tunable pore array on a QCM. More importantly, this study
analyzes the fabrication process of a nanoporous anodic alumina array using a QCM in situ. Where
frequent geometric characterization of nanopores during fabrication can be challenging, sometimes
destructive, and often requiring interruption to the fabrication process, the QCM-based approach
developed here can be used throughout the fabrication process without much interruption. The
QCM frequency and resistance measured and analyzed during fabrication can determine the
structure of the pores while they are being fabricated. The QCM-determined pore structure
compared with images using a scanning electron microscope, empirical correlations, and
anodization current show agreement. The in sifu measurement using QCM serves as a guideline to
template surfaces for sensing frosting and icing processes.
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1. Introduction

Frosting and icing exist widely in refrigeration and cryogenics fields and often adversely affect
airflow, heat transfer, and power generation. The in-depth studies on dynamic characteristics and
underlying mechanisms of frosting and icing have fundamental significance. Conventional
frosting studies quantify the dynamic process using visualization tools and real-time mass
detection, but the accuracy is limited to macroscale sensing [1-4]. In addition, since freezing is
affected by surface morphology and wettability, typical optical techniques are not suitable for
monitoring phase change on a surface with nanostructures. Therefore, an alternative technique
with sensitive measurements is required.

A quartz crystal microbalance (QCM) consists of a quartz crystal substrate with patterned
electrodes whose resonant frequency changes based on the stress applied on the electrode surface.



Data acquisition of QCM’s resonant frequency with a resolution of 1 Hz is possible with standard
instrumentation, yielding a mass sensitivity close to 18 ng/cm?. Hence, while QCMs have
traditionally monitored thin-film deposition [5], they have also been used to study a wide range of
surface phenomena, including liquid-vapor interfacial characteristics and wetting phenomena [6—
36]. It is also possible to measure simultaneously thin solid and liquid films, which is a clear benefit
for frosting and icing research compared to traditional mass or heat balance methods [17,36-39].
QCMs can also be precise droplet contact area sensors for studying evaporation [28,30,34,40] and
have shown promise as sensors for frosting and icing [41-43].

Anodic aluminum oxide (AAO) is a common template for creating ordered nanostructures for
semiconductors, optics, water desalination, and biomedical sensing due to the self-organized and
tunable geometry achievable with relatively simple fabrication processes [44—47]. Masuda et al.
first reported the two-step anodizing process of AAO to yield an ordered array [48]. Since then,
by choosing proper anodization conditions, researchers have found that the hexagonal close-
packed arrangement (Figure 1) could be adjusted to result in a wide range of pore diameters (10-
400 nm) and pore densities (108-10'° pores/cm?) [49].

Sensing applications often need nanostructures with specific dimensions [50-54]. Nanostructures
built directly on QCMs have been used to design humidity [55-60] and gas sensors [53,61-67],
biosensors [68], mercury sensors [69], study surface wettability [33,70,71], solvent infiltration
[72], droplet impact dynamics [73], and determine fluid properties [74] and sorption isotherms
[51,75]. A tunable and highly ordered nanoporous alumina can be grown on a QCM with
aluminum coatings. The tunable structure provides a versatile method to template surfaces for
frosting and icing since freezing is affected by surface morphology and wettability [76]. Besides
using AAO-integrated QCM as a sensor, it can also be a template to make ordered nanostructures
(e.g., nano-posts or cylinders) on QCM with metallic, polymeric, and ceramic materials, which
can serve specific needs for general sensing applications [77-81]. As a tunable template, the
change in AAO geometry (Figure 1), including the pore diameter, interpore distance, pore height,
pore wall, and barrier layer thickness, is closely related to the type of electrolytes, applied voltage,
duration, and temperature during fabrication. It is necessary to investigate the growth process of
tunable nanostructure using a highly sensitive and accurate method.

Monitoring the AAO fabrication process is crucial to achieving the desired nanostructures at high
throughput. While previous studies provide empirical guidelines, wherein some variation in
structure is possible due to differences in fabrication setups and control conditions, QCM presents
the unique capability and advantage of monitoring nanostructure fabrication to tailor the process
and obtain the desired nanopore geometry. In this study, the in situ measurement of the AAO
structure during the fabrication process carried out can provide new insights into geometry control.
Although the anodization process to obtain AAO can be analyzed using applied potential and
current measurements, a QCM gives additional insight into the rate of pore formation and pore
geometry. Further, wet chemical etching processes during nanopore fabrication, which do not have
any voltage or current data, can also be monitored using the QCM, providing the tunability of pore
structure in real-time. The in situ measurement by QCM allows monitoring of the evolution of
geometry and serves as a guideline to template surfaces for sensing applications.
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Figure 1: (a) Fabrication process of ordered anodic alumina oxide (AAQ) using two-step anodization,
chemical etching, and pore-widening processes. (b) Schematic of highly ordered AAO nanopores with
key geometric parameters.

2. QCM Analysis of AAO Fabrication Process
2.1 AAO Fabrication

The QCM used in this work was a 25.4 mm diameter, 5 MHz AT-cut crystal with a nominally 10
pm thick aluminum (99.99% Al) electrode. AAO is created on the QCM using standard
electrochemical techniques [82]. A two-step anodization process uses oxalic acid with chemical
etching using chromic and phosphoric acids, resulting in hexagonally ordered nanopores (Figure
1). Specifically, the first anodization was carried out in 0.3 M oxalic acid to form AAQO. Then, the
AAO was etched away in a mixture of 1 wt.% chromic acid and 6 wt.% phosphoric acid. The
anodization process was repeated under similar conditions to form AAO in a hexagonal pattern.
Subsequently, a pore-widening process was carried out with 1 wt.% phosphoric acid (Figure 1).
Table 1 summarizes the fabrication process where the second anodization was performed in three
consecutive steps of 80, 78, and 110 minutes, a total of 268 minutes. Each fabrication step was
performed with the QCM inserted into a temperature-controlled solution bath (double jacket
beaker) with a magnetic stir and temperature probe (Figure 2). After each fabrication step, the
QCM was rinsed with deionized water. The same temperature-controlled bath was used for the
QCM characterization measurements.

Table 1: Summary of the fabrication process

Step Solution Time Temperature | Voltage
First Anodization 0.3 M Oxalic Acid 50min | 2°C 40V
Etching 1 wt.% Chromic + 50min | 32°C -

6 wt.% Phosphoric Acid
Second Anodization | 0.3 M Oxalic Acid 268 min | 2 °C 40V
Pore Widening 1 wt.% Phosphoric Acid | 30 min | 30 °C -
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Figure 2: (a) Aluminum-coated QCM in a holder. (b) QCM was inserted into an anodization cell with a
temperature probe, graphite electrode, and magnetic stirrer.

2.2 QCM Overview

Film thickness on the QCM’s surface is typically determined using Sauerbrey’s equation:
Am
Af = —sz (1)

This equation describes the linear relationship between the frequency shift, Af = f — f, and the
areal mass, Am/A, on the QCM. Here, f is the resonant frequency, f, is the unloaded resonant
frequency, Am is the mass change over the electro-active area of the QCM (4,). The
proportionality constant, Cr is the mass sensitivity, which depends on f; and quartz material
constants. Cr has a theoretical value of 56.6 Hz.cm?/ug for a 5 MHz QCM. For rigid thin films,
only the areal mass density is measurable in the frequency response. For thick films, the acoustic
properties of the films are relevant. However, this is only the case when the frequency response
exceeds 5% of the unloaded frequency (Af/f > 0.05). In this work, the frequency response due
to inertial mass load is small, Af /f < 0.005, so only rigid thin films need to be considered.

While Eq. (1) is suitable for rigid layers, it does not apply to a QCM loaded with a fluid. The
oscillation of the QCM surface causes fluid motion adjacent to it, which decays exponentially from
the crystal surface. This decay length, related to fluid density (ps) and viscosity (i), is given by

0= (,uf /nf pf)l/z. Within a distance of &, which is ~240 nm for water on a 5 MHz QCM crystal,
the motion decays by 63%. The frequency shift of a QCM exposed to a Newtonian fluid is given
by Eq. (2a) [83,84]. Additionally, the fluid on the QCM surface damps the motion of the crystal,
and this can be measured by a change in resistance of the QCM circuit, AR [85]. An increase in
AR is proportional to a decrease in the quality factor of oscillation. AR is related to pr and ug, as

shown in Eq. (2b) [85].
— Prif
Af = —Cf /47Tfo (2a)



AR = 2L,C; ””Jf i (2b)
0

Here, the unloaded motional inductance of the QCM is L;, which is on the order of ~40 mH, as
shown later. AR is directly measurable using standard equipment (e.g., SRS QCM200 - Stanford
Research Systems, used in this work).

The effects of rigid mass loads (Eq. (1)) and liquid damping (Eq. 2(a)) are additive to the frequency
response of the QCM. Previous works have studied the effect of liquids on rough surfaces and
porous structures on the QCM frequency [37,38,74]. Notably, the liquid in the nanopores behaves
as an effective mass, follows Saurbrey’s equation (Eq. (1)), and does not cause a damping effect.
The additive frequency response is then shown in Eq. (3).

— Prif
Af = _Cf (d)hpf + E) (3)
Here, the mass change is replaced by Am = ¢hpy, where the fluid (of density py) fills the pores

of porosity, ¢, and height, h.

It should be noted that the resonant frequency of a QCM can be affected by temperature changes
during measurement. When submerged in a solution, the main drivers of QCM response are the
density and viscosity of the fluid, which are functions of temperature. For water around room
temperature, the sensitivity of frequency and resistance response (Eq. 2) is around 8 Hz/°C and 4
Q/°C, respectively, based on fluid properties and theoretical QCM constants. This work considers
the temperature-dependent fluid properties at each measurement time in the data analysis to
compensate for temperature fluctuations. In addition, the properties of quartz material that
determine the unloaded resonant frequency are affected by temperature. The QCM chosen for this
work, an AT-cut crystal (Fil-Tech), is optimized for use around 25 °C, with < 25 Hz frequency
response when heated to 70 °C. This variation 1s neglected in this work since it is about 400 times
smaller than the ~10 kHz measured responses.

This study used a 1 sample per second measurement rate for QCM frequency and resistance
measurements. Data acquired at this rate can be considered real-time without any sensor delays
because fluid damping and mass loading are stress-based phenomena on the QCM, and the time
constant of these responses would be similar to the crystal's oscillation period.

2.3  QCM Analysis of AAO Fabrication

Formation of the Barrier Layer: The fabrication process can be analyzed by considering the
changes in mass over the crystal surface. During the anodization processes, first, the barrier layer
(hgr) grows to a height of ~52 nm [86], replacing aluminum (Al) with alumina (Al,03) and

expanding volumetrically, increasing the mass of the QCM by Am = 4, (hBL 41,03 PAL05

hgp P Al), where h and p denote thickness and density, respectively. As pores form, the fluid mass

in the pores must also be considered. The porosity can be written in terms of the pore cross-
sectional area to the electro-active QCM area, ¢ = A.s/A,. The mass change during pore creation
can be written as Am/Ag; = ¢pprAhy,o, + (1 — $)pa,0,8ha1,0, + PaAhy. The total fluid



damping load (Eq. (2b)) does not change during anodization, thereby not contributing to the
frequency response of the QCM.

Anodization Steps: The frequency shift, Af = f — f, during the anodization processes is given by
Eq. (4), where the unloaded frequency (f;) corresponds to the QCM submerged in the anodization
bath before the barrier layer forms, and the loaded frequency (f) corresponds to measurements at
any time during anodization. If Af is calculated between two points after barrier layer formation
and the QCM is submerged in the same liquid, then hg;, Aly03 = hgy 4, = 0, which further simplifies

Eq. (4).
Af = —C¢ (¢pfAhAlzo3 + (1 = P)par,0,0ha1,0, + Pardhy + pA1203hBLA1203 - pAlhBLAl) 4)

Here, Ahy, o, and Ahy,; are the changes in alumina and aluminum thicknesses, respectively. Since
the oxide expands faster than aluminum consumption, Ahy;, o, and Ahy,; are not equal.

Pore Etching and Widening Steps: The pore walls, the top, and the bottom surfaces are dissolved
slowly during the etching step. The change in mass from the dissolution in the vertical direction is
Am/Aq = pai,0,0har,0,- In the radial direction, the pore wall is replaced by the fluid at a constant

2
pore height, which corresponds to a change in mass of Am/A, = ¢ihA1203i (:—2 — 1) (pf — pA1203)

where 7 is the radius of the pore. Assuming isotropic etching, the total distance etched in the
vertical and radial directions is identical. Hence, Ahy;, o, = 1; — r. Consequently, the frequency
response of the QCM is given by

Af = —Cs (PA1203 (ri—7)+ d)ihAlzog,i (:_2 - 1) (Pf - pAleg) > (5)

Here again, Af = f — f, where the “unloaded” frequency (f,) corresponds to the QCM just
submerged in the etching solution, and the final frequency (f) is any time during the etching
process. Note that Af in Eq. (5) only depends on densities and the initial geometry (porosity, ¢;,
radius, 1;, and height, hAlesz)'

While complete etching of pores is performed between the first and second anodization steps,
partial etching or pore widening would use the same analytical procedure. During complete etching
of pores, Eq. (5) is valid only until the barrier layer is etched, exposing the aluminum substrate.
Beyond this stage, the nanopores detach from QCM and collapse in the etchant. Equations (4) and
(5) can determine the rate of pore growth, total pore height, and porosity of the anodic alumina
nanopore structure by measuring the frequency response of the QCM during the fabrication
process and is an alternative to visual methods done intermittently or at the end of fabrication.

3. Results
3.1 Determining L, and C; for QCM

The value of L; and C are determined by submerging the QCM into various non-reactive fluids
with a wide range of densities and viscosities (Table 2). These solutions are used as standards to
characterize the mass and damping response of the specific crystal used in this work to provide



reliable pore measurements. This step, carried out after each fabrication step, tracks the pore
geometry without affecting the structure. The QCM was rinsed with DI water and blown dry with
nitrogen gas between each solution. This step is also critical to ensure the QCM is clean and free

of contaminants before proceeding to the next fabrication step.

Table 2: Comparison of densities and viscosities of fluids used for L; determination at 25 °C

n-Hexane | IPA Water 15 wt.% 45 wt.% 3M Novec™

(87] 871 | [88] Glycerol [88] Glycerol [88] 7000 [89]
Density, g/m? 655 781 997 1033 1110 1401
Viscosity, mPa.s | 0.3 2.04 0.893 1.315 3.919 0.445

Eq. (6), derived using Eq. (2b) and Eq. (3), and replacing the pore height, hy;,o, with hAlzost,
where t is the anodization time (Table 1), gives the growth rate of the pores, hA1203, during
anodization. flAleB is a good estimate of the average growth rate since the pores grow at a rate

independent of pore height for anodization performed under fixed conditions.

Af

AR

- ' prt 1
= Crphai,o, 2R T 4mL,

(6)

The frequency and resistance shifts were analyzed with linear-least-squares fits to Egs. (2b) and
(6), as shown in Figure 3, to obtain L; and Cy.

Figure 3(a) is a plot for Eq. (6) with Af /AR versus pst/AR using data from all the fabrication
steps, which collapses onto two distinct lines. One of these lines corresponds to the “after pore
widening” data, and the other corresponds to the remaining data from all other steps. The intercept
of the line with the majority dataset (1/4mL,) gives L;. The slope of this equation, Cf(j)hAlzos, is
related to Cr and the pore geometry (¢hA1203). In this case, the slope is 0.00041 s m?/kg, and the
intercept is 1.867 H™!, which gives L; = 42.6 mH. The second line in Figure 3(a), denoting data
recorded after pore widening, shows a different slope compared to the majority of data. This
difference is due to the porosity change by a factor of ~2.5, evident from the ratio of the slopes.
Here, L, is determined from the majority data set because it has a robust y-intercept, whereas the
pore-widening data requires extrapolation.
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Figure 3: Linear fitting of frequency and resistance data to find motional inductance (L) and mass
sensitivity (Cr). Eq. (6) is used in (a) and Eq. (2b) in (b).



Figure 3(b) is a plot for Eq. (2b) with AR versus 2,/mpsus, where the slope is L Cr fo_l/ % The
best-fit line to the entire experimental dataset has a slope of 100.94 Hs3/2m?kg=!. A
reasonable value for Cr can be found by taking L; to be 42.6 mH and assuming f, to be 5 MHz
(manufacturer data), giving Cr = 53.0 Hz cm? /ug, which is very close to the theoretical value of
56.6 Hz cm?/ug. Using this value of Cr, the value of gbflAlzos is 4.63 nm/min. Porosity and rate can
be separately determined using standard methods of pore analysis or from the fabrication data, as
explained later. Note that the “after pore widening data” does not show a different trend for AR in
Figure 3(b), indicating that the resistance measurement (Eq. (2b)) is independent of pore geometry,
which is expected. Based on the goodness-of-fit (r?) in Figure 3 indicating the agreement with the
theory, the method used here to determine L, and Cy is satisfactory. However, there is more than
one way to obtain L; and Cr and every crystal is unique, as such the values should be determined
for each crystal.

3.2 Determining Pore Geometry

The total mass change after each fabrication step is evaluated based on the frequency shift. By
measuring the mean frequency of the clean samples before and after a fabrication step, the
difference corresponds to the net areal mass change on the QCM surface (Af = —CrAm/A,), as
shown in Table 3.

Table 3: Frequency shifts and corresponding areal mass change after each fabrication step

Ist Etching | 2" Anod. | 2™ Anod. | 2" Anod. Pore
Anod Part 1 Part 2 Part 3 Widening
Frequency Shift, kHz | -7.504 | 29.721 | -12.241 -11.220 -13.925 27.952
Mass Change, pg/cm?> | 141.7 -561.1 | 231.1 211.8 262.9 -527.7

Using the frequency shifts from all the fabrication steps, excluding pore widening, in Eq. (4), and
assuming all the changes in alumina and aluminum heights proportional to the anodization time, a

set of five linear equations can be created with the unknowns hAleg’ hap, Ry, 415037 hgy 4> and ¢.
Note that Cr and ¢hy,, ¢, are already computed. This system of equations is solved using linear
least-squares optimization to obtain hA1203 = 42.2 nm/min, hy; = —30.4 nm/min, hg, Aly05 = 91
nm, and a porosity of ¢ = 0.11.

The barrier layer thickness of 91 nm is in the same order of magnitude as previous results [86,90].
In addition, extrapolation of the pore growth rate from Hwang et al. [82] at 2 °C gives 44 nm/min,
and Sousa et al. [91] at 4 °C gives 41.7 nm/min, which is quite close to the 42.2 nm/min determined
here at 2 °C. The summary of pore heights after each fabrication step is given in Table 4. Here, the
pore heights are calculated from the pore growth rate (A Al,0,) and the anodization time. The
aluminum substrate’s final height is zero because the substrate was almost entirely consumed, and
the substrate height was calculated based on the aluminum consumption rate (h4;) and anodization
time.

Table 4: Pore and estimated substrate heights after each fabrication step based on fabrication time and
calculated growth/consumption rate.



Unmodified | 1% Anod. | Etching | 2" Anod. | 2" Anod. | 2" Anod. Pore
Part 1 Part 2 Part 3 Widening
Pore Height, 0 2.11 0 3.38 6.67 11.3 11.3
hat,0, (Lm)
Est. Substrate 9.65 8.13 8.13 5.71 3.34 ~0 ~0
Height, h,; (um)

3.3 Frequency and Resistance Response during Anodization

The first anodization was performed in 0.3M oxalic acid at around 2 °C and 40 V for 50 minutes
(Figure 1). Figure 4 shows the frequency response of the QCM during the anodization process,
which shows three distinct regions: (1) a nearly constant frequency prior to submersion in the
oxalic acid, (2) a steady rate of decrease in frequency, and (3) a relatively constant frequency
occurring after the QCM was removed from the acid bath and dried in N> gas. The frequency
decrease corresponds to Eq. (4), where adding oxygen molecules to make alumina and immersion
in oxalic acid reduces the frequency.
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Figure 4: (Top row) Frequency and resistance shifts corresponding to (a) the unloaded QCM in the air
prior to submersion, (b) in oxalic acid throughout anodization, and (c) a final period outside the bath and
in air. (Middle row) Mass flux of the crystal surface, current, and (bottom row) acid temperature recorded

during the anodization process. The average mass flux is shown as the black dashed line. Anodization

voltage was applied at time zero.

Three distinct regions are also seen in the QCM resistance response. Here, the middle region
plateaus rather than decreases. This plateau in R is because the addition of fluid in the nanopores
plays no role in Eq. (2b). The fluid moves rigidly within the nanopores and provides no damping.
When the QCM returns to the ambient air condition at the end of the anodization process, the
resistance returns to its original value. The resistance fluctuates slightly during early anodization
since the bath temperature is not strictly constant. Small temperature changes can produce



measurable viscosity and density changes of oxalic acid, affecting the resistance. The temperature
is relatively constant during anodization, except when the QCM and its holder are submerged just
before time zero. The large thermal mass of the holder temporarily warms the acid bath before a
recirculating cooler returns the bath to the desired set point. The initial transient period corresponds
to the QCM holder and oxalic acid coming to equilibrium.

In order to determine the rate of mass addition to the QCM during the anodization process, Eq.
(2b) can be combined with Eq. (4) to eliminate the fluid viscosity, and the time derivative of this
expression results in Eq. (7).

1d AR

m = _C_fa(41TL1 + Af) = (d)(pf - pAlzos) + pA1203)hA1203 + pAlhAl (7)

Here, the mass flux, m'’, which indicates the mass addition per unit area per unit time, can be
found directly from the resistance and frequency measurements. When extended to physical
densities and the pore structure, the right-hand term comprises the consumption of pure aluminum
and the creation of alumina nanopores filled with oxalic acid. This quantity should show the same
trends as the electric current measured in the electrochemical cell, as indicated in Figure 4. The
oscillatory behavior is likely from temperature fluctuations of the anodization cell.

Based on the average growth rates of alumina, the consumption rate of aluminum, porosity, the
values of Cr and L,, an average mass flux can be determined from the right-hand side of Eq. (7).
The dashed black horizontal line shows the average mass flux in Figure 4. The right-hand side of
Eq. (7)’s agreement with the derivative-based data is exceptional. In addition to the QCM, the
measured current can determine the growth rate of the pores. By conservation of charge, h, 1,05 =
myl /3Aqepa;, where my; is the mass of an aluminum atom, [ is current, and e is the charge of
an electron (1.602 X 10719 C). With an average current of 2 mA and electrode area of 1.29 cm?,
the current-calculated growth rate would be 32.2 nm/min. Although the current-calculated growth
rate is slightly lower than the QCM-calculated rate, they are in close agreement. This comparison
demonstrates the applicability of these equations to describe fabrication phenomena occurring in
nanopores on a QCM. Identical results can be seen for the second anodization step, which is not
included here for conciseness.

3.4 Frequency and Resistance during Etching

Like the first anodization step, chromic and phosphoric etching can be analyzed in terms of its
mass flux, shown in Eq. (8).

T 1 d (AR _ 2r dr
m = _c_fE(4nL1 + Af) = (hA1203i¢i?(pf - PA1203) - PA1203)E (8)

Unlike anodization, the mass flux in this step depends on the radius as a function of time. Due to
the small dimensions involved (7; ~ 10 nm), the leading term of the right-hand side is much larger

. . . o d
than the density of alumina and dominates the mass flux, that is "’ o« —r d—:.
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Figure 5: Frequency and resistance shifts from unloaded in-air crystal prior to submersion in chromic-
phosphoric acid recorded throughout etching with the final period outside the acid bath, in the air. The
mass flux of the crystal surface and temperature of the acid were recorded during the etch process, and
QCM was submerged at time zero. A significant break in data around 2250 seconds is attributed to pore
wall collapse. Here, Eq. (5) was used to calculate the radius.

Figure 5 shows the QCM response during the etching step that removes the pores after the first
anodization. As noted earlier, data analysis becomes impossible when the pores collapse after 2250
seconds. At this point, the frequency and resistance responses reach non-physical values as the
QCM undergoes a rapid change in stress. However, once this stress subsides, the measurements
return to practical values. After 2500 seconds, there must be macro-scale features in the remaining
alumina because the resistance measurement is elevated from its nominal value during the majority
of the etching process, and there must be some additional fluid undergoing a damped shear wave
motion. At close to 3400 seconds, the frequency and resistance stop changing, which implies that
the etching of alumina is complete. The chromic-phosphoric etchant is selective; hence, it does not
affect the aluminum substrate.



After etching, the QCM shows a nearly 30 kHz frequency change in the air. This significant change
corresponds to pore removal with the associated aluminum and oxygen atoms, which is larger than
the —7.5 kHz change in Figure 4. Although oxygen atoms are added to the QCM during
anodization, only a small net loss of aluminum occurs during anodization. The balance (~22.2
kHz), when used in Eq. (1) with aluminum density, indicates that an aluminum layer of ~1.52 um
was consumed during the first anodization-etch process.

Equation (8) is best applied in the 0 to 2000 seconds interval when the pore structure still exists.
The mass flux shows a linearly decreasing trend before increasing. The negative value here
indicates that mass is lost from the QCM surface, in line with the etching process. The linear
increase in the magnitude of mass flux could mean the radius is increasing linearly if dr/dt =
constant or non-linearly if dr/dt # constant. After 1500 seconds, the rate's decreasing
magnitude (increasing value) shows something interesting occurs when the pore walls have
become very thin. However, currently, we do not know why this might be happening. From around
3000-3500 seconds, the mass flux approaches zero as etching is completed and no alumina
remains. Variations (ripples) in the mass flux are attributed to tiny local temperature fluctuations
and fluctuations from the stir bar in the etchant bath.

The radius of the pore can be determined using Eq. (5). The initial porosity is used to determine
the initial radius using the interpore spacing, a = 100 nm (Figure 7 and Ref. [82]), where 1; =

a V/3y/¢/2m = 17.4 nm. The calculated radius shows a linear trend until about 2200 seconds.
Above this time, Eq. (5) does not represent the pore structure well. At 2394 seconds, the calculated
radius reaches a maximum local value of 51.2 nm to the close-packing limit of 50 nm for a 100
nm interpore spacing. Any etching past 50 nm in a perfectly ordered cylindrical array would
rupture pore walls. Here, 51.2 nm is within the margin of error, and pore walls have likely begun
to rupture. Once enough pores have been combined, the frequency will decrease because the fluid
will no longer act as a rigid mass while increasing the damping on the QCM. Above 2400 seconds,
the damping measurement (resistance) and frequency show these trends.

Pore widening is similar to the etching step. However, a lower acid concentration is used to limit
the etch rate to obtain the desired pore radius. The parameters for pore widening (Figure 6) can be
calculated using the same equations and analysis used for the etching step. The insertion of the
QCM into the pore-widening acid results in a downward frequency shift as liquid enters the pores.
And then, as with the etching step, frequency increases as the pore walls are etched and replaced
with fluid. Finally, a large increase in frequency occurs when the QCM is removed from the liquid
and dried in the air. The final frequency is larger than the initial frequency (before pore widening)
because the pores have grown in radius. The mass flux during the pore widening step follows the
same trend seen in the etching step - both show a slowly increasing magnitude of mass flux with
time due to the higher diffusion rate of reactant and product species as the pores become wide.
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Figure 6: Frequency and resistance shifts from unloaded in-air crystal prior to submersion in phosphoric
acid recorded during pore widening with the final period outside the acid bath in the air. Mass flux of the
crystal surface and temperature of the acid were recorded during the pore widening process, and QCM
was submerged at time zero. A significant break in data around 1900 seconds is when the QCM is
removed from the bath, rinsed, and dried. Here, Eq. (5) was used to calculate the radius.

3.5 Pore Imaging

The morphologies of the fabricated QCM were characterized after the final anodization process
using high-resolution scanning electron microscopy (Zeiss 1540ESB Crossbeam SEM), as shown
in Figure 7(a-b) and (d-e). In these images, an ordered pore surface can be seen with an interpore
separation of 95-105 nm. The pore diameter distributions and porosity were measured using the
Imagel software, as shown in Figure 7(c, f). Specifically, with a threshold of 12.24%, where the
whitest pixels were set to white, and the remainder were set to black, we obtained a binary image
indicating a porosity of 0.14. Only regions larger than 200 square pixels were counted for the pore
area. As shown in Figure 7(c), the average pore diameters for QCM before pore widening were
37.9 = 4.3 nm with a porosity of 0.14, which agrees with the QCM calculated radius of 18 nm and
porosity of 0.14. The pore size distribution after pore widening is shown in Figure 7(f), where the



average pore diameter is 57 + 4.6 nm, and the porosity is 0.29, which is also in agreement with the
QCM calculated radius of 28.6 nm and porosity of 0.3 (Figure 6).
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Figure 7: SEM image of nanoporous QCM before pore widening (after anodization) at 100X (a) and
300X (b) magnification. SEM image of the same QCM after pore widening (after anodization) at 100X
(c) and 300X (d) magnification. Pore size distributions of QCM before (c) and after pore widening (f).

4. Conclusions

Anodic alumina nanopores were fabricated and analyzed in this work using a QCM. The
fabrication was performed in a multistep process with a first anodization step to create ordered
initiation sites, followed by etching, and second anodization to create a highly ordered array of
parallel cylindrical pores, followed by pore widening to obtain the desired pore diameter. The
QCM allowed for high-precision measurements in situ during fabrication, which conventional
techniques cannot achieve. The QCM measurements were in excellent agreement with other
standard approaches (e.g., SEM, current measurements) and empirical relations in the literature.

Frequency and resistance measurements taken during fabrication in solutions of varying density
and viscosity characterize the pore geometry. Equations were derived from the theory that liquid
inside oscillating nanopores will undergo rigid in-phase motion, unlike semi-infinite fluids near
the oscillating QCM surface. These relations accurately predict the porosity and pore geometry of
the QCM when compared with the SEM images. Additionally, the pore growth rate and height
were determined non-destructively. Further, Eqgs. (2b) and (3) apply over various pore heights and
fluid properties. The analysis presented here will help advance nanostructure-integrated QCM as
a high-precision sensor for various applications and study different phenomena occurring in the
nanoscale, including frosting and icing.
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