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In this article, a precise and convenient technique based on the atomic force microscope
(AFM) is developed to measure the linear coefficient of thermal expansion of a porous anodic
alumina thin film. A stage was used to heat the sample from room temperature up to 450 K.
Thermal effects on AFM probes and different operation modes at elevated temperatures were
also studied, and a silicon AFM probe in the tapping mode was chosen for the subsequent
measurements due to its temperature insensitivity. The topography of the porous anodic
alumina sample was obtained, and the pore sizes and the surface roughness were analyzed.
The thermal expansion of the sample was measured within the temperature range of 293 to
443 K. The results show that the linear coefficient of thermal expansion of the porous anodic
alumina thin film is approximately two times larger than that of bulk alumina.
KEY WORDS: porous anaodic alumina, coefficient of thermal expansion, atomic force
microscopy, thin films

INTRODUCTION
Porous anodic alumina (PAA) has been extensively studied over the past several
decades. It has been demonstrated recently that a two-step anodization process can improve
pore regularity with appropriate acid solutions [1, 2]. Highly ordered nanopore arrays can be
fabricated inexpensively and reliably by this process, making PAA a useful template
material for nanoscale fabrication. A variety of nanostructures, including nanowire arrays,
carbon nanotubes, and nanopatterned DNA have been fabricated using PAA templates
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[3–5]. In some of these applications where temperature changes occur, a coefficient of
thermal expansion (CTE) mismatch exists between the PAA template and nanostructures
inside the pores, and this mismatch may lead to reliability issues. However, little work has
been done on linear CTE measurements of PAA thin films, primarily because of their small
thickness and the extremely low total expansion along the thickness direction.
Traditional methods for measuring thermal expansion, such as push-rod dilatometers and optical interferometers, require large sample thickness (20–150 mm) [6].
X-ray diffraction has very high sensitivity but it is only appropriate for crystalline
structures [7]. A number of techniques for measuring the linear CTE of thin films have
been developed, such as the two-terminal capacitance method [8], optical beam lever
[9, 10], ellipsometric technique [11], bilayer cantilever method [12], and atomic force
microscopy (AFM)-based methods [13–15].
The AFM is a powerful tool in the study and characterization of materials at
nanoscale dimensions because an AFM can provide not only qualitative but also
quantitative information from the surface of virtually any material and is capable
of measuring the thermal expansion of thin films due to its atomic resolution in
the z-direction [16]. Scanning joule expansion microscopy (SJEM) [13] and scanning
thermal expansion microscopy (STHEM) [15] have been developed to measure surface topography and material expansion simultaneously. An advantage of SJEM
and STHEM is their high spatial resolution, which is about 10–50 nm, but both of
these techniques require an external AC current source and a lock-in detector. In
addition, the samples must be electrically conducting and metal microwires are
usually used in SJEM and a special probe (Wollaston wire probe or microfabricated
probe) is used in STHEM [15]. Therefore, these methods are not convenient if one
wants to measure a nonconductive PAA film with conventional AFM probes.
In this article, we report a precise and convenient technique to perform linear
CTE measurements of PAA with a commercial AFM (Veeco DI 3100, Veeco Inc.,
Santa Barbara, CA, USA) and a heated stage using tapping mode with a silicon AFM
probe. The PAA was heated from room temperature to 450 K. Thermal expansion
measurements at different temperatures were obtained by monitoring sample thickness changes, and the linear CTE was calculated afterwards.
EXPERIMENTS
A schematic of the experimental apparatus is shown in Figure 1. A DI 3100 AFM
system, laser diode, piezo tube, and position sensitive detector (PSD) were all integrated together as a scanning head. This design provides spacious working room,
which makes it possible to control temperature with a heated stage. The stage was
mounted on an x–y sample stage, which has a large travel range (100 mm · 125 mm).
The stage was made of brass, with dimensions of 50 mm · 25 mm · 12.5 mm (length ·
width · thickness). Two cartridge heaters (120 V, 100 Watt) were inserted inside it, and
two thermocouples were buried directly under the top surface.
The PAA film was prepared using the standard two-step anodization. A 3-m
aluminum film was deposited on a glass substrate. The film was anodized first in a 0.5-M
oxalic acid solution at 277 K under a constant voltage of 40 V for 40 min. After
chemically removing the resultant aluminum oxide layer by immersing the sample in
an aqueous mixture of phosphoric acid (5 wt%) and chromic acid (4 wt%) at 333 K for
10 min, a second anodization was performed under the same condition for 30 min.
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Figure 1. A schematic of the experimental apparatus for linear CTE measurements of PAA. When used in
the tapping mode, the cantilever oscillation signals are passed through a lock-in amplifier, which provides the
feedback variable for the scan.

During aluminum deposition, a mask was used to produce an uncoated area that was
used as a reference for measuring the thickness of the PAA film.
Figure 2 shows an AFM topography image obtained in the tapping mode. A
Veeco TESP probe was used at an operating frequency of 297 kHz. The scan area was

Figure 2. 3-D AFM topographic image of a PAA film on a glass substrate (scan size = 20 m · 10 m).
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20 m · 10 m and included both PAA and reference regions. The initial thickness of
the PAA film, L0, can be obtained by comparing the height difference of the PAA and
the glass using statistical depth analysis software (NanoscopeIIIa, Veeco Inc., Santa
Barbara, CA, USA). After four scans were performed continuously over the same
region at room temperature (T0), the PAA film was heated by applying a voltage to the
stage. During heating, the probe was withdrawn and kept approximately 700 m away
from the sample surface. Approximately 2 h were required to reach steady-state
temperature (T1) with a temperature fluctuation less than 0.2 K. The cantilever was
retuned to its resonant frequency at T1, and then the probe was engaged again with the
same operating set point. Once engaged, approximately 20 min was needed to allow
the AFM probe and the sample to reach thermal equilibrium. Then the sample height
images were acquired over the same region for another four trials (each trial required
approximately 4 min). The PAA film thickness change (L) was then calculated. The
same procedure was then repeated at higher temperatures.
THERMAL EFFECTS ON AFM PROBES
Performing AFM measurements at elevated temperatures is always challenging
due to the thermal effects on AFM components, such as the probe, photodiode
detector, and piezo tube. Probe bending (contact mode) and resonant frequency
changes (tapping mode) are two important thermal effects.
In the contact mode, the tip of the AFM cantilever continuously touches the
sample surface. Therefore, the cantilever heats up during scanning. Commonly used
gold-coated silicon nitride cantilevers are known to be very sensitive to temperature
changes [17]. A temperature change produces cantilever bending due to the thermal
expansion difference of the two cantilever materials. To assess such effects in our AFM
system, an experiment was performed using a contact mode cantilever (DNP-S, Veeco
Inc., Santa Barbara, CA, USA). The distance between the cantilever tip and the PAA
film was set to 700 m. The temperature of the PAA film was increased from room
temperature, and the corresponding change of voltage signal from the photodiode was
recorded. The voltage signal represents the laser reflection from the back part of the
cantilever and changes with the cantilever’s vertical deflection. The experimental
results, as plotted in Figure 3, show that the vertical voltage signal decreased with
increasing temperature. The slope is approximately 3 nm/K after the voltage signal
is converted into cantilever deflection. This result confirms the existence of thermal
bending on the bimaterial contact mode cantilever. This phenomenon causes
complications before and during probe scanning. Before scanning, one has to
realign the laser beam on the photodiode to maintain the vertical signal value
during heating. During scanning, tip-sample thermal equilibrium may be disturbed, and temperature fluctuations of 3 nm/K are too large for nanoscale thermal
expansion measurements. Thus, we found that contact mode measurements with
the bimaterial cantilever were not appropriate for our CTE measurement.
On the other hand, the thermal bending effect does not affect single-crystal
tapping mode microcantilevers because uncoated silicon cantilevers are used.
However, the resonant frequency of these cantilevers can shift when the cantilever is
heated. The resonant frequency fres of the first bending mode can be approximated by
classical thin beam theory as
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Figure 3. Temperature dependence of the vertical deflection of a gold-coated silicon nitride cantilever.

fres

t
¼
2l2

sﬃﬃﬃﬃ
E


ð1Þ

where t is the thickness of the cantilever and l is the length, E is the Young’s modulus,
and  is the density. The variation of fres can be caused by the thermal expansion of the
cantilever and the temperature dependence of the Young’s modulus. Another experiment was performed to determine the dependence of the cantilever’s resonant frequency on temperature. As shown in Figure 4, the resonant frequency decreases with
the temperature almost linearly, and the slope is approximately 4.4 Hz/K. When the
probe scans over the sample surface with a temperature variation of 1 K, the resonant
frequency shifts by only 0.0015% for a cantilever with fres = 297.66 kHz and is
therefore negligible.
Based on the above study of thermal effects on AFM probes, the tapping mode
operation with an uncoated silicon cantilever was chosen for PAA film CTE measurements. All of the following AFM images and measurements were taken using a Veeco
TESP tapping mode probe with 297.66 kHz natural frequency.
RESULTS AND DISCUSSION
PAA Characterization
The PAA topography was obtained by AFM tapping mode with scan size of
2 m · 2 m. Figure 5 shows a surface image of the PAA film. The average pore size is
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Figure 4. Temperature dependence of the resonant frequency of a silicon cantilever in tapping mode (solid
line represents a linear fit to experimental data).

Figure 5. Surface image of the PAA film fabrication by two-step anodization.

estimated to be approximately 60 nm, which agrees with expectations based on
anodization conditions. Roughness analysis was also performed by NanoscopeIIIa
software. The root mean square roughness of the PAA surface was approximately
15 nm.
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Linear CTE Measurement
After acquiring a complete AFM height image, the PAA film thickness can be
measured. Although a single step height could have been measured by drawing a single
line across the film, a more refined statistical approach was employed. Bearing analysis
was provided by NanoscopeIIIa software to plot and analyze the distribution of
surface height within a selected area. As shown in Figure 6a, a box with an area of
100 m2 was selected in the AFM height image. The histograms of depth distribution
within this box are shown in Figure 6b, where two peaks reveal two distinct levels of
height of the PAA film and glass substrate. The PAA film thickness was determined by
the distance between these two peaks. Four independent height images were captured,
and thickness analysis was repeated three times for each image. The average thickness
of the PAA film was 3.0822 m  0.6 nm at room temperature (T = 295.3 K).
The thickness of the PAA film was measured again at elevated temperatures,
345.6, 395.3, and 445.5 K. In each case the sample was preheated for several hours
before the measurements were taken. Because PAA as prepared is nominally amorphous and hydrated, this step ensured that the PAA was dehydrated. Moreover, the
increases in temperature were low enough that no crystallization of the PAA structure
was likely to occur.
The changes of thickness with temperature, or absolute linear thermal expansions,
are shown in Figure 7. A cubic function was applied to fit the experimental data. The
fitting equation of linear thermal expansion L/L0 over the range 295.3 K to 445.5 K is
L=L0 ¼ 1:9633 · 102 þ 1:611 · 104 T  4:73 · 107 T2 þ 5:162 · 1010 T3 ð2Þ
where T is absolute temperature and L0 is the PAA film thickness at 295.3 K. In general,
there are two categories of linear CTE definition depending on whether the expansion
relates to a temperature range (mean CTE) or a single temperature (true CTE). The
mean CTE is significantly lower than the true CTE due to the curvature of the L/L0
versus temperature plot [18]. The true CTE is calculated in this article in order to
compare with existing experimental data.

Figure 6. Bearing analysis of the PAA film thickness at T = 295.3 K, (a) Height image, (b) histogram of
depth distributions.
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Figure 7. Linear thermal expansion of the PAA film at different temperatures.

From Eq. (2), the true linear CTE  can be obtained,
¼

1 dL
¼ 1:611 · 104  9:46 · 107 T þ 1:549 · 109 T2
L0 dT

ð295  445KÞ

ð3Þ

Values derived from Eq. (3) are tabulated in Table 1. True linear CTE values of bulk
alumina can be derived from experimental data [19] and are also listed in Table 1. It
can be seen that the linear CTE of the PAA thin film is more than two times larger than
that of bulk alumina. One possible reason is that the PAA is an anisotropic material
and the dense nanopore structure of the PAA film enhances the linear thermal

Table 1 Values of true linear CTE of the PAA thin film and bulk alumina [6]
at different temperatures
The true linear CTE (10-6 K-1)
Temperature (K)
300
320
350
400

PAA thin film
16.71
16.99
19.75
28.54

Bulk alumina
6.55
6.61
6.65
6.75
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expansion of PAA film. Also, the CTE increases significantly at higher temperatures.
This result may be an artifact produced by AFM components, such as the photodiode
detector and piezo tube, which are temperature sensitive and need to be recalibrated at
higher temperatures. Due to the above reasons, our technique was limited to the
temperature range from room temperature to 400 K.
The technique described above assumes that no significant in-plane stresses are
created during the heating of the PAA film, so that the expansion of the thickness can be
attributed to unconstrained thermal expansion. In reality, the thin PAA film is a
constrained elastic medium because it is bonded onto a glass substrate. Consequently,
in-plane thermal stresses may develop in the film; these thermal stresses then affect, via
the Poisson’s ratio, the strain in the thickness direction. Moreover, because the thin film
rests on a glass substrate, the in-plane thermal stresses may also generate bending
moments near the edges of the thin film. To evaluate the above effects, a detailed 2-D
finite element analysis was performed using isotropic elastic properties of bulk alumina
and the linear CTE of bulk alumina. It was found that the thermal expansion of the film
thickness upon heating from room temperature to 450 K was only 2% smaller if all
above effects were considered. This indicates that for the temperature increases considered in the experiments, the in-plane thermal stresses are very small. Moreover,
because the Poisson’s ratio is small and thickness of the PAA is very small, the influence
of these thermal stresses on the thermal expansion along the film thickness was minimal.
The minimum resolution of our thickness measurement was estimated to be 1 nm
in the z-direction for this microscale film. The resolution in the z-direction is related to
the sample thickness because of the nonlinearity of piezo tube, which is the critical
component of the AFM scanner. Although a patented, nonlinear voltage waveform was
applied to the piezo in our AFM system to increase linearity [20], we could only achieve a
1-nm z resolution for a 3-m-thick film. We also studied thinner PAA films, with 200 nm
and 1 m thicknesses. However, while the piezo nonlinearity is mitigated, the thermal
expansion is very small, leading to noisier CTE data.
CONCLUSION
We measured the linear coefficient of thermal expansion of a PAA thin film with
a commercial AFM and a heated stage. No special AFM probes or external accessories
were required in our technique. Two main AFM scanning modes—i.e., contact and
tapping mode—were studied, and we conclude that an uncoated, silicon tapping mode
probe is more appropriate for linear CTE measurements. The results indicate that the
linear coefficient of thermal expansion of the PAA thin film is more than two times
greater than that of bulk alumina.
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