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Abstract: We report an upper-division undergraduate solid-state materials chemistry experiment involving the
pit and crevice corrosion of a copper surface caused by an agueous NaCl solution simulating a seawater
environment. Surface corrosion of the copper can be shown quite dramatically using atomic force microscopy
(AFM) within only hours of exposure to the saline solution. The copper surfaces can also be treated with an
alkanethiol solution to form a self-assembled monolayer (SAM) on the surface. When exposed to the salt-water
solution, the SAM layer is shown by AFM to protect the surface from corrosion. We have also shown that
several different AFM analysis methods are needed to adequately quantify the surface features including
roughness and power spectral density. This experiment enables students to not only see how AFM can be used to
observe changes in surface morphology, but also learn to develop an understanding of the analysis techniques

used to quantify AFM data.

Introduction

Since the development of the atomic force microscopein the
mid-1980s [1], atomic force microscopy (AFM) has been a
technique used to characterize the surface morphology of
many different materials with near atomic resolution [2]. As
AFM is becoming more widely available in the undergraduate
university setting, there is a need to develop laboratory
demonstrations and experiments for undergraduate students in
the application of AFM to the study of surfaces in materials
chemistry and physics. We have chosen to demonstrate some
of the capabilities of AFM by examining the rea-world
problem of metal corrosion in salt water. The topic of surface
corrosion is both important technologically and the subject of
current materials science research [3]. This experiment can be
readily implemented to dramatically show the capabilities of
AFM, and it clearly illustrates some potential difficulties in
quantification of AFM data. This laboratory aso demonstrates
a practical application of self-assembled monolayers (SAM) to
surfaces and their ability to protect a metallic surface from
corrosion.

Implementation of this experiment requires only polished
copper sheet and easily prepared akanethiol and NaCl
solutions. Contact mode AFM is used to both qualitatively and
quantitatively characterize the metal surfaces. We have chosen
copper surfaces because the time frame required to observe
corrosion is fast enough that changes can be seen in the course
of one laboratory period (3h), commercialy available
alkanethiol reagents self-assemble to copper, and copper sheet
isinexpensive.

Theoretical Background

Atomic Force Microscopy. Atomic force microscopy is a
surface analytical tool developed during the mid-1980s by
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Binnig, Quate and Gerber [1] as a daughter technique to
scanning tunneling microscopy (STM) [4]. These and other
recently developed imaging techniques can be broadly
categorized as scanning probe microscopy (SPM) techniques
[5]. The term scanning probe refers to a probe that is scanned
in araster pattern across a surface and is capable of responding
to small perturbations to the probe. The nature of the surface—
probe interaction determines the type of microscopy being
performed. In the case of STM, an €electrically conductive and
atomically sharp metal probe (typically Pt/Ir wire) is brought
within nanometers of a conducting or semiconducting surface.
When a bias is applied between the surface and the probe,
electrons can quantum mechanically tunnel into available
electron states in either the probe or the surface depending on
the direction of the bias. Because the tunneling current is
exponentially dependent on the surface-to-probe distance,
nearly al of the tunneling current is produced from the
lowermost atoms in the probe. For this reason, STM is able to
achieve true atomic resolution. Researchers have realized
atomic images in rea space such as the work popularized by
Eigler and colleagues at IBM Almaden [6].

Atomic force microscopy uses a cantilever probe with a tip
that has been microfabricated using standard semiconductor
manufacturing techniques such as photolithography and
etching. Typicaly, these cantilevers are made from either
amorphous SizN, or crystalline Si. In the case of AFM, the
surface—probe interactions are intermolecular van der Waals
forces. The probe is fabricated such that the radius of
curvature is typically 2060 nm. As the probe is brought into
close proximity to the surface, it responds to attractive or
repulsive van der Waals forces at nanometer distances. AFM
can be operated either in direct contact with the surface,
known as contact mode, or at the resonance frequency of the
cantilever, known as intermittent contact or Tapping Mode.
This experiment was performed in contact mode because it is
both simplest to understand and the most readily available
AFM technique at the undergraduate university level. In order
to detect such small forces (typically nN), the cantilever must
be fabricated so that the spring constant of the probe is lower
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than that of the intermolecular forces between the atoms on the
surface to avoid damage to the surface being imaged, yet have
a high enough resonance frequency so as not to be susceptible
to vibrational instabilities. These probes have been com-
mercially fabricated for a decade with typical force constants
ranging from 0.06 N m™ for Si;N, up to 100 N m™ for Si
probes.

In order to detect deflections of the cantilever from the
interacting van der Waals forces, an optical detection scheme
has been developed. Light from alaser diode is reflected off of
the backside of the cantilever onto a position-sensitive
photodetector (PSPD) array. The array consists of either two
detectors placed one on top of the other, or four detectors with
two on the top and two on the bottom. As the probe is scanned
across the surface, small deflections in the cantilever are
magnified in an optical lever effect. An analogy of this effect
can be readily demonstrated by holding alaser pointer in one's
hand and directing it onto a wall or screen. Small movements
of the hand result in large movements of the laser spot, and
this effect is amplified as one moves the distance of the laser
pointer source further from the screen. The measured signa
from the PSPD is simply the voltage difference between the
top and bottom detectors, which changes as the cantilever is
deflected up or down relative to the center position.

The final requirement of scanning probe microscopy is a
feedback mechanism. This is needed to prevent the probe from
crashing into large features on a surface. The typical feedback
mechanism employed in contact mode AFM is called the
constant deflection method. In this case, the cantilever is
repositioned a each data point to maintain a constant
cantilever deflection which is determined by a set-point
voltage. The set-point voltage is derived from the signa from
the PSPD. In redlity, the cantilever is not continually scanning
across the surface, but is stepped to each data point, the
deflection is measured, the cantilever is repositioned to
maintain a constant force on the surface, and the process
continues until a three-dimensional image is digitaly
generated with information recorded in lateral position (x and
y) and height () at each pixel. AFM is capable of a latera
resolution of approximately 1 nm and a vertical resolution of
0.1 nm. The reason that true atomic imaging is not possible
with AFM is because the van der Waals forces extend over
several nanometers compared to tunneling currents which
decrease exponentially on the angstrom-length scale. The
maximum scan size is dependent on the piezoelectric scanner
used and may be different with each instrument. Other
scanning probe interactions include friction force microscopy,
magnetic force microscopy, scanning capacitance microscopy,
and scanning thermal microscopy, among others.

Corrosion of Metal. The pit and crevice corrosion
mechanism is described in most undergraduate materials
science textbooks [7]. Corrosion of a metal surface (M) in an
aqueous NaCl solution proceeds by the following mechanism:

M+C —= M-Cl + HOH —>= M-OH + HCl (1)

A chloride ion first chemisorbs to the metal surface (M).
This surface is then quickly hydrolyzed by water to form an
insoluble metal hydroxide. The metal hydroxide formation is
what accounts for the pits and the crevices that appear on the
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surface of the metal. Corrosion becomes apparent to the naked
eye as a polished and reflective surface will no longer
specularly reflect, but will scatter the incident light. In the case
of metallic copper, copper hydroxide, which appears as an
insoluble blue precipitate over time, is formed.

The concentration of the salt solution in this study was
chosen to simulate oceanographic conditions. The average
sdinity of ocean water is reported to be approximately 34.5
practical salinity units (PSU) based on an ocean salinity map
produced by the National Oceanographic and Atmospheric
Administration [8]. A PSU is equivalent to grams per liter;
thus, the average salinity corresponds to a 0.58 M NaCl
solution. This concentration was used to demonstrate that
corrosion isareal and viable problem for metal structuresin or
near seawater environments.

Self-Assembled Monolayer Surfaces. During the last
decade, there has been much work on controlling the
properties of surfaces through the use of organic molecular
monolayer thin films. The most widely used system has been
the self-assembly of akanethiolate adsorbates onto gold
surfaces [9]. Alkanethiols spontaneously form a dense
molecular monolayer a room temperature with severd
transition metal surfaces including gold, silver, and copper
through a strong thiolate bond to the metal surface [10]. There
have been many research articles published on this rapidly
developing field, and the reader is referred to reviews by Xia
and Whitesides [10] or to an MRS Bulletin cover story [11].
One of the intriguing features of these SAM surfaces is the
ability to carefully control the surface chemistry of a metal.
One can vary the surface free energy from extremely
hydrophobic, for a methyl terminated akane chain, to
extremely hydrophilic, for an acohol or carboxylic acid
terminated alkane chain.

It has also been reported by severa groups that thin films or
surface monolayer coatings on a metal can help prevent
surface corrosion [12-17]. Thin-film corrosion protection is
clearly a technologically and economically important
consideration. In this experiment, an akanethiol solution was
used to produce a dense, ordered SAM on the copper surface.
Past studies have shown that an akanethiol SAM has
protected copper from air exposure for up to 300 days [16].

Quantitative Analysis of AFM Data. One of the primary
reasons that AFM is a particularly powerful microscopy
technique is that the data is digitally stored and can readily be
treated mathematically to quantitatively determine the
characteristics of a surface [18-20]. Furthermore, one can
compare two different surfaces quantitatively rather than
gualitatively in a dtraightforward fashion. Complex
mathematical tools such as Fourier or fractal analysis can be
routinely performed on commercidly available software
supplied with the AFM instrument. The simplest and most
common method used for the observation of changes in
surface topography is called the root mean sguare (RMS)
roughness calculation (R;). This roughness calculation is based
on finding a median surface level for the image and then
evaluating the standard deviation within the image. The
equation for determining the surface roughnessis [20]
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Figure 1. Calculated superposition of cosine functions, each having
identical RMS roughness values, using three different frequency
components, ki, indicated above each curve. The amplitudes, A, for
each are 100, 50, and 25. (Adapted from ref 21.)

where i and j are the pixel locations on the AFM image, H is
the average value of the height across the entire image, and N
is the number of data points in the image (AFM images are
typically stored as 256 x 256 or 512 x 512 data arrays). The
primary limitation of this algorithm isthat it does not show the
lateral spacing of various surface features. In other words, the
roughness calculated for surfaces with different spatia
features may be identical even though optical and atomic force
microscopy would suggest that there is a difference in
roughness [20-22]. Figure 1 illustrates this as first reported by
Spanos and Irene [21]. Three calculated cosine functions with
different frequencies and amplitudes yield identicd RMS
roughness values even though these three surfaces would be
very different to a materials scientist due to the difference in
spatial frequency of the surface features.

Power spectral density (PSD) is a technique that calculates
power (roughness amplitude squared) as a function of spatial
wavelengths of the features that are contributing to the surface
image [23]. PSD utilizes a Fourier decomposition of an image
into spatial frequencies. A complete mathematical treatment of
thisis beyond the scope of this paper, but the reader is referred
to Fang, et a. [23] and Kitching, et a. [22] and references
therein for a more complete description of the PSD
calculation. When comparing two PSD calculations, the x axis
is a function of the spatia wavelength and the y axis is
intensity on a logarithmic scale. With this technique it is
possible to see what size features contribute most to an image.
For example, if one has a perfectly regular grating repeating in
the x direction, the PSD will yield one peak at the wavelength
of the grating pitch. Smaller features have a higher frequency
and thus will appear more intensely in a rougher surface than
in a smoother surface.

Augustine et. al.

Experimental

Copper Sample Preparation. Flat copper sheet (McMaster-Carr)
was cleaned for 5min each in acetone, isopropyl acohol, and
deionized water using an ultrasonic cleaner. In between each
ultrasonic clean, the copper was dried using compressed nitrogen.
Copper was then polished using a high-speed rotary polisher such as a
Dremel tool and polishing compound until the copper surface
appeared reflective. The copper was then cut into approximately 1-by-
1-cm squares. We have found that the type of copper sheet purchased
is extremely important. Much of the commercialy available copper
stock is actually copper aloyed with beryllium. Beis alloyed with Cu
to both strengthen the material (alloy hardening) and to inhibit
corrosion—a desirable property in most machining applications, but
not for this experiment. The corrosion resistance of Cu-Be alloys
makes this experiment impractical for one laboratory period.

A saturated (<1 mM ) alkanethiol solution was prepared by
dissolving hexadecanethiol (Aldrich) in fresh absolute ethanol
(Aaper). This solution was then placed into a Petri dish. Copper
pieces wereimmersed in the alkanethiol solution for 24 h and the Petri
dish was covered to form a self-assembled monolayer (SAM) on the
Cu surface as determined by estimating the contact angle [24] of a
drop of deionized water to be >100° on the surface. All glassware
should be thoroughly washed and dried before using the alkanethiol
solution and all preparations should be performed in a hood. After
treatment with alkanethiol, the copper samples were washed with
ethanol and dried with compressed nitrogen. The SAM treated copper
pieces will henceforth be referred to as protected copper.

An unprotected piece of copper was placed along with freshly
protected samples in a 0.58 M NaCl solution for 2.5h a room
temperature. These samples were then taken out of solution, dried
with compressed nitrogen, and imaged with the AFM. We also
prepared SAM-protected samples two weeks earlier in the manner
previously described and stored them in air. These were then placed in
the NaCl solution to observe whether an older SAM surface would be
able to effectively protect the copper surface from corrosion.

All atomic force microscopy images were obtained on a Digital
Instruments Nanoscope 1l Multimode AFM operating in contact
mode in air. The lateral scan size was 25 um at a scan rate of 1.3 Hz
and a set point of 0.0V. Standard silicon nitride contact-mode
cantilevers were used with a force constant of ~0.12 N m™. Samples
were mounted on magnetic pucks using double-sided tape. All of the
AFM images reported in this paper have identical X, y, and z scales so
that adirect comparison may be made between images.

Optical microscopy images were generated by recording the
information from a digital CCD camera (Digital Instruments Optical
Viewing System) onto VHS tape from the NTSC output of the video
screen using a digital frame grabbing card (MicroVIDEO DC30 Plus)
and software (Microsoft VidCap). The scale was calibrated by
capturing an optical image of a microfabricated calibration grating
supplied by Digital Instruments that has a regular periodic structure
with a20.00 um peak to peak pitch.

Laboratory Implementation. We have used this laboratory in an
upper-division materials characterization course (Mats 381) and feel
that the experiment is appropriate for relatively small sections (under
15) of junior- and senior-level laboratories such as one would
encounter in a physical chemistry or an advanced inorganic chemistry
course. If there is more than one AFM available, this experiment
could readily be performed in parallel. For our study, students were
divided into four groups of two and signed up for three-hour blocks of
time using the AFM instrument. The students had been lectured on the
principles of AFM prior to the laboratory section. Each group began
the experiment by polishing and cleaning the Cu samples the day
before the AFM study, and the SAM-protected samples were
immersed in the alkanethiol solution 24 h prior to the AFM study.
Both the NaCl and alkanethiol solutions were prepared at the
beginning of the week of the experiment.
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(o)

Figure 2. Optical micrographs of (a) as-polished copper surface and
(b) unprotected copper surface after 2.5-h exposure to 0.58 M NaCl
solution. 100 pm bar is indicated in lower |eft-hand corner.
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Figure 3. Atomic force microscopy image of as-polished copper
surface.

At the start of the experiment, one as-polished Cu sample was
immersed in the NaCl solution, and the SAM-protected Cu sample
was placed in a second beaker with the NaCl solution. These were
alowed to react for approximately 2 hours. While these were reacting,
an as-polished sample was mounted on the AFM, the laser was
digned to the cantilever, and the as-polished sample was imaged.
During the imaging, details of the AFM data acquisition and analysis
software were discussed with the students. After data acquisition, the
students cal cul ated the roughness and power spectral density using the
Digital Instruments data anaysis software. The unprotected and the
SAM-protected samples were then removed from the NaCl solution,
rinsed, imaged, and analyzed after a 2-h exposure.
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300.0 nm
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Figure 4. Atomic force microscopy image of unprotected copper
surface after 2.5-h exposure to 0.58 M NaCl solution.

Results and Discussion

Immediately upon removing the samples from the solutions
it was apparent that corrosion had occurred on the unprotected
copper as it was no longer reflective and had a bluish
appearance, whereas the SAM-protected copper was still
specular. The two-week-protected sample was aso reflective
after the 2.5-h exposure to the salt water solution. Optical
microscopy of the unprotected copper surface shows this
striking blue hue indicating surface corrosion shown in Figure
2(b) compared to as-polished copper shown in Figure 2(a). The
vertical streaks in the as-polished sample are due to scratches
from the polishing process. One does not observe the blue
color on either of the SAM-protected surfaces in optical
microscopy after exposure to the salt solution, and the surfaces
qualitatively appear very similar to the control sample shown
in Figure 2(a).

AFM of the as-polished copper control surface is shown in
Figure 3. Again, the vertical features are due to polishing
damage. This could be improved experimentally by metal-
lographic lapping or other more sophisticated sample
preparation techniques. We have chosen the rotary polisher,
however, because it is simple for undergraduate students to
learn how to use without prior microscopy sample preparation
experience, and it alows for rapid sample preparation. The
unprotected copper surface shown in Figure 4 indicates the
presence of square features prevalent throughout the surface
ranging from approximately 600 nm to 1.5 um. These features
are typical of corrosion features seen in Cu, which has a face
centered cubic crystal lattice. Corrosion typically occurs along
the crysta faces of the face-centered-cubic lattice. The
interested reader is referred to a recent review of STM
corrosion studies of copper by Magnussen and Behm [25]. The
freshly SAM-protected copper surface is shown in Figure 5,
and the two-week-old SAM-protected copper is shown in
Figure 6. The former appears quite similar to the control
(Figure 3), and the latter is beginning to exhibit some signs of
the square formations but not nearly the same extent as the
unprotected sample in Figure 4.

As previously mentioned, it is important to do this
experiment with pure copper sheet. We also repeated this
experiment using half-hard copper sheet, which is a Cu-Be
aloy. Wefound that samples immersed in the NaCl solution
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Figure 5. Atomic force microscopy image of SAM-protected copper
surface. Surface was exposed to a saturated (<1 mM) hexadecanethiol
solution for 24 h prior to 2.5-h exposure in 0.58 M NaCl solution.
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Figure 6. Atomic force microscopy image of two-week-old SAM-
protected copper surface. Surface was exposed to a saturated (<1 mM)
hexadecanethiol solution for 24 h, then stored in air for two weeks.
This sample was then exposed to 0.58 M NaCl solution for 2.5 h and
imaged.
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Figure 7. Two-dimensional power spectral density (2-D PSD)
comparison of as-polished (shown in black), SAM-protected (shown
in blue), two-week-protected (shown in red), and unprotected (shown
in green).
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Table 1. AFM Data

Sample RMS (Rq) Power

Roughness (nm)  (nm?)
As-polished copper (control) 13.434 0.831
Unprotected copper 32.991 147
Fresh SAM-protected copper 23.040 0.974
Two-week SAM-protected copper 33.918 2.3

without protection took severa weeks to exhibit a
commensurate degree of corrosion. This is because half-hard
copper is alloyed to both harden and inhibit corrosion in
machined parts. This has lead to an interesting discussion with
students about corrosion resistance in aloys, and methods of
corrosion prevention in materials such as stainless steel.

Before quantifying the AFM data, all images were flattened
using a first-order flatten routine provided in the Digita
Instruments analysis software. A RM S roughness measurement
was then calculated on each sample and reported in Table 1.
The RMS roughness data suggests that the two-week-old
SAM-protected copper has a greater surface roughness than
the unprotected copper even though the AFM images (Figures
4 and 6, respectively) clearly appear to show that the
unprotected copper surface is rougher. This dilemma indicates
that either our perception of roughness is not correct, or the
RMS roughness is not an adequate quantitative measure of
these surfaces. This apparent dilemmais solved with the use of
apower spectral density analysis of the copper surfaces.

Following the RMS roughness measurements, a two-
dimensional power spectral density (2-D PSD) calculation was
performed on the images and plotted against each other as
shown in Figure 7. Recall that the PSD shows the contribution
to an image of different frequency features. In other words,
peaks to the left side of the x axis in Figure7 are long-
wavelength (low-frequency) features, and peaks to the right
side of the x axis are short wavelength (high-frequency)
features. What this means is that the low-frequency polishing
scratches seen in Figures3,5, and 6 will have a larger
contribution relative to the smaler (600 nm to 1.5pm)
features exhibited by the unprotected sample. The smaller
features will appear as high-frequency pesks, and this is
exactly what is observed in Figure 7. At low frequencies the
polishing scratches in the as-polished (shown in black), the
SAM-protected (shown in blue), and the two-week sample
(shown in red) are strongest, while the unprotected copper
sample (shown in green) exhibits many more peaks and peaks
of greater intensity than any other samples at higher
frequencies. In Tablel we also report the power in nm?
calculated from each of the four sample types. Unlike the RMS
roughness cal culation, the power calculation suggests the order
of surface features is, in order of increasing roughness, (1) as-
polished, (2) freshly SAM-protected, (3) two-week SAM-
protected, and (4) unprotected. Both Figure 7 and the power
calculation in Table 1 demonstrate that the PSD measurement
takes into account the lateral spacing between features and
clearly shows that the unprotected copper has more high
frequency features upon corrosion. Thus, the PSD anadysisis a
more accurate tool for quantifying these surfaces than the
RM S roughness measurement that is typically employed.
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Conclusion

We have reported a surface science laboratory exercise
suitable for an undergraduate materials science audience in any
number of disciplines including chemistry, physics, and
engineering. This laboratory provides undergraduate students
with an experiment to introduce them to AFM and surface
characterization. Students are able to use AFM to observe the
real-world problem of metalic surface corrosion, and the
concept and application of self-assembled monolayers is
demonstrated with this experiment. Students also learn that
more than one mathematical technique is often needed to get a
complete understanding of images obtained through AFM.
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