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I. What does the technique do? 

The atomic force microscope (AFM)[1] has become a universal tool for performing nanoscale 

characterization of surfaces.  It has the resolution to image features as small as individual atoms 

[2], while still providing the range to investigate samples as large as several millimeters [3].  The 

AFM is part of a class of instruments known as scanning probe microscopes that also includes 

techniques such as scanning tunneling microscopy [4] and scanning near field optical 

microscopy [5] in addition to the more widely used atomic force microscopy.  The AFM consists 

of a cantilever based sensor that is capable of detecting and responding to various forces that 

may arise between the sample and a sharpened tip located near the apex of the cantilever.  The 

instrument has proven capable of measuring a broad range (in both magnitude and origin) of 

forces for a wide variety of applications.  The earliest uses of the AFM were for topographic 

imaging of a sample surface. An image is created by scanning the cantilever tip back and forth 

across the sample (in a raster pattern), while recording the height of the surface. Compared to 

other techniques such as electron microscopies and tunneling microscopy with comparable 

spatial resolution, the AFM excels in its ability to image both conducting and insulating 

materials.  The instrument is also capable of performing localized spectroscopy measurements 
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and capturing spatially resolved maps of functional properties such as conductivity [6], elasticity 

[7] and adhesion [7].   

 

II. Why is getting this information useful? 

The nanoscale structures and properties of membranes pIay an integral role in determining 

membrane performance.  Whether the interest is in determining pore size [8] for molecular 

weight cut-off studies, or measuring colloidal interactions for fouling prediction [9], the AFM 

currently plays a critical role in membrane characterization.  The AFM has become a standard 

tool for measuring surface roughness [10-20] and pore size distributions [21-28] of membranes. 

Extensions of the technique have been used to measure ion and proton flow [29-34], thermal 

properties [35-37], adhesive properties [9, 11, 38-42], and mechanical heterogeneity [43-47].  

The tool also has extensive environmental capabilities that make it particularly useful to 

membrane studies.  This chapter will describe the basics of AFM operation and examine a 

number of membrane specific applications.  It will primarily focus on applications to 

nanofiltration and reverse osmosis membranes, but will also give examples in gas separation 

and fuel cells.  

 

III. Description of the instrument 
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Figure #.1 Simplified schematic of the AFM. The labels denote different components of the 

AFM: I – the cantilever, IIa – the laser, IIc – the photodetector, III – the sample, IVa and IVb – 

the x and y direction positioning piezos, respectively, V – the z actuator and VI – The high 

frequency dithering piezo.  Inset shows a graphic of a tip scanning a rough surface. The inset 

shows an example of a cantilever scanning a sample surface.  The lighter silhouetted 

cantilever in the background shows the cantilever’s undeflected shape if it were in free space.  

When engaged with the surface, the cantilever deflects upwards. 

 

IIIa. Key parts of the instrument 

The AFM instrument is a relatively simple tool given its resolution and versatility.  A simplified 

schematic of a typical instrument (not to scale) is shown in figure #.1 and the key functions of 

each element are discussed below.   
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Figure #.2 Scanning electron microscopy image of (a) an AFM cantilever and (b) a higher 

magnification image of the AFM tip. 

 

At the heart of the AFM is a cantilever sensor for detecting force.  The cantilever (I) can deflect 

under load, and that deflection is approximately proportional to the force between the 

cantilever and the sample.  Early cantilevers were custom made from a metallic foil with a 

diamond shard glued to the end to serve as the tip.  Advances in silicon microfabrication 

technology [48-50] have resulted in today’s low cost, commercial probes and played a large 

part in the successful adoption of the instrument.  The modern cantilevers have a sharpened tip 

(figure #.2) located near the cantilever apex.  The cantilevers and tips are typically made of 

silicon or silicon nitride, but more exotic materials such as ultrananocrystalline diamond have 

also been employed [51].  It is also possible for the tip to be coated for wear resistance, 

chemical compatibility, or electrical conductivity.   Typical tips are 5 µm to 10 µm tall, roughly 

pyramidal in shape, and terminate with radii from 5 nm to 20 nm.  Specialty tip shapes are also 

available including high aspect ratio tips for imaging of deep pores and trenches, and flared-side 

tip for sidewall imaging. The cantilevers are typically defined by their stiffness or spring 

constant (in N/m).  This value refers to the force required to deflect a cantilever a certain 

(a) (b) 
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distance.  The spring constant can be tailored to match specific samples and imaging methods, 

with typical cantilever spring constants ranging from 0.001 N/m for soft biological materials 

imaged in liquid to 50 N/m for operation in air on rigid inorganic materials. 

Once a suitable cantilever has been chosen, it is necessary to sensitively detect the deflection 

and vibration of the cantilever.  Most commercial AFMs use an optical detection system 

whereby a laser (IIa) is reflected from the back of the cantilever (IIb) and the displacement of 

the reflected beam is measured by a four-quadrant photodetector (IIc).  The photodetector can 

detect both flexural and torsional deflection of the cantilever.  In addition to optical detection, 

custom systems have been developed to use interferometric detection [52] and self-sensing 

cantilevers [53]. 

To trace the topography of the surface and produce an image requires a means of rastering the 

tip across the sample (III) in x and y (IVa and IVb) directions, while also controlling z-

displacement (V) of the cantilever base.  This motion is achieved with precise nanopositioners 

that can be housed in the head or base of the AFM instrument.  Most commonly, piezoelectric 

actuators are used to provide independent or software decoupled x, y and z motion.  The AFM 

has two scan axes, one in the fast out and back direction, and one in a slow scan direction as 

the scan line traverses down the image area. The direction of these two axes relative to the 

orientation of the cantilever is typically user selectable.  It is common to have a z-range from 5 

µm to 15 µm and an x-y range of 10 µm to 100 µm.  Larger x-y range can be accommodated 

with coarse-positioning motors.  Often, compromises are made between range and sensitivity, 

with the highest-resolution tools giving up x, y and z range to ensure optimal performance. 
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Finally, most AFMs will also provide a means of vibrating the cantilever at high frequencies 

(tens of kilohertz to few megahertz).  This vibration is typically achieved with a high-frequency 

piezo actuator located above the cantilever mounting point (VI).  The actuator is used in a wide 

number of dynamic AFM methods that are described in more detail below.   

All of these AFM components are managed with a sophisticated controller that is capable of 

monitoring the photodetector, powering the actuators, and providing a feedback loop for 

imaging.  Users are provided the option to tune the individual gains of the proportional-

integral-derivative feedback loop. In practice, for topographic imaging, this is often achieved by 

adjusting the integral gain just below the value where uncontrolled cantilever oscillation noise 

is observed in the image.  Controllers may have multiple lock-in amplifiers to ensure accurate 

frequency-specific detection of cantilever vibration amplitude and phase.  Controllers also often 

provide users with the ability to externally monitor AFM signals, or to supply the instrument 

with an external auxiliary imaging signal. Such signal access can be used to route the 

photodetector signal to external lock-in amplifiers with enhanced sensitivity or frequency 

range, or to provide customized input signals to enable new AFM modes that were not 

implemented at the time the microscope was manufactured. 

Other common components of the AFM include an active or passive vibration isolation system 

and an acoustic enclosure to minimize ambient vibrations.  These components are often 

essential to realize the x, y and z resolution limits of the instrument.  Without noise and 

vibration isolation, lab noise and building vibration make high-resolution imaging difficult, if not 

impossible. 
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IIIb. The operating environment 

One of the major advantages of the AFM compared to other high resolution microscopies is the 

broad range of environments within which the instrument can readily operate.  Most AFMs 

have the capability to operate in both air and liquid immersed environments.  In addition, many 

instruments have been operated in glove boxes with atmospheric control, in flowing liquids, 

and in temperature controlled systems from -35 °C to 450 °C.  More customized instruments 

have achieved temperatures as high as 700 °C [54] and as low as a few Kelvin [55].  Furthermore 

some of these instruments are operated in ultra-high vacuum to achieve higher resolutions for 

sensitive surface characterization [55]. 

IIIc. Cantilever calibration 

Because of the effect that forces can have on AFM results, and the requirement of accurate 

force measurements for many absolute property measurements, it is essential that cantilever 

properties and imaging conditions be accurately reported.  Manufacturer-specified cantilever 

spring constants should be taken only as a rough guideline; more accurate measurements 

require user calibration of the cantilever[56, 57].  Calibration of cantilever spring constants has 

remained an area of intense research for over two decades.  A number of viable methods to 

calibrate the cantilever spring constant have been proposed, each with advantages and 

limitations.  An ideal calibration method is fast, simple, nondestructive and accurate.  Below is a 

brief summary of some of the most common calibration methods.  Other techniques exist, and 

more detail is provided in the mentioned references. 
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Thermal method – The thermal method [58, 59] has developed as perhaps the most widely 

used spring constant calibration method and has been integrated into many commercial 

instruments.  The premise of the method is that a cantilever is continually vibrating as a result 

of Brownian motion, and the energy of that motion is proportional to the temperature.  Based 

on the equipartition theorem, the spring constant can be determined from an analysis of the 

thermally vibrating cantilever’s power spectral density (i.e., the cantilever’s thermal vibrational 

energy can be related to the mechanical energy in the cantilever).  The accuracy of the method 

generally decreases with increasing cantilever stiffness, because the magnitude of the vibration 

approaches the AFM noise floor.  The user need only determine the sensitivity of the cantilever 

(i.e., the nanometers of cantilever deflection associated with a photodetector voltage) and 

acquire a time history of the vibration amplitude.  The most significant drawback of the method 

is that the typical sensitivity calibration requires contacting the tip with a very rigid substrate, 

which can degrade the sharpness of the tip. 

Reference cantilevers – In this calibration method, the uncalibrated cantilever is brought into 

contact to deflect a second cantilever of known spring constant [60-63]. The reference 

cantilever is chosen such that its spring constant is close to that expected for the unknown 

cantilever. In addition to the basic method of deflecting a single cantilever at a single point, two 

major variations have been reported in the literature. In the first, a single reference cantilever is 

used, but it is deflected at multiple positions along the length of the cantilever [63].  In the 

second method [62], an array of cantilevers of varying spring constant are alternately deflected 

and the unknown cantilever’s response is measured. The reference cantilever technique in 

general has the advantage of high accuracy, but it still requires contacting a rigid material, 
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which can degrade the tip.  It is also necessary to have a wide range of reference cantilever 

stiffnesses to accommodate the variety of AFM cantilevers used for various types of 

measurements. 

Added mass – The added mass method is based on the observation that when a mass is added 

to the end of a cantilever beam, the resonance frequency drops in a theoretically predictable 

manner.  To determine the spring constant of a cantilever, high density (e.g. tungsten) 

microspheres are placed on the end of a cantilever and held in place by adhesive forces [64].  

Then, the resonance frequency of the cantilevers is measured and a model is used to calculate 

the spring constant.  Significant benefits of the method are that calibration can be performed 

without having to engage a rigid sample and the spheres can be removed, making the method 

nondestructive.  The major drawback to the method is the precision and care required to 

successfully add and remove the particles from the cantilever. 

IV. Topographic imaging 

For any AFM technique, the surface topography image will be composed of contributions from 

the true sample height, the local sample stiffness, and the tip geometry.  The contribution of 

the first variable is relatively intuitive, but the contribution of the latter two variables warrants 

a brief additional discussion.  The sample stiffness contributes to observed topography because 

more compliant regions of the sample will deform more than stiffer regions for the same 

applied load (whether quasistatic or dynamic).  For precise topographic measurements of 

compliant materials, care should be taken to minimize the tip-sample interaction force.  The tip 

geometry contributes to the image because the size and shape of the tip can be of similar 
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dimensions to surface features themselves.  Thus a dilation effect occurs where protruded 

features are larger than the true topography and depressions are smaller.  Likewise, measured 

surface radii are confounded with the end radius of the tip.  Algorithms exist for correcting this 

tip artifact [65].  

 

 

Figure X.3. a. Topographic imaging modes include contact AFM, intermittent contact AFM (IC-

AFM) and non-contact AFM (NC-AFM). b. A model force curve demonstrating the operating 

regimes of contact, IC-AFM, and NC-AFM. c. Amplitude attenuation and phase shifts in IC-

AFM and NC-AFM.  

 

IVa. Contact mode 

There are two common classes of imaging methods used to achieve topographic reconstruction 

of a surface with the AFM (figure X.3.a).  The first method that was developed is known as 

contact mode atomic force microscopy.  In contact mode the tip is moved toward the surface 

until the tip makes contact with the surface and the photodetector registers a specified voltage 
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indicating a specific deflection of the cantilever.  That voltage is directly proportional to the 

distance the cantilever has deflected, and the constant of proportionality is called the optical 

sensitivity.  Conversion from deflection to force is then straightforward using one of the spring 

constant calibration procedures outlined above.  When the cantilever reaches the requested 

setpoint, a feedback loop continually adjusts the z-actuator extension to maintain constant 

bending of the cantilever.  If the tip or sample is rastered while maintaining the deflection 

setpoint, an image of the voltage driving the z-actuator will be proportional to the height of the 

surface.  Contact mode is simple to operate, and is used as the foundation for other more 

advanced modes such as friction force microscopy [66], conducting atomic force 

microscopy[67] and atomic force acoustic microscopy [68]. The major limitation of contact 

mode is that scanning in continuous contact produces relatively large lateral or shear forces at 

the tip-sample contact zone.[69]  For mechanically rigid and robust materials, the consequence 

of these forces is typically fracture and wearing of the tip, which gradually degrades resolution 

[70].  For compliant materials such as soft polymers and biomaterials, excessive shear forces 

can damage the sample [69], or even make imaging impossible.  Operation with compliant 

cantilevers (e.g. spring constant less than 0.2 N/m) can reduce, but not eliminate, tip and 

sample damage.  To address the limitations of contact mode, the intermittent contact modes of 

operation were developed. 

IVb. Intermittent contact modes 

As the name implies, intermittent contact modes of operation involve the periodic making and 

breaking of repulsive contact (or short-range attractive interaction) between the tip and 
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sample.  This limits tip and sample damage that arise from shear forces.  Intermittent contact 

atomic force microscopy (IC-AFM) has been a subject of intense research since its original 

development.  A complete survey of the technique and its variants is outside the scope of this 

chapter, hence only the most commonly used methods are presented here.  The most common 

form of IC-AFM is known as amplitude modulated atomic force microscopy (AM-AFM), but is 

also commonly referred to by the trade name “Tapping Mode” [71, 72]. The general capability 

to perform AM-AFM or similar variants is available on most AFM instruments.  The technique 

typically uses relatively stiff cantilevers for operation in air (with spring constant approximately 

40 N/m), whereas more compliant cantilevers (with spring constant less than 1.0 N/m) are used 

in liquids.  In AM-AFM the cantilever is oscillated at a frequency near its resonance frequency.  

The oscillation is commonly produced by a dithering piezo element [71] located near the 

cantilever base, but excitation can also be produced by use of other methods (e.g., magnetic 

[73], photothermal [74, 75]).  By sending the photodetector signal to a lock-in amplifier and 

feeding the drive oscillation as a reference, the amplitude and phase of the vibrating cantilever 

can be determined. When the cantilever is brought close to the surface, the vibration 

amplitude will be reduced due to attenuation and stiffening of the tip sample interaction.  

Analogous to the deflection feedback in contact mode AFM, in AM-AFM the controller will 

receive feedback on the oscillation amplitude and control the z-actuator to keep the oscillation 

amplitude constant during imaging.  For many surfaces, this method maintains a stable average 

distance between the tip and sample, resulting in an accurate measurement of topographic 

heights.  While the amplitude feedback provides near-constant average scanning height for the 

tip, the phase signal can simultaneously provide contrast related to the energy dissipation in 
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the sample [76, 77]. In some cases, the phase can be directly correlated with material 

properties such as the viscoelastic loss tangent [78].  

AM-AFM imaging can be performed at a range of setpoint amplitudes, and two distinct imaging 

regimes are possible (figure X.3. a and b) [79].  At higher relative setpoints (ratios of the 

setpoint amplitude to the free amplitude), the tip will interact with the sample with a net 

attractive force (see the thinner light line in figure X.3.b).  Imaging in this regime is often 

referred to as non-contact AFM.  Because repulsive interactions are minimized, sample damage 

is minimized, and tip sharpness is preserved.  At lower relative setpoints, the cantilever taps 

harder on the surface, and net-repulsive forces dominate the tip sample interaction (see the 

thicker line in figure X.3.b).  This regime is often more stable than the net-attractive regime, and 

provides sharper feature contrast.  The two regimes can be readily differentiated by monitoring 

the phase signal of the AFM (figure X.3.c).  If the free cantilever vibration is setup to ensure that 

the phase signal is 90 ° out of phase with the drive signal, and the cantilever is driven precisely 

on resonance, the imaging phase will reveal the operating regime.  If the imaging phase angle is 

greater than 90 °, the cantilever is imaging with a net attractive force.  If the imaging phase 

angle is less than 90 °, the cantilever is imaging with a net repulsive force (in some instruments, 

the relation is reversed, and this relation should be confirmed with the manufacturer).  For 

samples with strong chemical and mechanical heterogeneities, it is possible for both regimes to 

exist within the same image, under typical imaging conditions.  For the most accurate 

topographic results, the user should choose a setpoint that ensures the entire image is acquired 

in the same operating regime (i.e., the setpoint should be high enough or low enough so that 

the image is entirely net-attractive or entirely net-repulsive).   
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In addition to the AM-AFM mode, another common intermittent contact mode of operation is 

frequency modulated atomic force microscopy (FM-AFM) [72, 80].  The method is similar to 

AM-AFM, but the feedback is made on the resonance frequency of the cantilever rather than 

on the oscillation amplitude.  As the cantilever approaches the surface, the net force between 

the tip and sample will initially be attractive, then at smaller distances repulsive.  In the 

attractive regime, the resonance frequency will decrease relative to that of a cantilever 

operating far from the surface (figure X.3.c upper, thin orange line).  In the repulsive regime, 

the resonance frequency will increase (figure X.3.c upper, thick blue line).  FM-AFM is useful 

because the resonant frequency shift is proportional to the average force-distance-gradient 

between tip and sample.  The AFM controller works to ensure that the drive frequency is 

constantly on-resonance, regardless of how much the absolute resonance frequency shifts 

across the sample.  FM-AFM is most commonly used in high vacuum environments instead of 

ambient conditions because the quality factor of the cantilever resonance is extremely high, 

making the measurement of resonant frequency very precise.   

V. Applications of topographic imaging to membrane science 

The capabilities of the AFM for high resolution surface topography imaging have been widely 

utilized in the membrane community.  Applications include characterization of surface 

morphology, surface roughness, pore size and fouling. 

Va. Surface roughness 

Surface roughness of membrane materials has been widely studied with the AFM.  Roughness 

has been found to correlate with permeability and fouling characteristics of the membrane, and 
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as such can serve as an important predictor of membrane performance.  Roughness is generally 

quantified by either an arithmetic mean or root mean square (RMS) type calculation [81], as 

follows.  An AFM topography image consists of an array of pixels at every x and y coordinate, 

and each pixel contains height information for the particular location. The arithmetic mean 

roughness Ra of an AFM topography image is calculated as 
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where in both cases, n is the total number of image pixels, 𝑧𝑖 is the height value of sn individual 

pixel, and 𝑧̅ is the mean height of the entire surface.  Often, some form of leveling is applied to 

the flatten height image (and these tools are available in most commercial AFM software); 

however, any leveling algorithms that include higher-order terms can potentially alter the 

calculated roughness.  Because of the tip dilation effects, the measured RMS roughness of a 

surface depends on the size and shape of the AFM tip.  Sedin and Rowlen [82] found that for 

small scan areas, a larger tip tends to decrease the apparent surface roughness; however, for 

larger scan sizes, increasing tip size will increase apparent surface roughness.  Follow up 

simulations by Chen and Huang[83] found that the discrepancy in roughness with tip size was 

also affected by the skewedness of the height distribution.  A Gaussian distribution of heights 

or a surface with negatively skewed height distribution (that is, a surface where a majority of 
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the pixels have height values below the mean value) will result in RRMS values that decrease 

with increasing tip radius.  In contrast, when the height distribution is positively skewed, 

roughness will initially increase, then turn and decrease with increasing tip size.  These 

geometric effects on surface roughness can be understood by considering the ability of a tip of 

given radius to fully penetrate a valley of given dimension.  A large radius tip cannot penetrate 

a narrow valley, resulting in a lower measured roughness. The decrease in measured roughness 

with high positive skewedness results from coupling of the tip shape into the profile of peaks on 

the sample.  This broadens those peaks, and reduces measured roughness. 

Boussu and coworkers [14] showed that the absolute determination of roughness was also 

affected by the AFM imaging mode used.  Repulsive-regime AM-AFM and non-contact (i.e., 

attractive-regime) AM-AFM gave roughness values on the same membranes, with the same 

scan size, that differed by up to 100 %.  There was not a clear bias direction between the two 

modes, with either technique showing higher roughness under certain conditions.  The 

difference in measured roughness with different AFM modes was attributed to the ability of 

non-contact AFM to image on top of a contamination layer such as surface-water, whereas 

repulsive regime AM-AFM would tend to penetrate this contamination layer and image the 

underlying material.  In spite of the absolute differences, the rank order of all membranes 

remained the same for both imaging modes.   

Overall, the calculated roughness will depend on imaging mode, tip size, and scan size. This 

indicates that caution must be used in the reporting of absolute roughness results. 
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Furthermore, roughness comparisons between surfaces are most valid when tip and imaging 

conditions are kept as constant as possible. 

Many studies have reported on the roughness parameters of membrane materials; however, 

fewer have sought to quantitatively and systematically correlate membrane performance with 

surface roughness.  Examples from the literature are discussed below. 

In an early study Hirose and coworkers [84] prepared a series of model polyamide reverse 

osmosis (RO) membranes in which the roughness was varied by addition of isopropyl alcohol.  

The resultant membranes had RRMS values ranging from 21 nm to 105 nm.  As shown in figure 

X.4, a roughly linear correlation was found between surface roughness and membrane flux.  It 

was proposed that increased surface roughness increases the surface exposed to upstream 

fluid, while not detrimentally increasing the average thickness of the membrane. 

Madaeini [13] examined the effects of surface roughness on the flux and ion retention of RO 

membranes.  The author compared two membranes, TFC-ULP and TFC-SR2 (both from Fluid 

Systems), which have similar polyvinyl alcohol chemical structure in the skin layer, but exhibit 

dramatically different flux and ion retention.  TFC-ULP exhibited low water flux and high ion 

retention, whereas TFC-SR2 exhibited high water flux and low retention.  Following IC-AFM 

imaging of the surfaces, the author found that TFC-ULP exhibited significantly higher surface 

roughness than TFC-SR2 (more than 100x increase in RRMS).  The rougher surface could trap 

more ion species, which resulted in increased retention and decreased flux.  The seeming 

contradiction with the work of Hirose[84] may arise from less control over skin thickness in the 

Madaeini study. 
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Al-Jeshi and Neville further studied the effects of roughness on RO membrane performance 

[15].  They characterized 4 commercial RO membranes with nominally similar chemical 

composition.  Roughness varied from 17 nm to 70 nm between the membranes, with 10 % to 

15 % standard deviation amongst different regions of the same membrane.  In contrast to the 

earlier findings, a clear monotonic correlation between flux and roughness was not observed.  

In the most extreme example, Osmonics AG and Osmonics AD membranes had surface 

roughness values within 1 nm of one another; however, their flux differed by a factor of more 

than 7.  This result indicates that although surface roughness can strongly influence flux, 

additional chemical and structural characteristics of the membranes can still dominate.  

Another key finding was that RMS surface roughness changed considerably (≈ 35 % increase in 

2 hours) after exposing a dry membrane to water.  This indicates that relevant surface 

roughness measurements should be performed in the operating environment, rather than in 

ambient conditions. 
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Figure X.4: (a) Example topography image of a reverse osmosis membrane and (b) plot 

showing the linear correlation between AFM-derived, nanometer-scale surface 

roughness and bulk membrane flux for a series of 6 RO membranes. From [84] 

 

In addition to influencing the flux of pristine membranes, roughness has also been shown to 

affect the tendency of membranes to foul.  In a comparison of relatively smooth cellulose 

acetate membranes and rough polyamide composite membranes, exposure to a silica colloid 

suspension led to much faster flux decline in the rougher composite membranes [10].  In a 

follow up study [12], Hoek et al. studied roughness and fouling on 4 different membranes: two 

nanofiltration membranes and two RO membranes.  Membranes were tested with a 200 mg/L 

suspension of 140 nm silica particles as a model foulant.    They found a direct monotonic 

correlation between percent flux decline and surface roughness, independent of the membrane 

type.  Flux decline was proposed to be more severe for the rough membranes because the 

particles could clog the valley-like features present.  Appreciable flux decline on smooth 

membranes required a nearly continuous cake layer of particles to be formed, and that layer 

must be tens of particle diameters thick.  Post-fouling topographic scans confirmed the nature 

of the proposed clogging mechanisms for smooth and rough example membranes.   

A study by Hobbs et al. [16] utilized high-organic-content surficial groundwater instead of 

model colloidal solutions.  Again, RO and NF membranes were compared on the basis of surface 

topography and flux decline during filtration. A total of six RO or NF membranes were 

characterized.  As shown in figure X.5.a, for the RO membranes, the authors observed the same 
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trend as prior authors wherein the flux decline increased with increasing surface roughness.  

For the NF membranes in figure X.5.b, the trend was weaker and showed a slight trend reversal, 

with reduced flux decline at increased surface roughness.  The discrepancy was rectified when 

instead of surface roughness, the authors considered the surface area difference (i.e., the ratio 

of 3-dimensional surface area to specified scan area) of the membranes, as shown in figure 

X.5c-d.  The improved correlation between flux decline and surface area difference is attributed 

to the ability of the increased surface area difference calculation to quantify the total surface 

area available for adsorption. 
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Figure X.5: (a) and (b) Plots showing the correlation between AFM-measured surface 

roughness and fouling induced flux decline ratio for RO and NF membranes, respectively.  (c) 

and (d) show the correlation between AFM-measured percentage surface area difference 

(defined by the ratio of 3-dimensional surface area to flat projected image area) and flux 

decline ration for RO and NF membranes, respectively. From [16]  

 

In a more recent study, An et al. [85] studied the influence of polyvinyl alcohol on surface 

morphology and antifouling characteristics of composite polyamide NF membranes.  Varying 

the mass fraction of polyvinyl alcohol from 0 % to 16 % resulted in a decrease in RMS roughness 
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from RRMS ≈ 110 nm to RRMS ≈ 40 nm.  These changes were accompanied by up to 20 % reduction 

in flux decline; however, the modifications came at the expense of a significantly reduced 

rejection rate towards MgSO4, NaCl and methyl orange.  The less rough surfaces also exhibited 

higher total flux due to the increased affinity between the feed solution and the more 

hydrophilic membrane. 

Vb. Pore size determination 

 

Figure X.6. The impact of tip shape (relative to the pore) on the AFM topography images of 

membrane pores for two different pore shapes (structure A and structure B) and two 

different pore sizes (solid line and dashed-line). The pore size can be determined for the pore 



23 
 

shape in structure A, but cannot be accurately determined for the pore shape in structure B. 

From [86] 

 

The high resolution of the AFM makes it an attractive tool for characterizing the nanoscale pore 

structure of many filtration membranes.  The fact that AFM probes only the surface 

morphology of the pores and can provide little information about the deeper structure must be 

considered when performing a pore size analysis (figure X.6).  Further, the AFM tip can only 

probe a pore up to the depth where the pore diameter is comparable to the cross-sectional 

diameter of the tip.  Thus, pores will appear as rounded valleys rather than straight-sided holes.  

In spite of the limitations imposed by the finite tip size and surface specificity, considerable 

progress has been made in imaging pores.  The AFM was first used to characterize membrane 

pores by Dietz et al. in 1991 [87].  They compared three different membranes with two 

polymers and two molecular weight cutoff values.  For two membranes with similar polysulfone 

composition, there was a clear correspondence between pore density and molecular weight 

cut-off.  Pore sizes in the range of 15 nm to 30 nm were observed; however, this was still larger 

than expected from the molecular weight cutoff.  Reasons for the discrepancy were not 

thoroughly investigated. 

Fritzsche et al. [88] compared the pore size measuring capabilities of the scanning electron 

microscope (SEM) and AFM on 10,000, 30,000 and 100,000 molecular weight cutoff (MWCO) 

ultrafiltration membranes.  Pore size was determined from a line cross section of the 

topography image by measuring the size of prominent valleys.  For the 10,000 MWCO 
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membrane, neither SEM nor AFM could adequately resolve the individual pores, which were 

expected to be between 3 nm and 5 nm in diameter.  It was hypothesized, and substantiated 

with flux measurements, that the solvent exchange required to prepare the SEM specimens 

resulted in closure of the pores. For the AFM specimens, the micromachined probe tips 

available at the time lacked the sharpness for probing such pores.  For the 30,000 MWCO and 

100,000 MWCO membranes, both AFM and SEM could resolve the pore structure; however, 

there was considerable discrepancy between the measured diameters.  The AFM measured 

pore diameters were consistent with expectations from the MWCO value, whereas the SEM 

measured much smaller average pore diameters.  Similar to the 10,000 MWCO membrane, flux 

testing indicated partial closure of the pores when membranes were prepared for SEM.  The 

easy and nondestructive sample preparation and environmental capabilities of AFM are thus a 

significant benefit for pore size measurements. 

Bowen et al. performed extensive studies on the AFM characterization of membrane pores.  In 

1996 [22], the group evaluated the use of noncontact AFM for characterizing pore size and pore 

size distribution.  The cantilever had a high aspect ratio tip with an end radius of ≈ 10 nm.  Pore 

sizes were found to be comparable to those from contact-mode AFM, but they again differed 

considerably from sizes measured with electron microscopy.  The ability to use noncontact AFM 

to characterize pores provides significant opportunity for the characterization of delicate 

membrane surfaces that would otherwise be damaged by higher normal or shear forces, or 

strong electron beams.  In a related study [21],  the authors found that the highest pore 

resolution was possible on very smooth membranes where local peaks and valleys did not 

obscure the pore structure.   
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To improve the ability to characterize pore size, Bowen et al. investigated the use of Fast 

Fourier Transform (FFT) to process images of the membrane surface [89].  A review of the 

literature by the authors found that AFM imaging often resulted in an apparent elongated pore 

structure that was not verifiable by complementary techniques.  The authors found that, for a 

model microfiltration membrane, such elongation arose because of cantilever vibrations from 

fast scan rates and the use of low-spring-constant cantilevers.  As shown in figure X.7, 

application of an FFT to the raw data, radial filtering of high spatial frequencies, and inverse FFT 

of the processed data resulted in much more circular pores that were consistent with 

expectations.  Another paper by Bowen and colleagues [24] summarized the state of the art at 

the time of publication in 2000.  They observed that the sometimes limited correspondence 

between AFM-measured pore size and MWCO data as previously reported by other groups was 

a result of not operating with the most sophisticated equipment and analysis.  The use of FFT 

image processing, in addition to high aspect ratio tips (rather than low aspect ratio pyramidal 

tips), provided the best agreement with MWCO predictions.  This agreement was best for 

smaller pore diameters, and for samples with a small standard deviation in pore size.  

Stawikowska and Livingston [28] recently took the use of a high aspect ratio tip to an extreme 

case where the tip was a carbon nanotube ~2 nm in diameter.  Although their theoretical 

spatial resolution was much higher than for previous studies with sharpened silicon or silicon-

nitride tips, they were cautious about misinterpreting the surface roughness of the film as 

evidence of nanoscale pores.  The membranes under investigation were expected to have sub-

nanometer pore sizes, but the sharp probe revealed evidence of 1.5 nm to 2.1 nm pores.  In 

fact, characterization of a dense film that was found to have no measurable flux still resulted in 
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a calculated 3.5 nm pore size using the conventional approach from the literature.  Thus, to 

confidently identify and measure pores requires not just a very sharp tip, but also pores that 

are large or otherwise discernible from the background roughness. 

 

Figure X.7: (a) Raw AFM image of surface and pores of a C01 cyclopore membrane in air.  (b) 

The same image after post-processing with a fast Fourier transform (FFT) to remove transient 

vibrational noise. From [89] 

 

VI. Spectroscopy and functional imaging  

The spectroscopic capabilities of the AFM were recognized early in the development of the 

instrument.  In general, spectroscopic data are acquired at a user-defined location on the 

sample, and a dependent variable is adjusted while monitoring the response of some 

independent variable.  Common measured data pairs include of force versus distance, voltage 

versus distance, and current versus voltage.  Functional imaging refers to either spectroscopic 
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data obtained at an evenly-spaced array of points to show spatial variation of specimen 

properties, or spectroscopic data captured in parallel with traditional scanning modes. 
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VIa. Force-Distance Spectroscopy  

One of the first developed and most widely used forms of AFM spectroscopy is force-distance 

(F-D) spectroscopy.  In force-distance spectroscopy, the base of the cantilever is brought 

towards the sample at a constant velocity.  After some threshold is reached (usually base 

displacement or cantilever deflection), the direction of motion is reversed and the cantilever is 

withdrawn.  Although a simple experiment, F-D spectroscopy can provide rich information 

about the mechanical and chemical properties of the surface.  An example F-D spectroscopy 

curve is shown in figure X.8.  As the cantilever approaches the surface, it is initially subjected to 

only weak long range forces (e.g. electrostatic).  This can cause some deflection of the 

cantilever; however, the extent of this deflection is usually small.  At some critical tip-sample 

distance, the attractive force gradient between the tip and sample exceeds that of the 

cantilever spring constant, causing the tip to snap into repulsive contact with the sample.  

Further advancing of the cantilever toward the sample results in a repulsive bending of the 

cantilever, and increased deflection.  In this repulsive regime, the slope of the force versus 

displacement curve is proportional to the vertical stiffness of the sample (known as the contact 

stiffness).  During the cantilever retraction, the slope may precisely trace the approach curve, or 

if a dissipative process such as plastic deformation has occurred, the slope may be altered.  The 

most significant difference between the approach and retract curves occurs in the regime of 

negative deflection or voltage relative to that of the lever far from the surface.  During 

retraction, adhesion forces (e.g. electrostatic, capillary, Van der Waals) between the tip and 

sample cause the tip to remain in contact until the pulling force exceeds the adhesion force.  By 
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measuring the magnitude of this dip relative to the free cantilever baseline and choosing a 

suitable analysis model, the adhesive properties of a surface can be characterized. 

Particular problems that have been addressed by F-D spectroscopy include local mechanical 

property characterization, chemical mapping with functionalized probe tips, and single 

molecule spectroscopy.  Each of these measurements has applications in membrane science, 

and each measurement is discussed below. 

 

Figure X.8. The extraction of quantitative mechanical properties from F-D spectroscopy. (a) A 

raw force curve for voltage versus base displacement. (b) The voltage versus displacement 

curve is converted to a force-versus-distance curve using the deflection sensitivity and the 

cantilever spring constant obtained from a thermal spectrum or another calibration method. 

c) Quantitative mechanical properties can be extracted by fitting the F-D curve with a contact 

mechanics model.  

 

 VIb. Contact mechanics models 



30 
 

The extraction of quantitative mechanical properties from F-D spectroscopy relies on principles 

from the field of contact mechanics, and is similar to instrumented indentation.  Thus, it is 

necessary to convert the uncalibrated cantilever F-D spectroscopy signals from units of voltage 

versus cantilever-base displacement to units of force versus indentation depth (figures X.8 a 

and b).  The tip sample distance, D is given by 

P LD Z Z    , 

where  ZP is the cantilever base piezo displacement, ZL is the cantilever tip displacement, and δ 

is the indentation depth that the tip has pushed into the sample (minus the amount the tip 

itself has deformed).  ZP is known from the calibration constant between piezo voltage and 

sample height.  ZL is typically given in volts, but can be calibrated to a distance from an F-D 

measurement on a very stiff reference material (the calibration constant is the lever sensitivity 

in units of nm/V).  In the repulsive regime of an F-D curve on a very stiff sample, δ=0 and D = 0, 

making determination of ZL straightforward.  For a polymeric membrane material or other 

compliant sample, a F-D curve on the adjacent stainless steel puck or glass slide to which the 

membrane is adhered is generally sufficient.  The lever sensitivity will remain constant as long 

as the reflected laser position on the cantilever does not change.  Thus, a subsequent F-D 

measurement on a compliant test material will have only one unknown, δ.  The dependent 

force variable is calculated by the product of ZL and the cantilever spring constant. 

To extract the mechanical properties including stiffness and adhesion, the force versus 

indentation curve must be fitted to a contact mechanics model (figure X.8.c). Typical models for 

the calculation of elastic properties of materials from force curves between a hemispherical tip 
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and a flat surface are Hertzian [7], Derjaguin-Müller-Toporov (DMT) [90], and Johnson-Kendall-

Roberts (JKR) [91]. The Hertz model is the classical theory of contact mechanics, which assumes 

that there are no adhesive interactions between the tip and the sample, the deformation 

caused by tip-sample contact is entirely elastic, and the contact area is much smaller than the 

tip radius. Assuming the tip is much stiffer than the sample, the Young’s modulus E of the 

material can be extracted from a fit of the F-D curve using the following equations depending 

on the shape of the tip: 
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where F is the applied force obtained from the F-D curve, RC is the radius of tip curvature, and ν 

is the Poisson ratio which must be estimated for the material of interest.  
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where 𝛼 is the half opening angle of the cone.  

The F-D curve is generally fit with a model making the Young’s modulus 𝐸 an adjustable 

parameter. Successful quantification of the Young’s modulus therefore depends on accurate 

knowledge of tip shape and size as well as a reasonable estimate of the Poisson’s ratio for the 

material of interest, which can generally be estimated from the bulk material properties.  
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The DMT and JKR models additionally incorporate adhesive interactions, with DMT being used 

for low adhesive forces relative to the material elasticity and JKR being most appropriate for 

high adhesive forces relative to the material elasticity. The JKR model is a fully elastic model 

that also considers adhesive interactions in the contact area, and the DMT model adds both 

adhesive and Van der Waals forces outside the contact area to the Hertzian contact model. The 

development of these two models is outside of the scope of this chapter and is treated in detail 

in the following references [7, 90, 91]. All three of these models are for small indentations into 

the material (i.e., indentation significantly smaller than the tip radius). With either method, 

indentations must be small enough that the underlying material does not influence the 

measured mechanical properties. For larger indentations that cause plastic deformation of the 

contact, other models (e.g., Oliver-Pharr [92]) should be considered.  

VII. Applications of force spectroscopy to membrane science 

Obtaining the mechanical properties of membranes is important for handling, assembly, and 

lifetime estimation purposes, depending on the specific membrane application. Additionally, 

changes in membrane properties after harsh chemical treatments can be studied by AFM to 

determine the susceptibility of certain membrane materials to different treatments. The local 

environment of polymeric membrane materials can influence the swelling of polymer chains, 

which can translate into a local stiffness change. One of the largest challenges to membrane-

based water treatment is colloidal fouling (whether inorganic, organic, or biological). The AFM 

offers a unique platform to directly measure the interaction forces (specifically adhesion forces) 

of individual colloids with membranes. Stiffness and adhesion measurements on polymer films 
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are a fairly routine AFM experiment. Advantages of measuring these properties by atomic force 

microscopy instead of macroscopic methods are the high spatial resolution for probing 

mechanical properties on the micrometer and submicrometer scale, and the high sensitivity to 

small forces.  There are also some disadvantages and challenges to extracting membrane 

mechanical properties by use of F-D spectroscopy. The tip radius must be known and smoother 

surfaces than most membranes are required, as all of the models to extract mechanical 

properties are highly dependent on the tip-sample contact area. Similarly, small asperities in 

the tip or membrane can lead to the underestimation of adhesion forces. However, with the 

right experimental considerations F-D spectroscopy is a promising tool, particularly for 

understanding micrometer and submicrometer heterogeneities in stiffness and adhesion of 

membrane materials.  

VIIa. Mechanical property measurements 

Only a handful of studies have attempted spatially resolved stiffness measurements on 

polymeric membrane materials. One reason for the small number of stiffness studies may be 

the inherent difficulty of performing these measurements on rough surfaces, which are notably 

present on many membranes. As mentioned above, in order to extract quantitative mechanical 

properties from AFM force data, detailed information about the cantilever and the material 

properties must be known, including the tip radius, the cantilever spring constant and the 

Poisson’s ratio of the material. Nanomechanical measurements of contact stiffness by AFM are 

more challenging to obtain than bulk material measurements, but can be particularly valuable 

when spatial information (i.e., for polymer blends or composite materials) is needed. The most 
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promising applications are for thin films (which are not conducive to macroscale testing), for 

studying the local effect of polymer/environment interactions and for characterization of the 

heterogeneity of composite membrane materials. 

 As an example of membrane-environment interaction measurements, Umemura and 

colleagues [46] used an AFM to measure the Young’s modulus of Nafion in air, water and 

mixtures of water and methanol. The authors measured a series of force curves and used the 

Hertz contact model to extract values for the Young’s modulus. It is important to keep in mind 

that the Hertz contact model neglects adhesive forces, and polymer samples must be 

significantly thicker than the indentation depth to ensure that the tip geometry matches the 

indentation shape, and to remove the effects of the underlying substrate on the measurement. 

The Young’s modulus (measured using the same cantilever on the same membrane) decreased 

by a factor of 1.75 when switching from water to 5 % methanol, which the authors attributed to 

swelling of the polymer chains in the Nafion thin film.  The measured modulus remained 

constant when switching from methanol back to water, which suggests a high affinity of the 

polymer for methanol.  

Another example where the AFM excels for modulus measurements is characterizing the 

heterogeneity of composite membrane materials. The nanomechanical properties of poly(vinyl 

alcohol) (PVOH)–poly(acrylic acid) (PAA)–cellulose nanocrystal (CNC) membranes were 

measured using AFM nanoindentation experiments [45]. Once again, the Hertz contact model 

was used to extract the Young’s modulus, and the cantilever was chosen to have a high spring 

constant (nominally 311 N/m) so that applied forces were relatively large and adhesive forces 
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could be neglected. The authors found that the modulus determined with AFM showed good 

relative agreement with modulus determined from bulk testing when the ratio of 

PVOH:PAA:CNC was varied.  However, the AFM measurement overpredicted absolute modulus 

values by a factor of 1 to 2.  The largest discrepancy between AFM and bulk testing occurred for 

samples where the CNCs exhibited substantial agglomeration. 

A relatively new mode that combines intermittent contact topography imaging with the 

generation of a force curve at each pixel (trade named PeakForce Tapping) has been used to 

map nanomechanical properties at the nanoscale for a variety of polymer materials [47]. The 

force curves are fit using the DMT model (Hertz plus adhesion forces). Heisgen et al. [43] used 

PeakForce mode to map the stiffness and adhesion of Nafion membranes before and after they 

had been “activated” by applying a current through the material. The authors found that the 

areas around pore openings were the least deformable, and that areas with decreases in 

adhesion corresponded to the swelling of bumps on the polymer membrane. The bumps were 

attributed to water pressure, and the decreased adhesion was suggested to be caused by a 

decrease in the fraction of Nafion polymer backbones at the surface. The adhesion force was 

calibrated using a set of materials with different polytetrafluoroethylene (PTFE) content. The 

authors were able to use the data to correlate the observed results to a model structure 

containing bundles of fibrils. 

Heisgan et al. also investigated the properties of gas diffusion layers for fuel cells and used the 

relative change of energy dissipation and adhesion force as a measure of PTFE content to 

observe the aging of fuel cell layers [44]. The authors used another intermittent contact mode 
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method (trade name HarmoniX) that extracts a force curve at every pixel by analyzing many 

harmonic signals at each point in the intermittent contact mode cycle and monitoring the 

torsional bending of special asymmetric cantilevers. They were able to correlate the local 

power losses to the distribution of material degradation in the micro porous electrode. 

 

VIIb. Adhesion measurements 

A more common use of F-D spectroscopy in membrane science is to understand how fouling 

components interact with membrane surfaces [7, 93, 94]. The adhesive force is determined 

from the retraction portion of the force curve. Because of the challenges with determining tip 

size and shape (often this must be done by electron microscopy on the exact same cantilever 

used for measurements) many of these measurements are performed with a colloidal probe 

modified cantilever that is easier to characterize [93]. Colloidal probe cantilevers can be 

purchased from a few manufacturers, or the probes can be assembled in the lab using epoxy to 

attach polymer or silica microspheres to the end of the cantilever. The most common probe for 

membrane studies is a carboxyl-modified latex microsphere, which researchers have postulated 

mimics the carboxyl groups on model foulants such as humic materials or cell surfaces [93, 95]. 

A summary of specific applications of adhesion measurements follows.  

Bowen et al. were the first group to quantify the interaction forces of individual colloids with 

water treatment membranes using atomic force microscopy [38]. The group modified a tipless, 

relatively compliant (cantilever spring constant of 0.4 N/m) silicon nitride cantilever with an 11 

mm polystyrene microsphere. Force curves were obtained for the polystyrene microsphere 
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with two different membrane materials: a polyethersulfone membrane and a proprietary 

antifouling membrane. The adhesion force was estimated by quantifying the depth of the well 

in the retraction curve and quantifying the pull-off force normalized by the microsphere radius. 

The group showed that the proprietary membrane had a significantly smaller force of adhesion. 

In a follow up study the adhesion of biomolecules to two different membrane materials was 

quantified [39].  The test setups utilized adsorption of bovine serum albumin on to a 5-μm-

silica-colloidal-probe-modified cantilever and a single yeast cell attached to a tipless cantilever. 

They were able to demonstrate smaller adhesive forces between the biomolecules and the 

membrane that was most fouling-resistant in field tests; however, their measurements had 

fairly large error bars, which they attributed to heterogeneities in roughness of the membrane 

surface.  

Even for colloidal probe measurements, membrane roughness can be an issue for adhesion 

measurements. Shortly after demonstrating the first force curves between single particles and 

membrane materials, the same group modified a tipless cantilever with a silica microsphere 

and demonstrated the impact of a variety of different ionic strengths on the adhesion force 

between the colloidal probes and rough membrane materials [11]. In both the peaks and the 

valleys of the surface, the adhesion force increased with ionic strength. They also measured 

significantly higher adhesion forces in the valleys than at the peaks, presumably because of 

increased contact area. This artifact can be avoided by choosing a colloidal probe that is 

significantly larger than the roughness of the membrane.  



38 
 

Brant and colleagues studied a variety of different colloidal probe materials for the colloidal 

probe microscopy technique on water treatment membranes [96]. They compared their results 

with the extended Derjaguin-Landau-Verwey-Overbeek theory (XDLVO). The group studied two 

different reverse osmosis membrane materials, a heat-treated cellulose triacetate/diacetate 

blend membrane and a thin-film composite membrane. Both membranes were relatively 

smooth in comparison to the colloids selected (5 µm silica, 25 µm alumina, and 5 µm 

polystyrene microspheres). They found that XDLVO theory, which incorporates acid base short 

range interactions into DLVO theory, predicted the order of adhesion forces measured between 

all membrane colloid pairs, particularly for hydrophilic pairs. In a follow up study [40], the 

authors explained these results by considering the density of the electron donor and acceptor 

groups on the colloid surface. These partial positive and negative sites on a hydrophilic colloid 

(silica) influence the hydrogen bonding with the surface, leading to higher adhesion forces than 

materials without such sites (polystyrene). This result was counterintuitive and could not be 

described by DLVO or hydrophobicity alone. The authors compared flux measurements for 

three commercially available reverse osmosis and nanofiltration membranes. In addition to 

characterizing the adhesion force by the depth of the well in the retraction curve normalized by 

the radius of the colloidal probe, the authors compared the results to the values of the work of 

adhesion calculated with the JKR model. They discovered qualitative agreement between AFM 

measurements and purely theoretical calculations, but the forces measured by AFM were much 

smaller than predicted by JKR theory.  Surface roughness was attributed as a cause of the 

discrepancy, and the discrepancy was reduced when the JKR model was modified to account for 

the reduced contact area on a rougher material. 
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Figure X.9. Cleaning-agent-induced reduction in the adhesion force between a carboxylate-

modified latex probe and fouled membranes in the presence of calcium and humic acid. From 

[95] 

 

Li and Elimelech [95] performed an AFM study to elucidate the mechanism of organic fouling 

and chemical cleaning. They chose a carboxylate modified latex colloidal probe (4 μm diameter) 

as a surrogate for humic acid and studied the interactions between bare and fouled membrane 

surfaces in the presence of various ions and cleaning agents. They were able to demonstrate a 

correlation between the adhesion forces under various conditions and membrane 

performance; specifically, they found much higher adhesion forces in the presence of calcium 

ions, which was postulated to be caused by the formation of calcium bridges. They also 

demonstrated reduced adhesion forces in the presence of chemical cleaning agents including 

sodium dodecyl sulfate and sodium hydroxide and in the presence of a chelator (figure X.9).  
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Frank and Belfort [97] demonstrated the impact of ionic strength on the adhesion of 

extracellular polymeric substance (EPS) from Pseudomonas atlantica to membrane materials. 

They modified the surface of a colloidal probe with the EPS purified from cultures and were 

able to qualitatively reproduce fouling results from the membrane community at a variety of 

ionic strengths. They also found that the EPS chains collapsed at high ionic strength, leading to 

indistinguishable adhesion behavior on three different membrane materials.  This explains the 

persistence of marine biofilms in fouling of membranes because at high ionic strength the 

underlying material no longer influences adhesion. 

Adhesive measurements have also been used to characterize local variations in hydrophobicity 

of membrane surfaces. Using an octadecyl trichlorosilane (OTS) modified cantilever, Yamazaki 

and colleagues probed the adhesive forces with a series of force curves on a wet dialysis 

membrane [98]. To mitigate concerns about the influence of tip contact area, they normalized 

the adhesive force between the tip and the membrane by the adhesive force of the same 

cantilever on hydrophobic mica to obtain a parameter defining the intensity of hydrophobicity. 

By performing F-D spectroscopy on an evenly-spaced array of points across the inside surface of 

the membrane, they could quantify the strength and uniformity of hydrophobic and hydrophilic 

sites.  They were able to demonstrate that introduction of polyvinyl pyrrolidone (PVP) to the 

membrane resulted in decreased relative intensity of hydrophobicity for two membrane types.  

The addition of PVP further lead a tighter distribution of intensity of hydrophobicity for one 

membrane polymer, whereas the other polymer showed little change in the width of the 

distribution.   
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VIII. Other advanced AFM modes and their applications 

In addition to the AFM techniques already mentioned, a number of other AFM and scanning 

probe microscope (SPM) techniques exist.  Some of these have already seen use in membrane 

characterization, whereas others are potentially useful, but have not yet been applied.  These 

techniques are generally extensions of the conventional AFM modes (e.g. topographic imaging, 

force spectroscopy) with modifications to provide new information, but in some cases they 

represent entirely independent instruments. 

VIIIa. Electrical AFM methods 

Numerous researchers have sought to characterize the electrical properties of materials using 

AFMs [6]  . By employing a conductive coating or solid conductive material as the cantilever and 

tip, it is possible to operate the AFM in a number of electrical characterization modes.  Some of 

the specific properties that can be measured include local conductivity with conductive AFM 

(CAFM), capacitance with scanning capacitance microscopy (SCM), surface potential with 

scanning Kelvin force microscopy (SKFM), impedance with scanning impedance microscopy 

(SIM), and piezoelectric response with piezo force microscopy (PFM).  The detection of these 

properties can arise from direct measurement of the electrical signal or from cantilever 

deflection induced by an electrical force on the tip. 

CAFM [67] and SCM [99] are electrical AFM methods that utilized direct measurement of an 

electrical signal.  In CAFM, the microscope is operated in contact mode while a constant voltage 

is applied between the tip and sample.  The current flow is typically amplified, then fed into the 

AFM as an auxiliary imaging channel.  Depending on the insulating/conducting properties of the 
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surface, the detected currents can be either tunneling or ohmic.  Similarly, in SCM a capacitance 

sensor is attached to the cantilever, and its signal is used as the auxiliary channel for contact 

mode operation.  SCM can be performed with either an AC or DC bias voltage between tip and 

sample. 

SKFM [100] and SIM [101] are electrical AFM methods in which the electrical stimulus produces 

an electrostatic force on the cantilever. The electrostatic force FES is given by  

 , 

where ΔV is the potential difference between the tip and the surface, C is the capacitance, and 

z is the tip-sample separation distance.  In SKFM, an external bias applied to the cantilever is 

used to cancel out the surface potential  ΔV between the tip and sample.  For absolute 

quantification of surface potential or work function, SKFM is typically used with a double pass 

mode of scanning.  On the first pass, the AFM acquires the height information of the surface 

(usually with tapping mode, but sometimes with contact mode); then in the second pass, the 

probe retraces the surface topography at some user-defined lift-off height.  During the second 

(lift) pass, a feedback loop adjusts the DC bias voltage to continually cancel out the surface 

potential.  This DC bias voltage is then used as the auxiliary imaging channel.  In SIM, the 

voltage is applied across the sample instead of the tip, and the frequency is varied to explore 

the surface potential’s frequency dependence.     

In PFM [102], an AC electrical drive signal is applied directly to a piezoelectric sample.  This 

creates a periodic strain in the material that is detectable by a lock-in amplifier on the 
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photodetector signal (referenced to the electrical drive frequency), with the AFM cantilever 

operating in contact mode.  If local variations in material polarizability exist, they will be 

detected as variations in the amplitude of the AC cantilever deflection.  Generally, drive 

frequencies are kept well below the resonance frequency of the cantilever in contact (which is 

higher than the free-space resonance frequency). If the AC electrical drive frequency is matched 

to the resonant frequency of the cantilever in contact with the sample, oscillation amplitude is 

increased and gains in sensitivity can be obtained; however, this comes at the expense of ease 

of interpretation. 

Electrical AFM methods have beed widely used in the characterization of fuel cell membranes.  

O’Hayre et al. used a Nafion membrane as a model system to demonstrate SIM [103]. A 

platinum coated tip was placed in contact with an electrolyte membrane while a bias voltage 

drove a reaction between protons and oxygen to form water.  The authors combined the SIM 

measurement with nanomechanical property measurements to predict the contact area 

between tip and the sample.  This enabled an absolute measurement of electrical impedance to 

be performed.  Values for transfer coefficient and exchange current density were both found to 

be in agreement with bulk measurements of the material.  Kanamura et al. applied SKFM 

(called surface potential microscopy in the article) to distinguish ion channels in dry and 

hydrated Nafion® membranes [104].  It was found that the ion channels were significantly 

broadened in the hydrated membrane, exemplifying the dynamic nature of the membrane 

morphology.    Boussian et al. used CAFM to further investigate the conducting channels in 

Nafion [105], this time with an active proton fuel source.    The CAFM image was found to be 

uncorrelated with a simultaneously acquired topography image.  The results further indicate 
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that only a limited number of ion channels penetrate the entire thickness of the membrane, 

and many of those channels may not be in direct contact with a catalyst particle on the 

underside. Xie et al. also used CAFM to measure the spatial and humidity-dependent variability 

in ion conduction [106].  Histogram analysis of the CAFM images revealed that both the peak 

value of the current and the width of the current distribution increased with increasing 

humidity.  CAFM has also proven useful for characterization of novel block copolymer fuel cell 

membranes.  Takimoto et al. used CAFM (which they called electrochemical atomic force 

microscopy) to identify the proton conducting regions in a series of five phase-separated 

colpolymer materials [107].  They found that longer block lengths led to increased proton 

conductivity but did not necessarily correlate with fuel cell performance.   

 

VIIIb. Lateral force microscopy 

Although most primary uses of the AFM rely on the ability of the photodetector to detect the 

vertical motion of the cantilever, many photodetectors also have the ability to detect horizontal 

deflection of the reflected laser beam.  Horizontal deflection of the optical path arises due to 

torsional bending of the cantilever.  Such motion can be used to detect lateral vibrations of the 

cantilever [108-110], but is more commonly used to detect tip-sample friction in lateral force 

microscopy (LFM) [66, 111, 112].  In LFM, the AFM is operated in contact mode with the fast 

scan direction oriented perpendicular to the long axis of the cantilever.  Friction between the 

tip and sample generates a lateral force that induces torsional bending of the cantilever.  Higher 

friction results in increased torsional bending and lower friction results in less torsional 
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bending.  Calibration of the LFM signal is separate from the flexural spring constant calibration 

and is discussed in detail elsewhere [113, 114].  The absolute friction force can be determined 

from one half of the difference between the LFM response in the forward and backward scan 

directions. 

Brant et al. used LFM with chemically modified probe tips to characterize chemical 

heterogeneities on the surface of NF and RO membranes [115].  The probes were 

functionalized with methyl, carboxyl or hydroxyl groups to probe specific chemical interactions.  

The authors contended that the observed friction variations were primarily attributed to 

differences in adhesion, and thus the images could be used to locally map adhesive force.  It 

was found that the carboxyl terminated tips revealed a high percentage of surface area 

coverage of high adhesion material on both membrane types.  The methyl and hydroxyl 

functionalized tips revealed the largest fraction of moderate adhesion regions on the NF 

membrane and low adhesion regions on the RO membrane.  Overall, the chemically modified 

probes revealed the significant surface heterogeneity in chemical properties that exists at the 

membrane surface and is obscured in traditional surface characterization techniques such as 

contact angle. 

Wei and Overney used lateral force microscopy as a means of characterizing local gas diffusion 

in hydrated Nafion and zeolite membranes [116].  By using a custom-designed sample mount, 

the downstream side of a membrane could be characterized with LFM while the upstream side 

was pressurized.  The authors found that as upstream pressure was linearly increased, the 

friction force linearly decreased.  For the zeolite membranes, the friction drop per pressure 
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increase was directly proportional to the bulk flux of the membranes.  For Nafion, this friction-

pressure gradient was found to undergo a clear transition in the vicinity of 70 °C, almost 10 °C 

below the mechanical thermal transition determined for the unhydrated material.  In 

subsequent work [117, 118], Overney’s group found that the friction signal could be affected 

simultaneously by permeant-induced mechanical property changes in the material (e.g., 

plasticization) and the upward force of permeant molecules acting on the AFM tip.   

 

VIIIc. Thermal AFM methods 

Given the relation between the thermal transitions of a polymer and its performance, the 

integration of high-resolution thermal methods in the AFM is a powerful tool.  There are three 

primary ways in which a sample can be heated in the AFM: heating of the ambient 

environment, direct heating of the sample or a heater beneath the sample [54],  and direct 

local heating of the AFM probe itself [119, 120].  With environmental or sample heating, the 

AFM is operated just as at room temperature, although special care must be taken to ensure 

that temperature-sensitive components (e.g. the piezos) do not overheat.  Local heating of the 

cantilever probe requires special instrumentation, including a cantilever with integrated 

resistive heater, and electronics to control current in the cantilever.  Custom heated cantilevers 

were originally built by bending a micrometer-diameter wire to act as both the heater and 

probe [119]. This approach had severe limits regarding spatial resolution, which led to the 

development of microfabricated U-shaped probes with a low doped silicon region near the 

cantilever apex [120].  When current flows through the low doped region, heating occurs.  
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Because of the small thermal mass, the cantilevers are capable of very high heating rates and 

maximum temperatures > 500 °C.  There is no risk to the AFM components because of the 

localized nature of the heat source.  The heated probes can be used to detect material 

softening temperatures (e.g., melt or glass transition) by placing the probe at a prescribed 

sample location, then ramping the voltage to the probe until the height or deflection signal of 

the AFM indicates penetration of the probe into the material[119, 121].  The probes can also be 

used with conventional scanning techniques or as a means of surface manipulation and 

nanofabrication. 

Killgore and Overney used heated-tip AFM (HT-AFM) to characterize the thermomechanical 

transition temperatures of a poly[(trimethylsilyl)propyne] gas separation material far from and 

in the vicinity of nanoparticle fillers [35, 36].  The bulk-like material was found to exhibit a very 

high transition temperature (> 300 °C), although corresponding transitions near a silica 

nanoparticle interface were depressed by ≈ 30 °C.  The lower transition temperature in the 

interfacial material was attributed to locally increased free volume, which supports bulk 

observations of increased flux properties in nanocomposites of the polymer. 

Maruf et al. also used HT-AFM to characterize membrane materials. They characterized the 

degradation of the polyamide layer in TFC RO membranes when exposed to chlorine [37].  

Because of the thinness of the amide layer (< 200 nm), traditional thermal analysis techniques 

were not appropriate.  The ability of HT-AFM to characterize such a thin material provides 

significant capabilities for membrane characterization.  The authors found that the glass 

transition temperature of the membranes decreased monotonically with chlorine exposure 
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time and that transition temperature was very sensitive to the pH level of the chlorine solution.  

The reductions in transition temperature corresponded well with bulk decreases in salt 

rejection rate, showing the strong interrelation between nanoscale properties and bulk 

performance. 

 

VIIId. Scanning Electrochemical Microscopy 

Scanning electrochemical microscopy (SECM) is a form of scanning probe microscopy that can 

provide a localized image of electrochemical processes [122, 123].  SECM has shown significant 

promise in the characterization of ion flux in porous materials, and is thus quite relevant to 

membrane characterization.  As capabilities advance, SECM is expected to play an increasingly 

important role.  The early SECMs were custom-built, standalone instruments that bore 

relatively little relation to the AFM; however, later developments saw the integration of SECM 

and AFM into a single instrument platform.  A standalone SECM has similar rastering 

requirements as AFM, but the cantilever and tip are replaced by a sharpened 

ultramicroelectrode (UME).  Additional electrodes are located at the substrate and in a 

reference electrolyte.  When the UME is brought close to a conducting surface, oxidizable 

species are reduced and a detectable current is produced at the UME.  A bipotentiostat controls 

the tip and substrate potentials.  A number of operation modes are possible, depending on the 

conductivity of the substrate and whether the tip or sample is acting as the electroactive 

species donor or generator.  The combined SECM-AFM operates in a similar manner to the 

standalone SECM, except that the UME is integrated with the cantilever [124].  SECM-AFM 
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probes were first fabricated by bending the UME, then flattening a segment of the wire to 

produce a cantilever with quasi-rectangular cross-section that neatly transitions into a UME tip 

with a circular cross section.  Other fabrication methods have involved modification of 

traditional AFM probes, integration of carbon nanotubes, or direct microfabrication.  As the tips 

become sharper and less disc-like at their apex, spatial resolution is increased, but quantitative 

reaction kinetics become more difficult to determine.   

 
 

Figure X.10: Simultaneously acquired SECM-AFM images of (a) topography and (b) SECM 

current on a track etched membrane. From [125] 

 

Scott et al. were the first to demonstrate the local imaging of ion flux in porous materials with 

SECM [126].  They utilized a porous mica membrane with track-etched, ~1 µm pores through its 

thickness.  A Fe(CN)6
-4 electrolyte was placed in the donor compartment of the membrane 

assembly, and SECM was used to image the receptor side.  The resultant current images 

showed clear circular features with increased faradic current in a lower current background.  

Evidence of single pore specificity was observed when individual pores that initially exhibited a 
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high current switched off after time, indicating obstruction of the diffusion path.  Subsequent 

studies made additional progress in imaging flux across human skin and dentin membranes 

[127].   However, the higher resolution required for imaging flux in ultrafiltration (UF), NF or RO 

membranes was lacking.  The combined SECM-AFM showed significant promise for addressing 

this deficiency.   The first use of SECM-AFM was demonstrated on a track-etched membrane 

similar to that used for standalone SECM [125].  The membrane separated a IrCl6 –KCl-H2O 

donor phase from a KCl-H2O receptor phase.    Unlike the standalone SECM that could identify 

only pores with active transport occurring, SECM-AFM provided simultaneous topography and 

current information.  Figure X.10 shows the simultaneously acquired topography (a) and 

current (b) images of the surface.  Whereas all pores appear nominally similar in the 

topography image, the current image reveals pores with obvious high and low current, 

attributed to different amounts of ion diffusion.  With increased refinement of the method, the 

same authors demonstrated SECM-AFM detection of single pores < 100 nm in diameter and 

separated by ≈ 250 nm [128].  The highest resolution pore transport SECM has recently been 

reported by Shen et al. [129]  By outfitting the SECM with a nanopipette tip ≈ 15 nm in 

diameter, the authors were able to image ion conductance in pores as small as 40 nm diameter, 

and separated by less than 60 nm center to center.   In addition to characterizing porous 

materials, SECM variants have also proven successful for the characterization of proton 

transport in Nafion fuel cell membranes.  Aleksandrova et al. used conductive electrochemical 

AFM to identify ≈ 10 nm ion channels in the membranes [30].  Clear heterogeneities and 

temporal fluctuation in proton transport have also been observed, challenging existing 

transport models [31].  
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IX. Summary 

The AFM is a highly versatile tool for nanoscale surface characterization and has shown great 

promise in membrane science.  The most basic functions of the tool, high-resolution 

topographic imaging and force versus distance spectroscopy, have aided in an improved 

fundamental understanding of membrane structure, performance, and lifetime.  Moving 

forward, increasingly advanced AFM and SPM capabilities that can reveal chemical, mechanical, 

and real time flux information are likely to have an important role in advancing membrane 

characterization.  Instrument advancements in the AFM continue to occur at a rapid pace, with 

new abilities to measure properties that could never have been measured before. Future needs 

will determine which of these capabilities are adopted by the membrane science community.  

X. Further Learning 

Users are encouraged to read the references provided in this chapter as well as attend technical 

conferences for more information.  Leaders in AFM research and AFM instrument vendors 

typically have strong exhibition and symposium showings at the Material Research Society 

spring and fall meetings, the American Vacuum Society International Symposium, the 

Biophysical society Meeting, the American Physical Society March Meeting and the American 

Chemical Society meetings.  There are also a number of AFM specific meetings including the 

International Scanning Probe Microscopy meeting, Multifrequency AFM, Non-contact AFM, 

Scanning Probe Microscopy of Soft and Polymeric Materials, Seeing at the Nanoscale, and 

others.   
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