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Surface Characterization of Biomaterials – X-ray 

Photoelectron Spectroscopy (XPS), Atomic Force 

Microscopy (AFM)



The structure and chemistry of a biomaterial surface greatly 

dictates the degree of biocompatibility of an implant. Surface 

characterization is thus a central aspect of biomaterials research. 

Surface chemistry can be investigated directly using high vacuum 

methods: 

• Electron spectroscopy for Chemical Analysis (ESCA)/X-ray 

Photoelectron Spectroscopy (XPS) 

• Auger Electron Spectroscopy (AES) 

• Secondary Ion Mass Spectroscopy (SIMS) 



XPS/ESCA 

• X-ray Photoelectron  Spectroscopy (XPS), also known as 

Electron Spectroscopy for Chemical Analysis (ESCA) is 

a widely used technique to investigate the chemical 

composition of  surfaces.

• Secondary electrons ejected by x-ray bombardment from 

the sample near surface (0.5-10 nm) with characteristic 

energies 

• Analysis of the photoelectron energies yields a 

quantitative measure of the surface composition 



Photoelectric Effect



Electron Configuration
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XPS/ESCA 
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XPS/ESCA 



Binding Energy

These electrons are attracted 

to the proton with certain 

binding energy x

This is the point with 0 energy of 

attraction between the electron and the 

nucleus.  At this point the electron is 

free from the atom.

The Binding Energy (BE) is characteristic of the core electrons for each element.  The BE is determined by the attraction of the

electrons to the nucleus.  If an electron with energy x is pulled away from the nucleus, the attraction between the electron and

the nucleus decreases and the BE decreases.  Eventually, there will be a point when the electron will be free of the nucleus.
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Binding Energy



Binding Energy

KE=hυ -BE-ϕspec

KE        Kinetic Energy (measure in the XPS spectrometer)

hυ photon energy from the X-Ray source (controlled)

ϕspec spectrometer work function. It is a few eV, it gets more 

complicated because the materials in the instrument will affect it.  

Found by calibration.

BE       is the unknown variable



Binding Energy

• The equation will calculate the energy needed to get an e-

out from the surface of the solid.

• Knowing KE, hυ and ϕspec the BE can be calculated.

KE=hυ -BE-ϕspec



XPS/ESCA 



XPS/ESCA 

• Remove  adsorbed gases from 

the sample.

• Eliminate adsorption of 

contaminants on the sample. 

• Increase the mean free path for 

electrons, ions and photons.
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Quantitative Elemental 

Analysis 

• Area under peak Ii ∝ number of 

electrons ejected (& atoms present) 

• Only electrons in the near surface 

region escape without losing energy 

by inelastic collision 

• Sensitivity: depends on element. 

Elements present in concentrations 

>0.1 atom% are generally 

detectable (H & He undetected) 



Quantitative Elemental 

Analysis 
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Quantitative Elemental 

Analysis 

The more energy it 

takes to knock out 

an electron, the 

less KE it has.
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Determine the Element
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Determine the Element
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Single Spectrum

Photoelectron spectrum of Scandium. Atomic number 21. 
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Dual Spectra





• High vacuum techniques are important tools for 

characterizing surface composition, but do not yield 

information on surface structure or chemistry in a water-

based environment.

• Aqueous-based methods for surface characterization are 

limited. Here we will consider one common technique:

Atomic Force Microscopy (AFM)



Why AFM?

• The biologic response to implanted biomaterials is largely 

determined by the molecular interactions that occur at the 

interface between the material and host. Protein 

adsorption, surface-induced thrombosis and cell - surface 

interactions are well-known examples. 

• Atomic force microscopy (AFM) provides unique 

opportunities for visualizing these and other surface-

dependent cellular and molecular interactions in three 

dimensions on a nanometer (nm) scale in aqueous 

environments.



Why AFM?

• Unprecedented access to the details of structure and 
function of biological interactions at surfaces is provided 
by AFM. Under optimum conditions (hard, smooth 
samples) AFM is capable of resolving surface detail 
down to the atomic level 

• The nature of AFM data collection, which employs a 
small probe interacting with the sample, also means that 
AFM can be used to obtain sensitive measurements of the 
intermolecular forces (sub-nanoNewton, nN) and the 
sample’s surface properties (mechanical, physical) under 
aqueous conditions.



AFM

• Atomic Force Microscopy (or Surface Force 

Microscopy): imaging method that exploits 

intermolecular interactions between a small (~atomic) 

probe and molecules on surface

Piezoelectric transducer: When 

mechanical stress or forces are applied to 

some materials along certain planes, they 

produce electric voltage. This electric 

voltage can be measured easily by the 

voltage measuring instruments, which can 

be used to measure the stress or force.



AFM - Cantilever

Cantilever - a projecting beam supported at 

only one end



AFM – Working Principle
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AFM – Working Principle

• The AFM brings a probe in close 
proximity to the surface

• The force is detected by the deflection 
of a spring, usually a cantilever 
(diving board)

• Forces between the probe tip and the 
sample are sensed to control the 
distance between the tip and the 
sample.

van der Waals force curve

OU NanoLab/NSF NUE/Bumm & Johnson



Commercial AFM



AFM – Imaging Output

Sketch demonstrating AFM 

imaging modes. The AFM tip scans 

a sample in tapping mode. The 

sample consists of two regions with 

different stiffnesses A and B. The 

topographic image gives 

information about the three-

dimensional sample profile whereas 

the amplitude image is edge 

sensitive. The different stiffnesses

of the regions A and B are reflected 

by the two different phase signals 

observed.

Jandt. (2001). Surface Science, 491(3), 303-332.



Repulsive (contact)

• At short probe-sample distances, 

the forces are repulsive

Attractive Force (non-contact)

• At large probe-sample distances, 

the forces are attractive

The AFM cantilever can be used to 

measure both attractive force mode 

and repulsive forces.

General Operation Modes
OU NanoLab/NSF NUE/Bumm & Johnson



OU NanoLab/NSF NUE/Bumm & Johnson

Contact Mode

• Contact mode operates in the 
repulsive regime of the van 
der Waals curve

• Tip attached to cantilever 
with low spring constant 
(lower than effective spring 
constant binding the atoms 
of the sample together).

• In ambient conditions there 
is also a capillary force 
exerted by the thin water 
layer present 
(2-50 nm thick). van der Waals force curve



OU NanoLab/NSF NUE/Bumm & Johnson

Non-Contact Mode

• Uses attractive forces to 
interact surface with tip

• Operates within the van der 
Waal radii of the atoms

• Oscillates cantilever near its 
resonant frequency (~ 200 
kHz) to improve sensitivity

• Advantages over contact: no 
lateral forces, non-
destructive/no contamination 
to sample.

van der Waals force curve



Operation Modes

• Contact mode (short-range)

• Tapping mode

• Phase imaging

• Force modulation mode

• Non-contact Mode



Contact Mode

Contact mode (short-range)

• Tiny cantilever deflections detected by 

photodiode array

• Tip rastered over sample surface at fixed 

force (via photodetector-piezo feedback 

loop) generates topographical image ⇒
analogous to stylus on a record player

• Good for hard samples; can drag soft 

materials!



Contact Mode

(a) In contact mode the tip is in 

permanent contact with the sample 

surface. Owing to the permanent tip–

sample contact the shear forces 

applied to the sample during scanning 

are significant and potentially 

damaging to weakly bound molecules 

such as proteins adsorbed on 

biomaterials. Nevertheless, contact 

mode enables extreme high resolution 

images.



Contact Mode

• Force applied: nN

• x-y resolution: 1Å (1 

x 10-10 m)

• z resolution: < 1Å

Hitachi High-Technologies



Tapping Mode

Tapping mode

• Tip oscillates in z-axis at high resonance frequency (ω) 
(~50-500 kHz in air, 10 kHz in fluids) with intermittent 
sample contact ⇒ eliminates shear forces

• Interactions between tip and sample cause amplitude 
attenuation (driven amplitude ~ 10 nm)

• Cantilever deflections used in feedback loop to maintain 
average applied force similar to contact mode

oscillatory amplitude attenuation ⇒ “height” data

• Commonly used for soft samples, aqueous environments



Tapping Mode

(b) Shows the AFM tapping mode, 

which uses a tip oscillating at 

typically 25 kHz. Since the tip is not 

in contact with the sample during 

lateral movement during scanning, 

shear forces applied to the sample by 

the tip are negligible. Similar to the 

contact mode, the tapping mode 

provides information about the sample 

topography.



Tapping Mode

• x-y resolution: 1-2 nm



Phase Imaging Mode

Phase imaging (in conjunction with tapping mode)

• Tip oscillated in z-axis, making intermittent sample 

contact

• Simultaneous measurement of amplitude attenuation & 

phase lag of cantilever signal vs. signal sent by piezo-

driver

oscillation amplitude attenuation ⇒ “height” data

oscillation phase-shift ⇒ “elasticity” map



Phase Imaging Mode

In AFM phase imaging shown in (c) 

variations in materials viscoelasticity 

lead to different phase lags of the 

cantilever oscillation, relative to the 

signal sent to the cantilever's 

piezooscillation driver. This phase lag 

is simultaneously monitored by the 

AFM control electronics, recorded and 

transformed into AFM images. AFM 

phase imaging gives non-quantitative 

information about hardness and 

elasticity of samples.



Phase Imaging Mode



Force Modulation Mode

Force modulation mode

• Tip oscillates in z-axis at ω < ωο (cantilever resonance 

frequency), making intermittent sample contact; ω ~3-

120kHz.

• Interactions between tip and sample cause amplitude 

attenuation

• Contact force applied to sample is modulated, giving 

elasticity information

cantilever deflection amplitude ⇒ “elasticity” map



Force Modulation Mode

(d) shows the force modulation mode 

(FMM). Compared to tapping mode, 

in this mode an additional sinusoidal 

modulation is applied to the cantilever 

while the tip scans the surface. Thus, 

the contact force applied to the sample 

is modulated. From the RMS 

amplitude of deflection of the 

cantilever, information about the 

mechanical properties (stiffness) of 

the sample can be obtained with a 

lateral resolution of about 10 nm or 

better. 



Force Modulation Mode



Non-Contact Mode

• The cantilever tip is placed at the 
attractive force region (i.e., attractive van 
der Waals forces), and force gradients are 
detected. 

• The attractive forces are usually small 
compared to repulsive forces. 

• Oscillation near resonance frequency 
without tip-surface contact (typical F <1 
pN)

• Force gradients from surface interactions 
shift resonance frequency

• Force gradients used to map secondary 
interactions (difficult in fluids due to 
damping; good for soft samples)



Non Contact Mode

In non-contact AFM modes shown in 

(e), the cantilever tip is placed at the 

attractive force region (i.e., attractive 

van der Waals forces), and force 

gradients are detected. The attractive 

forces are usually small compared to 

repulsive forces. The force gradients 

can be detected either from shifts in 

the resonance frequency of the 

cantilever or the amplitude and the 

phase of the cantilever. The 

advantages of these approaches are the 

high sensitivity of gradient 

measurements and that small forces 

are applied to the sample.



Applications of AFM

Biomaterials-relevant AFM Studies

• Protein adsorption

• Cell membrane proteins

• Initiation of clot formation

• Ligand-receptor interactions

• Cell adhesion

• Surface topography

• Surface elasticity

• Protein structure


