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Microscopic observations were revolutionized 
with the development of Scanning Tunneling 
Microscopy (STM) [1] and Atomic Force 
Microscopy (AFM) [2] – proximal probe methods 
that provide visualization of surface structures 
down to the atomic scale. For over 20 years these 
complimentary techniques were intensively ap-
plied by researchers, with AFM being in the lead-
ing position due to its applicability to a broader 
range of materials.

Unfortunately, the capabilities of examination of 
atomic and molecular structures with AFM, par-
ticularly with amplitude modulation (AM) mode, 
are inferior compared to STM.

Recently, with advances in instrumentation this 
difference is shrinking. One of the substantial 
factors influencing the image resolution is the 
sensitivity of the optical lever detection scheme 
applied in AFM microscope.

The signal-to-noise level of the optical detec-
tion in NEXT has been improved to < 20 fm/√Hz 
level. In addition, the noise of the high voltage 
amplifier has been lowered and a soft approach 
procedure, which prevents a breakage or blunt-
ing of a sharp tip during engagement, was im-
plemented. The combined improvements from 
these features were essential for recording the 
images presented below.

Visualization of surface structures with unique resolution is the main function of Atomic 
Force Microscopy and the practical realization of surface profiling with the intermittent 
contact mode has recently advanced to the molecular-scale level. This is the important AFM 
feature yet the value of the technique is much broader and it includes its ability to reveal 
a conformation of single macromolecules, the sub-surface structures of soft materials, 
a complexity of porous morphology of industrial membranes and clarify the defects of 
semiconductor crystals. The different aspects of the visualization of surface structures, 
which include an optimization of the tip force and shape, most efficient experimental 
routines and image analysis, are considered in this application note.

•  Achieving molecular-resolution 
in the intermittent contact 
mode

• Enhancement of surface 
visualization with a force 
control 

• Metrological aspects of 
profiling of rough surfaces

NEXT Scanning Probe Microscope: Visualization of 
Surface Nanostructures and of Morphology

Sergei Magonov, NT-MDT Development
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Due to operation at the resonant frequency these 
modes offer a superior control over the tip-sample 
forces. The probe oscillatory motion and interaction 
with a surface profile can be described by the Euler-
Bernoulli equation.

The asymptotic solution of this problem for a particu-
lar type of tip-sample force interactions is obtained as 
a set of two equations with four variables: the probe 

frequency, amplitude, phase and surface profile [3]. In 
AM (FM) mode frequency (phase) and amplitude (fre-
quency) are fixed, and the experimental images of the 
surface profile and the probe phase (frequency) can 
be simulated as the solutions of these equations. For 
the case of conservative force interactions, the equa-
tions are simpler and can be utilized for modeling of 
AFM images.

Figure 1. Sketch showing the AFM probe interac tions during imaging 
of rigid topmost structures (a) and a sample in which the structures of 
interest are immersed in a soft material (b).

(a)

(b)

Figure 2. Computer simulation of AFM images of spherical particles, which have different elastic modulus and are positioned at different spacing. 
The images were calcu lated for amplitude modulation imaging with initial amplitude A0=20 nm and the set-point amplitudes Asp=20 nm in (a),  
Asp=20 nm in (b) and Asp=10 nm in (c).  The tip radius was chosen as 150 pm for the simulation in (a), and 5 nm for (b) and (c). The probe with the spring 
constant of 40 N/m was chosen for the simulations.

Before presenting the analysis of the experimental 
AFM images obtained on different materials it is im-
portant to introduce some basic features of AM mode, 
which was exclusively applied for our studies. The im-
aging modes in AFM can be classified by the type of 
probe-sample interaction parameter, which is sensi-
tive to the tip-sample forces and which is employed 
in the feedback loop during the scanning the sample 
surface. The probe deflection is directly proportional 
to the tip-sample force. The cantilever deflection is 
used in the contact mode and in one of the oscillatory 
modes, which is realized at a frequency that is far be-
low the probe’s flexural resonance.

The amplitude and frequency of the probe, which 
are influenced by the tip-sample forces, are used for 
a feedback in AM and frequency modulation (FM) 
modes. In these complementary modes, the imaging 
is performed at or close to the probe resonant fre-
quency. 
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GENERAL ISSUES AND MOLECULAR-SCALE IMAGING

Here, k – spring constant of the probe, Q1 – quality factor of the probe, Ѳ - phase of the probe, Zc – surface 
profile; A and A0 – set-point amplitude and amplitude of the probe before it comes into tip-sample interactions;  
Fz – force the originated from mechanical and electromagnetic tip-sample interactions.
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High-resolution AM and FM images of 
the atomic- and molecular scale are 
typically obtained on crystallographic 
lattices and aligned layers of macro-
molecules. Although the imaging of 
such structures even with the visualiza-
tion of single defect [4] should not be 
strictly considered as a proof of true 
atomic resolution, it is an indicator of 
a higher performance microscope. Sev-
eral examples of high-resolution imag-
ing with NEXT microscope are present-
ed in Figures 3 and 4. 

Crystalline lattices of highly oriented 
pyrolitic graphite (HOPG) and mica are 
represented in the atomic-scale images 
recorded with scanning tunneling mi-
croscope and atomic force microscope 
operated in the contact mode. Such im-
ages obtained with NEXT microscope 
are shown in Figures 3a-b where the 
image patterns reproduce the symme-
try of the basal planes of these crystals 
with 0.25 and 0.52 nm periodicities.
The described above instrumental im-
provements in this microscope also al-
lows recording of the lattices images of 
calcite crystals while operating in AM 
mode under water, Figures 3c-d. 

ATOMIC-AND MOLECULAR-SCALE IMAGING

AM is the most common imaging mode and it can be 
applied in different regimes from the non-contact to 
intermittent contact operations through probing the 
attractive and repulsive force interactions with a sam-
ple. When the set-point amplitude is close to the am-
plitude of a non-interacting probe then the tip-forces 
are small which is favorable for gentle surface imag-
ing. The forces can also be reduced when the oscil-
lation amplitudes are lowered to the nanometer or 
even sub-nanometer range, but the actual environ-
ment causes some restrictions to the range of the 
applicable amplitude. In low-force operation the tip-
sample contact area is also Asp small just a fraction 
of the apex diameter. Therefore, such operation will 
be favorable for high-resolution imaging. This is only 
true when the structures of interest are at the top-
most surface, Figure 1a. With some polymers the top 
surface might be enriched in featureless amorphous 
material having low surface energy and the structures 
of interest are hidden underneath this layer, Figure 
1b. In such cases the tip penetration at lower Asp/A0 
ratio is required for visualization of these structures. 

The influence of the tip size and the tip-sample force 
interactions on the AFM image of the surface objects 
is demonstrated in Figures 2a-c. The AM images of a 
model array, which is made of individual spheres with 
different elastic modulus and various spacing, were 
obtained with the computer simulator, Figure 2a. 

The true reproduction of the array structures was 
achieved only in the low-force imaging with the atom-
ically sharp probe. When the tip-size increases the 
spheres appear larger yet the spacing in the bottom 
row, where the spheres are closely packed, remains 
practically the same, Figure 2b. This explains how 
high-resolution lattice imaging can be achieved in im-
aging with typical Si probe whose tip has an apex with 
5-10 nanometer radius. When the tip-sample force is 
elevated, the softer spheres are more depressed and 
they are seen closer to their true size, Figure 2c. The 
demonstrated trends in AM imaging of soft materials 
such as polymers and biological specimens should be 
considered in the analysis of image data.

Figures 3a-d.  (a) STM image of highly oriented pyrolitic graphite. (d) Lateral force image 
of mica recorded in the contact mode. (c-d) Images of calcite crystal recorded in AM 
mode under water.

(b)

(d)

(a)

(c)

2,1 nm 6 nm

6 nm20 nm
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These images were obtained with regular Si probes 
and operating amplitudes round 1 nm. The image 
patterns are consistent with the rectangular lattice of 
calcite having repeat distances of 0.83 nm and 0.51 
nm. The molecular-scale images of organic crystals 
of tetrathiafulvalene (TTF) -tetracyanoquinodimeth-
ane (TCNQ) salt and oriented polytetrafluoroethyl-
ene (PTFE), which were obtained in AM mode in air, 
are presented in Figures 4a-b. The top surface of the 
salt crystal is the crystallographic ab plane, and it is 
formed of alternative stacks of TTF and TCNQ running 
along the b axis. 

These stacks are clear seen in AFM height image and 
the observed periodical image pattern is consist-
ent with the main repeat distances of 1.23 nm and 
0.38 nm, respectively, in the perpendicular a and b 
directions. An ultrathin layer of polytetrafluoroethyl-
ene (PTFE) that is deposited on a glass substrate by 
rubbing at high temperature is the useful sample for 
imaging of single chains. The close packed polymer 
chains, which are aligned along the rub-bing direc-
tion, are seen in Figure 4b.

(b)(a)9 nm 18 nm

Figures 4a-d. (a)-(b) Height images of crystal of TTF-TCNQ salt and PTFE layer deposited on a glass substrate by rubbing at 300°C.  
A crystallographic structure of the salt is shown in the insert. The images were obtained in the amplitude modulation mode in air with 
the commercial HA-NC and NSG30 probes with nominal spring constant of 4 N/m and 40N/m, respectively. The contrast covers the 
surface corrugations in the 0 – 0.4 nm range in (a) and in the 0 – 1.2 nm range in (b). 

The inter-chain spacing in this arrangement is close to 
0.56 nm that was found in TEM micrographs of virgin 
PTFE [9]. Visualization of the closely-packed PTFE mol-
ecules was first demonstrated in contact mode [10] 
and now it can be routinely achieved in AM mode. 
Although the images of surface periodical structures 
down to the atomic-level are often outlined as the 

STM and AFM highlights, the unique features of this 
instrument is the visualization of single biological and 
synthetic macromolecules on different substrates. 
The examples of AFM images showing strands of DNA 
and poly(butyl acrylate) brush molecules, both placed 
on mica, are presented in Figures 5a-5b. 

Figure 5. (a)-(b) Height images of PTFE layer deposited on a glass substrate by rubbing at 300C. The images were obtained in the 
amplitude modulation mode with the commercial NSG30 probes with nominal spring constant of 40N/m. The contrast covers the 
surface corrugations in the 0 – 20 nm range in (a) and in the 0 – 1.2 nm range in (b). (c)-(d) Height images of macromolecules of DNA 
and poly(butyl acrylate) brushes on mica. The images were obtained in the amplitude modulation mode with the commercial NSG30 
probes with nominal spring constant of 40N/m. The contrast covers the surface corrugations in the 0 – 1.3 nm range in (c) and in the 
0 – 12 nm range in (d).

(b)(a) 1 μm900 nm
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The polymer macromolecules have large number of 
side chains and, therefore, the chains have an ex-
panded shape. Having in mind the tip-size and tip-
force effects, the most accurate chain parameters will 
be their contour length and conformation. The con-
tour length of the macromolecules is related to the 

molecular weight and this information compliments 
the chromatography data. AFM visualization of mac-
romolecules branching, star-like shapes and other 
conformations is highly valued by synthetic chemists 
creating new materials.

Figure 6. Phase images  of lamellar order of C18H38 and C36H74 alkanes  on  graphite. 

(b)(a)50 nm 85 nm

Molecular ordering of relatively simple molecules 
of normal alkanes on different substrates has at-
tracted the researchers’ attention from different 
viewpoints. First of all, these chain molecules 
exhibit an epitaxy ordering on layered materi-
als (graphite, MoS2, etc.), and studies of alkane/
graphite interfaces is relevant for understanding 
the similar effects in composites of polyolefin 
and graphite flakes.

Another phenomenon, which is known for al-
kanes and their derivatives, is surface freez-
ing in which the interfacial layers (at liquid-air 
or liquid-substrate interfaces) solidify at a tem-
perature where the bulk material is still liquid. 
The adsorbates of alkane on graphite were also 
among the first organic materials whose organi-
zation was visualized with STM in the experi-
ments conducted in droplets of saturated alkane 
solutions deposited on the substrate.

When thin layers of normal alkanes CnH2n+2 are 
de posited on graphite and inorganic layered sub-
strates (MoS2, MoSe2, WS2, WSe2, etc.) in their 
AFM image one can distinguish linear features 
separated by dark borders, which represent the 
alkane lamellae.

The latter are two-dimensional arrays, which are 
formed of closely packed chain molecules flat-
lying on these atomically-smooth substrates. 

In many cases the lamellae width corresponds to 
the length of alkane chain as it seen from the im-
ages of C18H38 and C36H74 adsorbates on graphite 
in Figures 6a-b.  The spacing in the patterns are 
close to the expected length of the molecules: 
2.8 nm (C18H36) and 4.5 nm (C36H74). In case of the 
C36H74 adsor bate the alkane lamellae cover the 
graph ite grains with different orientation.

EXPLORING SURFACE ORGANIZATION OF NORMAL ALKANES

There are some claims that a match of the repeat 
distance along the alkane chain in the zigzag con-
formation (0.25 nm) with one of the graphite 
spacing insures the molecules epitaxy. However, 
the flat-lying lamellae of normal alkanes are also 
observed on the layered substrates whose lattice 
differs from the graphite one. As the alkane mol-
ecules become longer they can be considered as 
a model of polyethylene and the ultra-long al-
kane C390H782 possess a number of features simi-
lar to the polymer.

When the ultra-long alkanes are deposited on 
graphite their lamellae are identified by the in-
creased width and some other features. 

The bright wavy strands with a width close to the 
length of C122H246 (14 nm), C242H486 (27 nm) and 
C390H782 (49.7 nm) molecules are resolved in the 
images of these alkanes in Figures 7-8.
These strands represent the alkane lamellae, and this 
assignment is supported by the finding that the steps 
between the layers and in the depressions are multi-
ple of 0.5 nm, that is the size of single alkane chain.
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Figure 7. (a)-(c) Height images ultra-long alkanes C122H246 on graphite. The images were obtained in amplitude modulation mode with the commercial 
probes NCG30 with the nominal spring constant of 40 N/m. The contrast covers the surface corrugations in the 0-3 nm range in (a) and (b), and (c) 
in the 0-1.5 nm range.

(a) (b) (c)3 μm 550 nm 135 nm

First, we consider the nature of the con-
trast in AFM images of alkanes (Figure 
7a-b), and then will comment on the 
shape of the lamella. The origin of the 
image contrast, which helps identifying 
the alkane lamellae, can be understood 
from the study of the C122H246 alkane at 
different tip-sample forces, Figure 7c.

At the low force (a top part of the im-
age) one can see slightly elevated lin-
ear features with spacing close to the 
lamellar width. 

As the tip-force increased the image 
pattern has changed and the elevated 
location transformed into depressions. 
This change is reversible and, most like-
ly, reflects the tip interactions with the 
molecular groups at the lamellae edge. 
The border between the lamellae is 
populated with the end – CH3 groups 
of the alkane chains.  

These groups are slightly bigger than 
the –CH2– groups forming the chains 
and, therefore, should be elevated with 
the respect of flat-lying lamellae. From 
the other hand, the – CH3 end groups 
are less fixed and their mobility means 
that the probe might displace them 
and this will lead to a small depression 
seen at the elevated force imaging. It 
is worth noting that in many cases the 
control of the low-force regime might 
be difficult and the images with the de-
pressed lamellae borders are recorded 
more frequently. 

Figure 8. (a)-(b) Height images ultra-long alkanes C242H486 and C390H782 on graphite. The 
images were obtained in amplitude modulation mode with the commercial probes NCG30 
with the nominal spring constant of 40 N/m. The contrast covers the surface corrugations 
in the 0-2 nm range in (a) and (b). Sketches in (c)-(d) illustrate different local lamellar ar-
rangements found in the experimental images.

(b)

(d)

(a)

(c)

750 nm 750 nm

The wavy shape of the lamellae in C122H246 and C242H486 alkanes, Fig-
ures 6a, is rarely observed in the adsorbates of smaller alkanes. A 
close packing of the chains inside lamellae need to find a compro-
mise in accommodating the bulky end groups. This can be realized 
by a slight relative displacement of the neighboring chains that leads 
to a slightly curved shape of lamellar ribbons of C122H246 and C242H486. 
In case of C390H782 alkanes, whose adsorbates exhibit the parquet-
like morphology (Figure 8b), this effect is much stronger and syn-
chronized.
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AFM studies of semicrystalline polymers in different 
samples have been performed for a long time. A com-
mon feature of semicrystalline polymers is a presence 
of amorphous and crystalline phases. The amorphous 
phase is generally a featureless material and it is char-
acterized by glass transition temperature, at which it 
undergoes the transition from rubbery to glassy state 
accompanied by a drastic change of elastic modulus.

The crystalline part of the polymers is denser than 
the amorphous and it is represented by lamellar 
structures formed by the folded chains. Typically, the 
lamellae are formed as extended sheets with thick-
ness in the 5-40 nm range. Due to variety of reasons 
(confined geometry, extensive chain branching, a lack 
of material, etc.) the lamellae can be reduced to the 
fibers and even grains – the structures that preserve 
the folded chain core and less ordered exterior.

Figure 9. (a)-(d) Height and phase images of surface of C36H74 alkanes block sample, which was epitaxially crystallized in contact with the graphite 
substrate. The images were obtained in amplitude modulation mode with the commercial probe NCG30 with the nominal spring constant of 40 N/m. 
The contrast covers the surface corrugations in the 0-100 nm range in (a), in the 0-40 nm range (b) and in the 0-10 nm range in (c). The contrast in 
(d) covers the phase changes in the 0-15 degrees range.

(b)

(d)

(a)

(c)

2,5 μm 850 nm

200 nm

Figure 10. Height images of surface of HDPE surfaces, which was epitaxially crystallized in contact with the graphite substrate. The images were 
obtained in amplitude modulation mode with the commercial probe NCG30 with the nominal spring constant of 40 N/m. The contrast covers the 
surface corrugations in the 0-60 nm range in (a), and in the 0-22 nm range in (b).

(d(c)2 μm 200 nm

200 nm

MORPHOLOGY AND LAMELLAR STRUCTURE OF SEMI-CRYSTALLINE POLYMERS
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The images of the part of the spherulite, which were 
performed at low tip-forces, reveal corrugated sur-
face with few curved features best seen in the phase 
image. As the tip-force increased, the contrast of the 
images became more pronounced and the curved 
structures because well distinguished: brighter than 
surrounding in the height image and darker – in the 
phase image. These structures can be assigned to the 
lamellar edges or polymer fibrils embedded into soft-
er amorphous material. With the force increase the 
tip depresses the amorphous material and, therefore, 
the stiffer structures become elevated. The phase 
contrast is also very sensitive to local mechanical 
properties, and according to the convention chosen 
for a phase adjustment at the beginning of AFM im-
aging the darker phase contrast is related to higher 
local stiffness. It is worth noting that the demonstrat-
ed image changes are reversible because the amor-
phous material being in the rubbery state recovers to 
its original shape when the load is reduced. In AFM 

studies of semicrystalline polymers [i.e. syndiotactic 
polystyrene, poly(ethylene terephthalate)], and oth-
ers) whose amorphous phase has glass transition at 
elevated temperatures, visualization of the crystalline 
structures requires the imaging at temperatures ex-
ceeding the glass transition.

The crystallization conditions essentially influence 
morphology and nanostructure of semicrystalline 
polymers as seen from the imaging of poly(vinyledene 
fluoride) - PVDF samples, which were crystallized 
from melt in air and in contact with graphite. The air-
crystallized polymer formed large spherulites with a 
depression in its center, Figure 12.

The beams radially emerging from the spherulite 
center have a complex composition, which includes 
small lamellar platelets, fibrils and grains, Figure  12b. 
At higher magnification, the phase image in Fig-
ure  12c shows tiny 10 nm thin fibrils.

At the micron scale, these structures are assembled 
into spherulitic objects of different completion. The 
essential features of AFM imaging of semicrystalline 
polymers are demonstrated in Figures 11-12.

First is taken from studies of a blend of two polyeth-
ylenes that has relatively poor crystalline content. 
Surface morphology of the blend is characterized by 
spherulites, whose slightly deformed shapes reflect 

their growth restricted by the neighbors. For polyeth-
ylenes the glass transition temperature of amorphous 
phase is well below room temperature, therefore, at 
ambient conditions these materials are mechanically 
heterogeneous due to difference of elastic modulus 
of amorphous and crystalline components. This cir-
cumstance facilitates the detection of the constitu-
ents of the semicrystalline polymers.

(b) (c)

(d)

Height Phase

Height

(a)

(e)

Height

Phase
Figure 11. Height and phase images of 
a blend of polyethylenes with density of 
0.92 g/cm3 and 0.86 g/cm3 crystallized 
from melt. The images were obtained in 
amplitude modulation mode with the com-
mercial probe NCG30 with the nominal 
spring constant of 40 N/m. The images in 
(b)-(c) were obtained at low force and the 
images in (d)-(e) – at elevated force. The 
contrast covers the surface corrugations 
in the 0-1 mm range in (a), in the 0-50 nm 
range in (b) and (d). The contrast covers the 
phase changes in the 0 - 10 degrees range 
in (c) and in the 0 - 50 degrees range in (e).

15 μm 1 μm

1 μm

1 μm

1 μm
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Figure 12. Height and phase images of surface of PVDF samples prepared by crystallization from melt with open-to-air surface (a)-(c) and in contact 
with the graphite. The images were obtained in amplitude modulation mode with the commercial probe NCG30 with the nominal spring constant 
of 40 N/m. The contrast covers the surface corrugations in the 0-1 mm range in (a), in the 0-55 nm range in (b), in the 0-100 nm range in (d), in the 
0-12 nm range in (e) and in the 0-6 nm range in (f). The contrast in (c) covers the phase changes in the 0 – 25 degrees range.

(a)

(d)

Height Height

(e)

(b)

(f)

(c)

Height Height

Phase

Height

40 μm 2 μm 700 nm

250 nm600 nm5 μm

The surface morphology and nanostructure of PVDF 
sample crystallized in contact with graphite is quite 
different, Figures 11d-f. At the large scale the relative-
ly flat sheaf-like patterns represent the top surface, 
Figure 11d. These sheaf-like structures are formed 

on arrays of fibrils, which are 10-15 nm wide, Fig-
ure  11e. The fibrils, which exhibit grain sub-structure 
(Figure  11f), are rigid due to high crystallinity content 
of this polymer.

NANOSCALE ORGANIZATION OF BLOCK COPOLYMERS

Block copolymers are macromolecules, which are 
composed of two or more chemically different and 
covalently bonded polymer chains. These chains are 
typically immiscible, and this leads to the phase sepa-
ration of block copolymer materials into morpholo-
gies of different symmetry. Such phase-separated 
morphologies have characteristic dimensions in the 
range from several to tens of nanometers, and there-
fore, among different applications the block copoly-
mer materials are suggested for nanoscale templates. 
AFM has been often applied to studies of block copol-
ymers with a primary goal of visualization and quanti-
tative analysis of their morphology. It is important to 
describe how the structural features can be retrieved 
from the AFM images and how to optimize the visu-
alization of the microphase separation patterns. The 
image features are typically assigned to structures 
either according to their particular shapes or dimen-
sions. The contrast can also originate from differences 

of local mechanical and electric properties of individ-
ual blocks. The triblock copolymer poly(styrene)-b-
poly(butadiene)-b-poly(styrene) - SBS is an appropri-
ate sample to illustrate the specifics of AFM imaging 
of these materials. At room temperature polystyrene 
blocks are glassy with elastic modulus of 2-3 GPa and 
the poly(butadiene) blocks are rubbery with elastic 
modulus of ~16 MPa.

In addition, poly(butadiene) blocks have lower sur-
face energy and wet the surface of the SBS sample.   
When the SBS film is examined in AM mode the 
height and phase images depend drastically on stiff-
ness of the applied probe and operation amplitudes: 
Asp and A0.  When Asp is close to A0, the height image 
presents a relatively smooth topography of this sam-
ple and the phase image is practically features-less, 
Figures 13a-b.
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Figure 13. Height and phase images of SBS triblock copolymer film at low (a)-(b) and el-
evated (c)–(d) forces. The images were obtained in amplitude modulation mode with the 
commercial probe NCG30 with the nominal spring constant of 40 N/m. The contrast cov-
ers the surface corrugations in the 0-5 nm range in (a) and in the 0-33 nm range in (c). The 
contrast in (b) and (d) covers the phase changes respectively in the 0-12 degrees range and 
in the 0-70 degree range.

(b)

(d)

Phase

(a)

(c)

Height

Height

Phase

1 μm 1 μm

1 μm 1 μm

A selective swelling of one of glassy 
components with organic vapor can 
also facilitate its transition to more 
mobile rubbery-like state and the sam-
ple morphology will be revealed in the 
AFM experiment. The SBS sample de-
scribed above was obtained by spin-
cast of the block copolymer solution 
on a piece of Si wafer. In this case, the 
phase separation of poly(styrene) and 
poly(butadiene) blocks did not progress 
far because of relatively fast evapora-
tion of the solvent (toluene).

The improvement of the phase separa-
tion order, which might be important 
for a preparation of block copolymer 
nanoscale templates, can be reached 
by annealing of this sample at tem-
peratures above the glass transitions 
of both components of SBS sample and 
by annealing it in vapor of common 
solvent such as toluene. Annealing of 
SBS sample in toluene vapor leads to 
a more developed morphology that is 
shown in Figure 14a.

In such cases the surface corrugations 
are much more pronounced and the 
micro-phase separated pattern is seen 
even at low-force imaging because 
the wetting layer decorates the profile 
alternations. The height image of an-
other block copolymer poly(styrene)-
b-poly(4-vinyl pyridine) shows different 
micro-phase separation pattern with 
slightly twisted cylinders, Figure 14b. 
Here it is important to warn that the 
interpretation of AFM images of block 
copolymers is not always straightfor-
ward. For example, the stripped pat-
tern might be assigned either to cylin-
ders or to lamellar edges and a dot-like 
pattern – either to spheres or standing 
lamella. Therefore, for the correct judg-
ment one might need to rely on the 
block copolymer volume composition 
or microscopic data obtained on the 
cross-sections of the sample.

Figure 14. Height and phase images of SBS triblock copolymer film. The images were 
obtained in amplitude modulation mode with the commercial probe NCG30 with the 
nominal spring constant of 40 N/m. The contrast covers the surface corrugations in the  
0-23 nm range in (a). The contrast in (b) covers the phase changes in the 0-16 degrees 
range.

(b)(a)1,5 μm 3 μm
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CORRUGATED SURFACES

Samples with smooth surfaces with 
corrugations below 100 nm are best 
suited for AFM measurements. There-
fore, different preparation procedures 
are applied to make sample surfaces 
flat. They include spin-casting that 
leads to smooth films, ultra-microto-
my and polishing of bulk samples, hot 
pressing polymers and metals between 
atomically-flat substrates and others. 
However, there are a large number of 
corrugated technological and industrial 
surfaces which require AFM analysis, 
and we will consider several related 
examples. Microporous membranes 
made of different materials are impor-
tant technological structures for vari-
ous applications.

The AFM height images of two polymer 
membranes are shown in Figure 15. 
Microporous membrane made of iso-
tactic poly(propylene) – Celgard™ 2400 
is characterized by morphology with 
the alternating fibrillar and lamellar re-
gions that has developed during a com-
bination of mechanical stretching and 
annealing steps. The voids between the 
fibrils are used for filtration purposes.

The surface corrugations of this mem-
brane are in the range of tens of na-
nometers and the extreme caution is 
needed for gentle profiling of this mor-
phology to avoid the tip-induced per-
turbations of the fibril orientation and 
of the size of the inter-fibrillar voids. 
Surface corrugations of another mem-
brane made of nitrocellulose, which is 
broadly used for biological and medical 
purposes, are even larger - in the hun-
dreds of nanometer range, Figure 15b.

With increase of surface corrugations 
the attention of the AFM practitioners 
is focused on the probes with tips hav-
ing high aspect ratio. Unfortunately, 
the majority of AFM probes are made 
by etching of crystalline Si wafers that 
makes crystallographic limitations on 
the tip shape. Most common Si probes 
have opening angle around 35 degrees 

Figure 15. Height images of microporous membrane Celgard 2400 (a), nitrocellulose 
membrane (b) and single layer of polystyrene latex spheres with a diameter of 400 nm (c). 
The images were obtained in amplitude modulation mode with the commercial probe 
NCG30 with the nominal spring constant of 40 N/m. The contrast covers the surface cor-
rugations in the 0 - 65 nm range in (a), in the 0 - 750 nm range in (b) and in the 0 –  450 nm 
range in (c). (d) – A comparison of the profiles taken from the experimental images of lates 
spheres (in the directions whown in the simulated images with a line) with two different 
probes. The simulated profiles for an atomically sharp tip and the best matched tips to the 
experimental ones are shown at the right.

(b)

(d)

(a)

(c)

Height

Height

Phase

800 nm

7 μm

7 μm

Probe 1 (Exp)

Probe 2 (Exp)

Tip Radius
0,15 nm
19 nm
39 nm

1 μm 10
0 

nm

Probe 1 (Fit)

Probe 2 (Fit)

which is not sufficiently sharp to profile the surface corrugations in 
the micron and above range.

There are a number of specialized probes with the high aspect ratio 
tips that can be tried for this purpose. The related point is the tip 
characterization, which can be performed at its best with TEM, yet 
this possibility is not routine for most of AFM users. In an alternative 
approach, one can use the test structures with the sharp spikes that 
can image your tip during scanning of such sample.

Yet this characterization is most relevant to the tip apex than to the 
tip profile, and imaging of hard spikes can also make the tip dull. 
Another possibility of tip characterization might be developed by 
imaging of close-packed latex spheres.

Actually, AFM studies of polymer latex systems have been useful for 
monitoring of film formation processes in paints and related sys-
tems and provide correlations between the surface roughness of 
latex-based coatings and their optical properties.
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Epitaxially grown films of wide-
bandgap semiconductors (e.g. SiGe 
and ZnO) are widely used for thin 
film transistors, light emitting di-
odes and in photovoltaic devices. 

The deterioration of crystal perfec-
tion influences their band gap and 
efficiency therefore a comprehen-
sive characterization of crystal de-
fects of an epitaxially grown film 
in terms of their type, density and 
spatial distribution is essential for 
the development of the semicon-
ductor devices.

Therefore, the characterization of 
defects in epitaxial semiconductor 
films is the important research field 
addressed with a combination of 
diffraction and microscopic meth-
ods including AFM. The visualization 
of local surface defects in AFM im-
ages compliments TEM studies and 
helps in interpreting of averaged 
structural information collected in 
the diffraction studies. AFM imag-
ing of semiconductor films, which 
are much stiffer than the probe, 
should be performed at low tip-
sample forces.

This helps avoiding the tip damage 
and improving the image resolu-
tion by minimizing the tip-sample 
contact area. Figure 16 presents 
four height images recorded on the 
epitaxially-grown films of SiGe on 
Ge and Si substrates and ZnO on 
sapphire. The large-scale image in 
Figure 16a was obtained on SiGe 

After deposition of latex material from suspensions 
on flat substrates the individual spheres form ordered 
multilayer arrays. The image of poly(styrene) latex 
with spheres of 400 nm in diameter reveals surface 
locations with a precise hexagonal order, Figure 15c. 
The surface profile taken along the spheres in the di-
rection indicated with a line (Figure 15d) can be em-
ployed for not only qualitative and also quantitative 
evaluation of the tip profile. This suggestion was veri-
fied in the analysis of the experimental profiles ob-
tained with two different probes: a regular Si probe 

and conducting Si probe whose tip size was enlarged 
with an excessive Pt coating.

The ideal surface profiles along the same direction 
were simulated on a model sample of the close-
packed 400 nm hard spheres. It was found that theo-
retical profiles with tips of radius 19 nm and 39 nm 
best matched the experimental data as seen in Figure 
15d (right) where the profile for an atomically sharp 
tip is also shown.

SEMICONDUCTOR FILMS

Figure 16. Height images of SiGe epitaxial films on Ge substrate - (a) and (c), of SiGe film 
on Si substrate (b), and of ZnO epitaxial film on sapphire (d). The images were obtained in 
amplitude modulation mode with the commercial probe NCG30 with the nominal spring 
constant of 40 N/m. The contrast covers the surface corrugations in the 0 - 23 nm range 
in (a), in the 0 – 100 nm range in (b), in the 0-40 nm range in (c) and in the 0-50 nm range 
in (b). The FFT power spectra density patterns are inserted in the right top corners of the 
images in (b)-(d).

(b)

(d)

(a)

(c)

5 μm40 μm

3 μm5 μm

layer on Ge, which is characterized by relative small density 
of dislocations loops (2.85x102 cm-1) determined with X-ray 
analysis. Although such samples are characterized by atomi-
cally-smooth surface, few dislocations and cracks, which are 
shown in this image, can be found in few locations.

The width and length of these imperfections can be defined 
quite reliable, yet the defect depth analysis is limited by the 
aspect ratio of the applied probe.



13

The images in Figures 16b-c were obtained on 
SiGe layers on Si and Ge substrates, which are 
characterized by high density of the dislocations 
loops (7.5x104 cm-1 and 2.4x105 cm-1).

Surfaces of these films underwent drastically 
changes. The corrugated morphology in Figure 
16b is formed by arrays of elevated nano-size 
crystals with a rectangular shape and nearby pits 
of different size and depth. The pits also have 
straight corners that reflect their relevance to 
the crystallographic directions. Another type of 
corrugated morphology is found in the epitaxial 

film shown in Figure 16c. Multiple trenches and 
elevations of this surface are aligned in orthogo-
nal directions of the crystal lattice.

These AFM finding are pointing out the effects 
of internal stress generated by dislocations loops 
on the surface morphology. The image of the epi-
taxial ZnO film on sapphire in Figure 16d revealed 
another type of surface defects generated in this 
sample. This morphology is characterized by a ra-
dial symmetry and only traces of the rectangular 
crystalline lattice were found in the amplitude 
images.

SUMMARY

This application note presents the results of AFM 
visualization of different samples performed with the 
NEXT microscope. The imaging was performed in AM 
mode at scales from several nanometers to tens of 
microns and various objects starting with chain mac-
romolecules were recorded in the images. 

Several important issues of optimization of AFM ex-
periments on soft and hard surfaces were explained 
and demonstrated. A choice of probes and means of 
their characterization were also addressed.
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