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High-resolution imaging is a primary function of 
Atomic Force Microscopy (AFM), and the related 
applications are continuously expanding with the 
ongoing instrumental developments. An opera-
tion at small scales (<100 nm) has a number of 
factors that influence the signal-to-noise ratio 
and spatial resolution of the images. The contrast 
of the height images reflecting sample topogra-
phy is determined by the accuracy of the micro-
scope feedback loop, which guides the response 
of the piezo scanner to the surface variations 
picked up by the tip-sample force interactions. 

In contact and oscillatory modes, the feedback 
mechanism is based on different probe respons-
es directly or indirectly related to the force in-
teractions. The cantilever deflection is used for 
this purpose in contact and non-resonant oscil-
latory modes, and the amplitude or frequency 
changes of the interacting probe are employed 
for feedback in the oscillatory resonant modes. 
A bending of the probe to the set-point value 
is a relatively fast process, which proceeds in a 

quasi-static fashion in the contact mode. In the 
oscillatory non-resonant mode, such as HybriD 
(HD) mode, the probe deflects with 1-2 kHz rate, 
which is below the resonances of a vertical pie-
zoactuator and the probe. In both modes, the in-
stant value of the deflection is measured and an 
error (a difference between the actual and set-
point deflections) is eliminated by a Z-piezo mo-
tion that adjusts the probe-sample separation in 
the feedback operation. 

This two-step process is characterized by a time 
constant, which is defined by the bandwidths 
of the detection and piezo-response. In contact 
mode, the piezo-scanner motion is actually the 
limiting factor because it is activated at the rate 
below the piezo-scanner resonance, which is 
around 10  kHz. Therefore, the vertical displace-
ment with the rate of 5 kHz requires 200  mi-
croseconds to be executed at a single point. 
Therefore, 205 milliseconds are needed to per-
form this process in 1024 locations when this op-
eration is performed in the single rastering line 

•	 An operation of AFM microscope in a temperature-sta-
ble cabinet facilitates high-resolution studies and makes 
molecular-scale imaging of different materials a routine 
procedure.

•	 The imaging at the atomic and molecular scale has been 
achieved on a number of samples not only in contact 
mode but also in the oscillatory resonant (Amplitude 
Modulation) and non-resonant (HybriD) modes.

•	 The tip-sample force interactions, which are different 
in the various AFM modes, help to visualize numerous 
types of adsorbate structures with the weakly-bonded 
adsorbates seen only in the oscillatory resonant mode.
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A bird-view on the terraces of calcite crystal 
(6 nm x  11 nm) as imaged in water with Amplitude 
Modulation.



2

with 512 pixels per direction. In other words, 
the fastest scanning rate for 512 points-per-line 
imaging in the contact mode is around 5 Hz. 
At larger rates, the feedback will be executed 
poorly, and the profiling will be less precise. If 
the number of pixels is reduced then the spatial 
resolution will be hammered. In the HD mode, 
which typically operates at 1.5 kHz frequency, 
the deflection measurements are performed ev-
ery ~0.7 milliseconds, and 0.68 second is needed 
for the line with 512 pixels. This means that the
fastest scanning rate for HybriD (HD) mode is 
~1.5 Hz or slightly higher when the driving fre-
quency is increased.

In the microscope operation in amplitude modu-
lation (AM) mode, which is the resonant oscilla-
tory method, the mechanical quality factor (Q) 
of the probe becomes an additional issue. When 
the probe has a resonance around 100 kHz and 
Q of several hundreds, the time to obtain an ac-
curate amplitude value in a single point can be 
estimated as a time of 5 to 10 oscillations that is 
10 to 20 kHz or 100 to 50 microseconds. 

The Q-factor is also a source of delay as the probe 
moves from one position to another position on 
the surface, and it limits how fast the amplitude 
can adopt the change in surface interaction. 

This will bring the maximum rate for scanning 
with 512 pixels per line to ~10 Hz. In practice, 
the rate needs to be reduced by approximately 
two times below the scanner resonance, which 
is around 10 kHz. This brings the maximum rate 
to ~5 Hz that is similar to the contact mode. 
Therefore, the above estimates showed that 
AFM measurements are relatively slow and the 
imaging rates should be further reduced when 
the surfaces have rough profiles. 

The actual path of the probes while profiling the 
corrugated surfaces is much longer than one dur-
ing scanning on atomically-smooth areas. When 
research demands a fast scanning operation then 
the special design of scanners, high frequency 
probes and various operation procedures are uti-
lized for the practical realization of this function.

One of the factors, which influences AFM imaging, is 
the thermal drift of the microscope. This becomes a 
hurdle when precise and high-resolution imaging is 
required, particularly, in studies at small scales. As we 
discussed above the scanning rates are quite limited, 
therefore, a special care should be taken to reduce the 
microscope thermal drift during the measurements. 
Temperature variations cause minor changes to the 
structural dimensions of microscope parts many of 
them being made of different materials (aluminum, 
steel, titanium, ceramics, etc). 

For example, a temperature variation of 1 °C causes 
a differential length change of the 1-cm Al and steel 
rods, as might occur using a steel lead screw in an 
aluminum stage (expansion of Al ~22 ppm/K, steel 

~16 ppm/K) are around 60 nm. Therefore, to mini-
mize the relative displacements of the microscope 
components while imaging samples with the atomic-
scale resolution it is quite important to keep the tem-
perature variations of the sample and the probe well 
below the 0.01 °C level. 

In the above example the temperature variations 
of  0.017 °C would give the 1-nm differential change. 
High temperature stability of the microscope has 
been achieved with the design of a special thermal 
cabinet, which in addition to the temperature stabi-
lization incorporates other means for damping the 
acoustic and mechanical vibrations that are harmful 
to the AFM operation.

ELIMINATING THE THERMAL DRIFT OF AN AFM MICROSCOPE

TEMPERATURE-STABLE CABINET

In the design of a microscope cabinet for low ther-
mal drift operation we have considered the follow-
ing issues. The AFM microscope has several internal 
sources of heat dissipation and the temperature at 
the sample location is usually 3-5 degrees higher 
than the room temperature (RT). Furthermore, when 
the microscope is placed in a closed environment it 
is heated as a whole. Having this in mind, we have 

decided to stabilize thermal environment of the mi-
croscope in the cabinet at elevated temperature level 
(2-3 degrees above RT). The photograph in Figure 1 
shows the external view of the cabinet. NT-MDT mi-
croscopes: TITANIUM, NEXT and NTEGRA Prima can 
be placed inside the cabinet either on the vibration 
isolation structure held by 4 bungee cords attached 
to the cabinet ceiling or on the vibration isolation ta-
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Figure 1. Photograph of the thermal cabinet.

ble installed on the cabinet floor. Several heating ele-
ments for controlling the temperature environment 
are placed inside the cabinet. The thermistors are 
mounted between two heat sinks, and vertical pipes, 
which are attached to the sinks, serve as the chimney 
above the heaters. These structures allow the air to 
flow off the bottom surface of the thermal cabinet 
through the heat sinks to the top of the cabinet. In 
this way gentle air circulation is enabled. 

Temperatures of the room and the microscope 
frame near the sample location are monitored with 
the mounted semiconductor temperature sensors. 
The sensors’ readings are used for electronic feed-
back, which adjusts power to the heaters to keep the 
sample location temperature at the set-point value, 
which is a couple degrees above RT. This function is 
realized with a microprocessor, which also adjusts the 
set-point temperature when the RT changes substan-
tially. The temperature readings are exhibited on the 
LCD display attached to the cabinet front.

This chimney-like approach is very valuable because it 
does not require the use of fans, which are a non-de-
sirable source of electric and mechanical disruptions 
during imaging. 
The temporal graphs in Figure 2a-b illustrate the tem-
perature stability near the sample location as RT un-
dergoes the 2-3 degrees variations reflecting the op-
eration of the air-conditioner. After the microscope is 
placed into the cabinet and the heating is activated, 
the set-up period takes approximately 6 hours. Prior 
to stabilization at the set-point level, temperature of 
the microscope frame slightly overshoots it. Later on, 

the temperature variations around the set-point level 
are supported at the level of 0.005 °C. This is seen 
from the expanded view of the temperature changes, 
which is placed in the insert in Figure 2a. When the 
sample and the probe have been changed and the 
cabinet door is closed again, the temperature drop 
lasts only 10-15 minutes and afterwards the tempera-
ture returns to the set-point value, Figure  2b. 

The temperature stability of our cabinet enables 
low-thermal drift AFM scanning, which is illustrated 
by a series of height images of the lamellar struc-
ture of semifluorinated alkanes in Figure  3. A small 

elevated defect, which is observed at the top left of 
the images, does not change its location in the con-
sequent 100 nm scans. Thermal drift in these images 
is around 0.2 nm/min. This experimental data, which 

Figure 2. (a) Temporal variations of temperature of the microscope frame near the sample location and of room temperature. (b) Temporal varia-
tions of temperature of the microscope frame before and after a change of the probe and sample.
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is described below, was obtained using the TITANIUM 
microscope equipped with electronic controllers ena-
bling operation in contact mode and in oscillatory AM 
and HD modes. Our atomic-scale studies were made 

in air with Si probes: NSG01 (stiffness ~4 N/m) and 
NSG30 (stiffness ~40 N/m), with scanning rates up to 
3 Hz and images of 512×512 pixels.

Figure 3. Height images of semi-fluorinated alkanes on graphite collected in sequential scans with 1 Hz scanning rate.

ATOMIC-SCALE IMAGING IN CONTACT MODE

Lateral ForceHeight

4.5 nm 4.5 nm

Figure 4. (a) – (b) Height image and lateral force images of mica. The images were ob-
tained in the contact mode. The insert in (a) shows the crystallographic structure of mica 
surface.

Since the early days of scanning probe microscopy 
high-resolution scanning tunneling microscopy (STM) 
and AFM imaging has been demonstrated on atomi-
cally-flat surfaces of layered materials, such as highly 
oriented pyrolitic graphite (HOPG), mica and dichal-
cogenides of transition metals MX2 (M = Mo, W, Ta, Ti, 
V; X = S, Se, Te). These materials can be easily cleaved 
and such freshly prepared surfaces are suitable ob-
jects for observation of the atomic-scale order. The 
examples of the AFM images of several layered ma-
terials in contact mode are collected in Figure 4. The 
height image of mica (Figure 4a) shows the periodi-
cal surface corrugations in the 0-0.1 nm range that 
precisely mimics the structure of the silicate mineral. 
The overlay of a sketch of the surface structure on 

the image in Figure 4b confirms their close similarity.  
The periodic lattice of the image is characterized by 
a main period of 0.52 nm (the distance between the 
interatomic cavities), and this matches the crystal-
lographic data. The atomic-scale images of mica are 
often used for a calibration of piezoelectric scanners. 
The pattern of the lateral force image is quite differ-
ent with the elevations coinciding with the empty 
centers of the honeycombs in the height image. The 
AFM image, which was obtained in contact mode on 
the freshly cleaved surface of highly oriented pyrolitic 
graphite (HOPG), exhibits a hexagonal structure with 
much smaller spacing of 0.25 nm, Figure 5a. This ar-
rangement is consistent with the pattern most com-
monly observed in STM images. Only three of six 

atoms forming a honeycomb cell are 
pronounced in the images [1]. This is 
explained by different strength of the 
neighboring C atoms in the honeycomb 
structure of this compound shown 
in the insert in Figure 5a. The contact 
mode images of two dichalcogenides 
of transition metals: WTe2 and MoSe2 
(Figures 5b, c) match the crystallo-
graphic structures of the ab planes of 
these crystals. The rectangular pattern 
of height image of WTe2 [2] is consist-
ent with the surface structure defined 
by the repeat distances of 0.63 nm and 
0.35 nm in the orthogonal directions, 
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VISUALIZATION OF THE MOLECULAR STRUCTURE OF ORGANIC CRYSTALS

Figure 5. Height images of HOPG (a), WTe2 (b) and MoSe2(c) obtained in contact mode. The crystallographic structure of the basal plane of HOPG is 
shows in the insert in (a). The main crystallographic directions of the ab plane of WTe2 are indicated with white arrows in (b). The crystallographic 
structure of MoSe2 is shown in the insert in (c).
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which are indicated with the white arrows, Figure 5b.  
The hexagonal pattern of MoSe2 image is consistent 
with the central hexagonal symmetry of this crystal, 
Figure 5c. The main spacing of 0.32 nm is also close to 
the crystallographic data. 
The above images of layered materials were ob-
tained in contact mode at ambient conditions with 
the probes having stiffness as high as 40  N/m. The 

attempt to get similar images in AM and HD modes 
was not successful, most likely, due to weakly bonded 
surface contaminations, which were found even on 
freshly cleaved surfaces of these materials. Presuma-
bly, in contact mode the contaminations are brushed 
away, but this does not occur in the modes with rela-
tively low level of lateral forces. Further work to over-
come this hurdle is in  progress.

10 nm

Height

Height Height
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Figure 6. (a) The crystallographic structure of the ab plane of TTF-TCNQ crystal. The
numbers inside the circles representing the surface atoms indicate their relative heights
in pm. (b)-(c) The height images of the ab face of TTF-TCNQ crystals obtained in the
contact mode. The insert in (c) overlays the surface structure on the image pattern. (d)
Height image of the ab face of TTF-TCNQ recorded in AM mode.

A number of organic crystals also 
have a layered structure and their 
fresh crystalline surfaces can be 
obtained by a cleavage with sticky 
tape. One of such crystals is a charge 
transfer compound of TTF-TCNQ 
(where TTF   – tetrathiafulvalene and 
TCNQ  –   tetracyanoquinodimethane), 
the first synthesized molecular 
conductor. This crystal is built of 
alternative stacks of partially negative 
TTF molecules and partially positive 
TCNQ molecules, with the latter 
serving as conducting paths formed of 
the edge-on standing molecules with 
overlapping conjugated moieties. 

The crystallographic structure of the 
largest face being the bc plane of 
TTF‑TCNQ salt is shown in Figure 6a. 
The repeat distance along the stacks 
is 0.38 nm (the crystallographic b-con-
stant) and the repeat distance in the 
orthogonal direction is the combined 
width of the anion and cation stacks 
of 1.2 nm (the crystallographic c‑con-
stant).  The visualization of the molecu-
lar arrangement at this surface was first 

6 nm
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achieved in STM [3]. The atomic-scale STM images ex-
hibit a complex periodical pattern, which is consistent 
with the ab unit cell. The individual features within 
the unit cell reflect a partial electron density map at 
the conducting molecular orbital level, which is domi-
nated by contribution of TCNQ molecular orbitals [4]. 
The earlier AFM images of the same surface obtained 
in the contact mode showed the periodical pattern, 
which is also consistent with the periodical spacings 
of the ab plane. 

The fine periodical structure, when recovered by fast 
Fourier Transform (FFT) filtering of the image, has 
been different from the one recorded in the STM im-
age. The rational explanation of the AFM pattern was 
achieved from its match with the map of total elec-
tron density of the molecular structure at this plane 
[4]. The contact mode AFM images of TTF-TCNQ crys-
tal, which were recorded in the thermally-stable cabi-
net with the 2 Hz rate, are shown in Figure 6b-c. 

These images are characterized by a relatively high 
signal-to-noise ratio and visualization of the atomic-
scale features does not require FFT filtering. The im-
age details are consistent with the molecular struc-
ture of the ab plane as shown by the overlayer in 
Figure 6c. The top close positioned atoms of TTF 
stacks most likely correspond to the elevated rows in 
the images. A pair of cyano end groups of TCNQ mol-
ecules in the stacks matches to the slightly depressed 
rows in between the elevated rows assigned to the 
TTF stacks. The visualization of the molecular order 
at the bc plane of this crystal has been also achieved 
in the image, which was obtained in AM mode (Fig-
ure 6d), yet the fine details are not well distinguished. 
Polydiacetylene (PDA) polymers are prepared by the 
solid-state polymerization induced by heat or light. 
We have examined one of polymers – 2,4-hexadi-

ynylene bis(p-fluorobenzenesulfonate). The crystallo-
graphic structure of the monomer crystal brings close 
the triple bonds of different molecules, which are 
arranged in a layered fashion parallel to the largest 
surface of the lozengeshaped crystals (the bc crystal-
lographic plane). The polymer chains are formed in-
side the monomer crystal and the conversion of triple 
bonds to double bonds in polymer involves only small 
structural rearrangements. Therefore, the structures 
of such polymer and monomer crystals are quite 
similar and the lozenge shape does not deteriorate 
by polymerization. Yet the difference of the crystals 
is revealed by a cleavage, which in the case of the 
polymer produces some fibrils split from the crystal, 
Figure 7a. 

The fibrils are oriented along the short diagonal of 
the lozenge, and they should be avoided by the scan-
ning probe during imaging. The crystallographic struc-
ture of the bc face of PDA is presented in Figure 7b. 
The surface molecular arrangement is characterized 
by the stacks of the polymer side groups, which are 
aligned along the b direction. In the adjacent rows of 
phenyl rings along this axis, the rings are oppositely 
oriented. Therefore, the unit cell with the constants 
b = 0.53 nm and c = 1.62 nm includes molecules of 
two rows. 

The contact mode image of PDA crystal, which was 
obtained on the bc plane, shows a periodical pattern 
(Figure 7c) with a higher quality than that published 
previously [5]. Again, FFT filtering was not needed for 
the visualization of the atomicscale details. There is 
a good correspondence between this image and the 
molecular crystallographic structure of this plane un-
der the assumption that top adjacent hydrogen at-
oms of the phenyl rings of each molecule correspond 
to a single bright spot in the image. 

PDA crystal

Figure 7. (a) Height image of PDA surface obtained in the AM mode. (b) The crystallographic structure of the bc plane of PDA. (c) Height image of 
PDA crystal recorded in the contact mode. The crystallographic b and c directions are indicated with white arrows.
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Height

200 nm

Figure 8. (a) - (b) Height images of the bc face of PDA crystal, which 
were recorded in the AM mode.

Height

12 nm

The examination of molecular ordering in adsorbates 
on different substrates is one of the research areas of 
STM and AFM. The molecular- and atomic-resolution 
STM images of the organic compounds, which 
include normal alkanes and their derivatives, were 
obtained using droplets of saturated solutions of the 
compounds deposited on HOPG. 

In these experiments the conducting probe penetrates 
through a weakly-bonded and nonconducting 
adsorbate until it collects tunneling current variations 
Surface Order of Alkanes and Alkanols on Different 
Substrates at the molecular layer immediately lying on 
a conducting substrate [6]. In case of normal alkanes, 
the STM image reveals not only the lamellar order of 
flat-lying molecules but also its conformational order, 
in which the -CH2‑CH2‑CH2- zigzag either lies flat or 
stays perpendicular to the substrate. 

The situation is different when the imaging is per-
formed on dry adsorbate that can be examined only 
with AFM. We have performed studies of samples of 
several normal alkanes C18H38, C22H46, C36H74 and do-
decanol C12H26O on HOPG and MoS2 using different 
AFM modes. 

AFM images of dodecanol adsorbate on MoS2 were 
first collected in the AM mode, Figure 9a-c. The left 
part of the height image (~400-nm surface area) is 
covered by a feature-less layer, which is ~0.5 nm in 
height, Figure 9a. Therefore, this overlayer and its 
few separate patches can be assigned to the top mo-
lecular layer without a noticeable in-plane order. The 
darker areas on the right represent the bottom layer, 

in which traces of lamellae with spacing of ~3.3 nm 
are distinguished in the phase image (Figure 9b). The 
top layer is weakly bonded and the shape of its do-
mains is influenced by the tip force during scanning. 
As a result of a competition between the tip-sample 
force interactions and the self-assembly of dodecanol 
molecules this layer seems to be “mobile”. This is evi-
denced by a change of the surface morphology near 
the particles marked with a blue circle in Figure 9a‑c. 

The 200-nm phase image in Figure 9c more clearly 
shows the region with the lamellar structures of the 
bottom layer. When the similar area is examined with 
HD mode using the same probe as in the AM mode 
study, the top layer was not noticed and the imag-
es show only lamellar structures of dodecanol, Fig-
ure 9d-e. The tip-force applied in HD mode was 1 nN. 

Furthermore, the imaging of the dodecanol adsorb-
ate with contact mode using the same probe revealed 
the molecular structure of MoS2 with the hexagonal 
symmetry and main spacing of 0.32 nm, Figure 9f. In 
other words, the probe operating in contact mode 
brushed away the organic adsorbate and the tip inter-
acts with the substrate. This example demonstrates 
that a combined use of different AFM modes, which 
are characterized by different level of the probesa-
mple forces, brings the complimentary information 
about the sample organization. 

The observation of the lamellar order of C12H26O, 
which bulk melting point is around 25 °C, at 30 °C 
can be explained by the epitaxially-induced order on 
MoS2. The same is true for the AFM observations of 

SURFACE ORDER OF ALKANES AND ALKANOLS ON DIFFERENT SUBSTRATES

Several molecular-scale images of PDA crystal were 
recorded in the AM mode, Figures 8a-b. The larger-
scale patterns show the main periodical features with 
several defects, which might originate during the 
cleavage. The image resolution in Figure 8a is slightly 

worse than the one obtained in the contact mode. 
Nevertheless, the higher magnification image in Fig-
ure 8b shows the individual patterns that can be as-
signed to the phenyl rings of the molecular stacks. 
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Figure 9. (a) - (c) Height and phase images obtained in the AM mode on surface of dodecanol adsorbate on MoS2. A reference location is marked with 
a blue circle. (d) - (e) Height images obtained in the Hybrid mode on surface of dodecanol adsorbate. (f) Height image obtained on the same sample 
as in (a) - (e) in the contact mode.
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the lamellar order of normal alkanes (from C16H34 to 
C392H782) on HOPG [8, 9]. The related samples of al-
kanes started from C18H38 can be prepared by a heat-
ing of a small crystal of the alkanes on HOPG to tem-
perature 20-30 degrees above its melting point and 
back to room temperature. 

At high temperature the alkane melt flows over the 
surface and on cooling the material assembles into 
large crystalline aggregates leaving some material on 
the surface nearby them. These areas are usually cov-

ered by the lamellar layers and the lamellae at the 
melt/HOPG interface retain their order at tempera-
tures 20-30 degrees above the melting temperatures 
of their crystals [10]. Specifics of the AFM observa-
tions of alkane layers on HOPG are demonstrated in 
our study of C22H46 and C36H74 adsorbates. Height 
image of the C22H46 adsorbate, which covers an HOPG 
step, was collected in AM mode, Figure 10a. 

Several alkane droplets are condensed at the terrace’s 
edge. This image has been obtained in low-force im-

Figure 10. (a) – (b) Height images of C22H46 adsorbate on HOPG, which were obtained in the AM mode at low and elevated tipforce. The insert in (b) 
presents the phase image in the AM mode obtained at the elevated tip-force. (c) Height image of C22H46 adsorbate on HOPG recorded in the HD mode.
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aging as documented by a featureless phase image 
(not shown here). With the increase of the tip-force, 
which is achieved by the lowering of the amplitude 
set-point, the droplets were removed, and the traces 
of lamellar structures became evident on lower and 
higher terraces, Figure 10b. The lamellar structure is 
best resolved in the phase image, which is shown as 
an overlay on the height image in Figure 10b.  The la-
mellar structure has been well resolved in the images 
obtained with the same probe in HD mode. 

The related height image showing several individual 
C22H46 lamellae with the spacing of 3.1 nm is presented 
in Figure 10c. The adsorbate of longer alkane: C36H74 
(with melting temperature of 75 °C) exhibits surface 
layered structures, which are 0.5 nm in height. There-
fore, they can be assigned to the lamellar sheets with 
molecules lying parallel to the substrate, Figure  11a. 

At smaller scans the lamellar structures are well distin-
guished in the images obtained in AM and HD modes. 
In both modes, the imaging might be destructive and 
a partial removal of the alkane molecules from the 
lamellar sheets has been observed. The related dark 
vacancies, which are extended perpendicular to the 
lamellae edges, are observed in the height images 
recorded in HD mode, Figures 11b-c. The number of 

the damaged locations has risen with the downsiz-
ing of the imaging area due to the effective increase 
tip-sample force interactions. The alkane layers lying 
closer to the substrate are more resistive to the tip-
induced damage and, they can be examined in con-
tact mode, Figure 11d-e. 

A couple of decades ago, the alkane lamellae at the 
interface between a saturated alkane solution and 
HOPG were examined with scanning tunneling mi-
croscopy (STM). STM images provided the high-reso-
lution visualization of individual alkane chains, which 
form the lamellae by packing in the normal direction 
to the lamellar edges.  A comparable resolution has 
not yet been achieved in routine AFM imaging. The 
hints of the chain ordering were noticed in the imag-
es of C36H74 lamellae, which were recorded in contact 
mode, Figure 11d-e. 

Multiple fine striations, which are aligned perpen-
dicular to the lamellar structures, are distinguished 
in both images. Their order has a periodical spacing 
of 0.5 nm, which correlates well with the inter-chain 
packing in the alkane crystals, and is better resolved 
in the lateral force image. These images provide sup-
port of the earlier finding of chain resolution in the 
contact mode study of a similar sample [11].

Figure 11a-e. (a) Height image of C36H74 adsorbate on HOPG obtained in AM mode. (b) – (c) Height images of C36H74 adsorbate on HOPG obtained in 
HD mode. (d) - (e) Height and lateral force images of C36H74 adsorbate on HOPG obtained in contact mode.
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The height image of this sample, which was recorded 
in AM mode, is shown in Figure 12a. The surface is 
formed of multiple ribbons, which are aligned along 
the rubbing direction. The smallest steps between the 
neighboring ribbons are around 0.5 nm that hints that 
they consist of molecular sheets of PTFE. The 10‑nm 

image of the surface location nearby one of the sur-
face defects is shown in the insert in Figure  12a. 

This image exhibits the well-oriented linear elevated 
features with a separation of 0.6 nm, which is close 
to the inter-chain distance of 0.56 nm in oriented and 

Figure 12. (a) - (b) Height images of PTFE oriented layer, which were recorded in the AM mode. (c) Height image of the same sample, which was 
recorded in contact mode.
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Figure 13. (a) - (e) Height, deflection and lateral force images of PTFE layer recorded in HD mode.
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MORPHOLOGY AND CHAIN ORDER IN ORIENTED POLYTETRAFLUOROETHYLENE

Poly(tetrafluoroethylene) – PTFE is a widely known 
fluorinated polymer with a large variety of technolog-
ical applications. Rubbing of PTFE on a rigid substrate 
(glass, Si, etc) at high temperature leads to deposition 
of the polymer and its orientation. This surface is of-

ten used for aligning liquid crystalline materials and 
for epitaxial crystallization of low and high molecu-
lar weight compounds. For AFM studies we prepared 
such oriented PTFE layer on a glass substrate and per-
formed its imaging in different modes. 
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crystalline PTFE samples examined by other methods 
(TEM, X-ray analysis). Therefore, the observed pattern 
represents the molecular alignment of the polymer 
chains. A similar pattern has been recorded in other 
flat locations of the sample in the 10-nm images ob-
tained in AM and contact modes, Figure 12b-c. In fact, 
the capability of the visualization of the PTFE chains 
in the contact mode was demonstrated a long time 
ago [12], whereas the molecular resolution images in 
AM mode are relatively new. The same PTFE sample 
has been also examined with HD mode, Figure 13a-e. 

The vertically oriented strands, which are visualized 
in the 1-micron images, are split into extended blocks 
of several hundreds of nanometers in length. These 
structures, which are better distinguished in the phase 
image, are similar to the crystalline domains with ex-
tended polymer chains. The highpressure crystallized 
polyethylene and samples of polyolefins epitaxially 

crystallized on atomically-smooth substrates exhibit 
similar morphology. The smaller 90-nm image shows 
an extended crystalline block surrounded by protru-
sions with multiple steps, Figure 13d. 

The imaging of the flat surface of this block revealed 
the aligned polymer chains with the inter-chain 
distance of 0.56  nm, Figure 13e. The examination 
of the rubbed PTFE sample has demonstrated the 
molecular chain visualization in all three AFM modes. 

An open question is the capability to visualize the 
conformation of these macromolecular chains, which 
adopt 13/7 and 15/7 helices at temperatures below 
19 °C and 28 °C, respectively. Unfortunately, the 
above described measurements were performed at 
higher temperature (~30 °C) and the visualization 
of PTFE conformations is one of the next challenges 
to  address.

COMMENTS ON ATOMIC-SCALE AFM IMAGING

Despite the progress in AFM imaging with atomic-
scale resolution, its nature is not well understood. 
When the images reproducing the lattices of crystal-
line samples were recorded in contact mode, the re-
searchers did not find any point defects (e.g. vacan-
cies in the lattices), in contrast to STM images that are 
full of atomic-scale imperfections. 

Therefore, a visualization of the single-atom defects 
has been considered as evidence of true atomic reso-
lution. The AFM images showing such defects were 
first obtained in the resonance frequency modulation 
mode in vacuum and later in AM in air [13]. Generally, 
the improvement of the signal to noise ratio in AFM 
microscopes, which allows the low-amplitude (less 
than 1 nm) operation in AM and FM modes helps to 
achieve the atomic-scale resolution on crystalline sur-
faces and on DNA strands in water. 

One of the related issues - a reduction of tip-sample 
forces makes the contact area smaller than the tip 
apex. This might explain that the atomic-resolution 
images were recorded with the tips having a radius 
around 10 nm. As regarding imaging in air, the sam-
ples can be covered by a contamination overlayer, and 
an operation at larger amplitudes might be needed 
for the tip apex to touch a surface of interest. There-
fore, the images illustrated in this note were obtained 
with the amplitudes in the 5-20 nm range using com-

mon Si probes (NT-MDT probes: NSG01, NSG10 and 
NSG30) with the tip radius around 10 nm. The visuali-
zation of the atomic-scale features assumes that the 
effective contact area is rather small. 

Some clues regarding the atomic-scale visualization 
were provided by theoretical calculations of the im-
ages for a model compound - the crystal structure of 
PDA with missing molecule [14]. It has been shown 
that the defective structure is correctly reproduced 
only when the atomically-sharp tip interacts with the 
sample at the minimal forces. As the tip-force and tip-
radius increase the image pattern changes yet the de-
fect is still present. The surface corrugations become 
smaller and beyond the detection limit (~0.01 nm) as 
the tip radius increases above 20 nm.

In general, the high-resolution imaging is the micro-
scope function that depends on several instrumental 
and operation factors. They include not only the de-
scribed measurements in thermally stable environ-
ment but also the precise force control, especially, 
in the low-force region, and dimensions of the tip 
apex. Furthermore, the imaging media and nature of 
the sample are also very essential for the success of 
the experiments at the atomic- and molecular-scale. 
A full control of these factors is the only way for a 
better understanding the capabilities of AFM high-
resolution studies.
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CONCLUSIONS

The operation of AFM in low temperature drift envi-
ronment facilitates high resolution studies at small 
scales.  Visualization of atomic and molecular struc-
tures becomes a routine procedure in contact, AM 
and HD modes. This is confirmed in the studies of in-
organic layered materials, organic crystals, polymers 
and adsorbates. The atomic and molecular scale im-
ages of these materials were recorded using regular 

Si probes. The different level of tip-sample forces in 
the different AFM modes allows expanding the tech-
nique access to a broader range of surface structures 
as demonstrated in the study of dodecanol adsorb-
ates on MoS2. In a further step the small-scale visuali-
zation studies will be expanded to probing of the local 
mechanical and electric properties with high spatial 
resolution.


