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(57) Abstract: The present invention relates to a method, apparatus and computer program for automatically compensating a drift
of a force applied by an Atomic Force Microscope during contact mode. The method makes it possible to automatically control
and correct force drift in contact mode Atomic Force Microscopy. In a preferred embodiment, the invention comprises steps mea-
suring independently lateral and vertical vibration signals, analyzing theses signals and finally comparing theses signals to refer-
ence vibration signals. In a second embodiment, the vibration signals may be combined by means of an index, called force index.
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“Method for automatic adjustment of the applied force and
control of the force drift in an Atomic Force Microscope

during contact mode imaging”

The present invention relates to the field of contact
mode Atomic Force Microscopy, especially to automatically
adjusting and controlling the force applied by an Atomic

Force Microscope tip during contact mode imaging.

Over the last years the Atomic Force Microscopy has
become a powerful tool for the structural characterization
of biological samples. The AFM uses a sharp tip placed at
the end of a cantilever to scan a sample, and where the
motion of the cantilever is used to monitor the force
applied on the sample. The AFM maintains the cantilever
signal constant to a prefixed setpoint wvalue, for this a
feedback loop is wused to process the cantilever signal
which controls the distance between tip and sample using a
piezoelectric stage. In most, but not all, AFM systems the
read out of the cantilever motion is performed using the
reflection of a laser beam on the Dbackside of the

cantilever onto a multiple-quadrant photodiode.

An inherent problem of AFM systems is to control the
force applied by the AFM tip, and the force drift, which is
caused by non-controllable physical phenomena like
dilatation, surface tension variations, laser fluctuations,
temperature drift or electrical charging. It is impossible
to eliminate drift from AFM systems. Therefore, the drift
must be analyzed and compensated during AFM operation.
Nowadays, the only way to correct the drift during contact
mode imaging is to permanently observe the evolution of the
AFM 1imaging and to manually modify the setpoint of the

feedback system based on the operator’s experience.
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It is an object of the present invention to provide a
method to automatically analyse the force applied by the

AFM tip during contact mode imaging.

It is an object of the present invention to provide a
method for the automatic adjustment and continuous control
of the force applied by the atomic force microscope tip

during contact mode imaging.

It is an object of the present invention to provide a
method to automatically find the force applied to the AFM
tip during contact mode imaging for optimal image

acquisition.

It is an object of the present invention to provide a
method to automatically perform drift compensation of the
loading force applied to the AFM tip during contact mode

imaging.

It is yet another object of the present invention to
provide a method to optimize the resolution in the Contact

Mode Imaging

The invention is disclosed as recited in the appended

claims.

Such objects are accomplished through a method for
automatically adjusting and compensating for the drift of
the force applied by an Atomic Force Microscope during
contact mode scanning, said Atomic Force Microscope

comprising a probe scanning a surface of a sample, said
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method comprising at least one occurrence of the following

steps:

- scanning the surface of said sample for a
predetermined number of scan lines at a given

frequency,

- measuring lateral and/or vertical vibration

signal (s) of said probe while scanning, and

- correcting said applied force according to said
vertical and/or lateral wvibration signal(s) and
reference vertical and/or reference lateral
vibration signal (s8) previously defined or measured.

It is to Dbe noted that in the present invention
“vibration signal” designates the vibration noise of the
cantilever. Thus, the vertical vibration signal designates
the wvertical vibration noise and the lateral vibration
signal designates the lateral vibration noise.

“Vibration signal” doesn’t designate the excitation
signal used by the AFM to apply the scanning force between
the tip of the cantilever and the scanned surface.

Fach of the lateral and vertical vibration signals is
determined by measuring the amplitude of the ©probe

vibration.

Indeed, the inventors of the present invention have
found the following results:

- when the loading force applied to the AFM tip is
insufficient for high resolution imaging on a
biological object the vertical vibration of the
cantilever is increased compared to ideal imaging
conditions,

- when the 1loading force applied to the AFM tip
increases the vertical vibration of the

cantilever decreases,
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- when the loading force applied to the AFM tip is
excessive for high resolution imaging on a
biological object the lateral vibration of the
cantilever is increased compared to ideal imaging
conditions, and

- when the 1loading force applied to the AFM tip
decreases the lateral vibration of the cantilever

decreases.

By using the vertical and lateral cantilever
vibration, it 1s possible to analyze the actual applied
force during contact mode AFM imaging. This allows an
atomic force microscope to find and correct the setpoint
automatically.

Indeed personal experience 1s not necessary with the
method according to the present invention to correct the
applied force between the tip of the probe and the surface
of the scanned sample.

Moreover, the present invention makes it possible to
avoid to remain in front of the AFM screen during the image
acquisition and continuously interact with the AFM.

The method according to the present invention may also
comprise one or more filtering step(s) of the lateral
and/or vertical vibration signal(s) in order to eliminate
force-unrelated signals due to surface features of gsaid
scanned surface, for example spikes due to sharp surface
features or discontinuities. Indeed, scan lines that
comprise sharp topographic features show strong increase in
the vibration signals. Steep topographic changes cannot
perfectly be followed by the feedback loop and therefore
excessive cantilever deflection occurs, resulting in an

overestimation of the vibrational signal. These signal
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spikes are identified by their large deviation from the

mean of the majority of recorded vibrations signals.

The measuring step may comprise a step of measuring
lateral and/or vertical vibration signal (s) for every

scanning position on each scan line.

Preferably, the scanning step may comprise a scanning
cycle for each scan line, said scanning cycle comprising a
first step of scanning said scan line in one direction and
a second step of scanning said scan line in the opposite
direction, the lateral and/or vertical vibration signal (s)
being measured during the first and the second scanning
steps for each scanning position of the scan line. For each
type of vibration signal, i.e. lateral vibration and
vertical vibration, combining two different vibration
values measured in both scan directions respectively, said
trace and retrace scan lines, makes it possible to reduce
noise and obtain more representative data about probe

vibration and therefore about setpoint drift.

Before the correcting step, the method according to
the invention may comprise a step calculating independently
lateral and/or vertical vibration standard deviation
signal (s) for each scan line or fraction of a scan line. In
case of trace and retrace vibration signals are measured
said calculating step may comprise a selection of the
minimum or average of lateral and/or vertical vibration
standard deviation signal as lateral and/or vertical
deviation wvalue(s) for said position. The calculating step
issues a lateral vibration standard deviation signal (512)
and/or a vertical vibration standard deviation signal (510)

for each scan line.
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This step of calculating independently lateral and/or
vertical wvibration standard deviation signal(s) may be
performed every a predetermined number of scan lines. This
feature of the present invention makes it possible to
correct force drift every a predetermined number of scan
lines. Indeed, in some <cases ©performing force drift
compensation every scan line may be senseless and users may
need the possibility to make such a correction every 5, 10
or 20 scan lines while taking into account the standard

deviation on every scan line.

In a first embodiment, which is a preferred embodiment
of the invention, the correcting step may comprise the
following operations:

- comparing the measured vertical vibration standard
deviation signal to the reference vertical vibration
standard deviation signal, and

- comparing the measured lateral wvibration standard
deviation signal to the reference lateral vibration
standard deviation signal;

the correction of the applied force being determined by an

algorithm based on said comparisons.

In this preferred embodiment, the correction of the
applied force may be determined by the following algorithm:
- if the wvertical wvibration standard deviation

signal is larger than the reference vertical

vibration standard deviation signal, and the

measured lateral vibration standard deviation

signal 1s smaller than the reference vertical

vibration standard deviation signal, then the
correction is an increase of the applied force,

and the measured lateral vibration standard
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deviation signal is stored as the new reference
lateral wvibration standard signal. The increase
may be either a prefixed wvalue, e.g. 0.001V -
0.1V, or a value that is determined by analyzing
the decrease of wvertical vibration signal as a
function of the cantilever deflection in a force
curve;

if the measured vertical vibration standard
deviation signal 1s smaller than the reference
vertical vibration standard deviation signal, and
the measured lateral vibration standard deviation
signal 1s greater than the reference vertical
vibration standard deviation signal, then the
correction is a decrease of the applied force,
and the measured vertical vibration standard
deviation signal is stored as the new reference
vertical vibration standard deviation signal. The
decrease may be either a prefixed wvalue, e.g.
0.001vVv - 0.1V, or a value that is determined by
analyzing the decrease of vertical vibration
signal as a function of the cantilever deflection
in a force curve;

if the measured vertical vibration standard
deviation signal is smaller than the reference
vertical vibration standard deviation signal, and
the measured lateral vibration standard deviation
signal 1s smaller than the reference vertical
vibration standard deviation signal, then no
correction of the applied force is made, and the
measured vertical vibration standard deviation
signal 1is stored as the new reference vertical
vibration standard signal and the measured

lateral wvibration standard deviation signal is
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stored as the new reference lateral vibration
standard deviation signal; and

- if the measured vertical vibration standard
deviation signal 1is greater than the reference
vertical vibration standard deviation signal, and
the measured lateral vibration standard deviation
signal is greater than the reference wvertical
vibration standard deviation signal, then the
correction 1is a decrease of the applied force.
Again, the decrease may be either a prefixed
value, e.g. 0.001v - 0.1V; or a value that is
determined by analyzing the decrease of vertical
vibration signal as a function of the cantilever
deflection in a force curve.

In this preferred embodiment, the invention makes it
possible to automatically find and maintain the optimal
applied force during contact mode imaging based on the
analysis of the wvertical and the lateral cantilever

vibration signals.

In a second embodiment, the correcting step may

comprise the following steps:

- calculating an index, called force index,
according to the vertical and/or lateral deviation

signal (s), and

- comparing said force index (FI;) to a reference
force index (FIg).
the correction of the applied force being determined by an
algorithm based on said comparison.
The reference force index may either be calculated
according to the reference lateral and/or deviation
signal(s) or defined at a moment when optimal imaging

conditions were manually achieved.
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Such a force index may be calculated by subtracting
the standard deviation of the vertical cantilever vibration
from the standard deviation of the lateral cantilever

vibration. For example:
Fl=x6,,-y0,, with x and y real numbers.

With o0, the average standard deviation of the lateral

cantilever vibration (for each scanning position)

determined over a predetermined number of scan lines or a

fraction of a scan 1line), and © the average standard

vert
deviation of the wvertical cantilever vibration for each
scanning position determined over a predetermined number of
scan lines or a fraction of a scan line and FI the force
index.

The correction of the applied force may be determined
by an algorithm based on the difference between the
calculated force index (FI;) and the reference force index
(FIg) .

Such an algorithm may comprise a relation such as:

1f AFI>x then Asetpoint=4.AFI

1f AFI<y then Asetpoint=B.AFI
with AFI=FIyx-FI;, A and B any real positive numbers, x and vy
real positive or negative numbers, FIrx the reference Force
Index and FI; the measured force index. A and B, such as x
and vy, can be chosen by the user. This relation regulates
the gspeed of the setpoint correction for the gsituations
when the applied force is too high, AFI >x or too low AFI
<y. The user could set x=y=0 and A = B in case that equal
reactions towards higher and lower forces are wished. 1In
case that the sample 1is particularly fragile, the user

might set A>B.
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The method according to the invention may comprise a
starting phase where a reference vertical vibration signal
and/or a reference lateral vibration signal is/are
determined at the very beginning of the scanning process.
The starting phase may also comprise the calculation of the
standard deviation for these reference vibration signals.

In the second embodiment described above, a first
reference force index may be defined in this starting
phase.

As indicated, the predetermined number of scan lines
may be 5 or many or a fraction of 1 and the predetermined
scanning frequency may be between 1 and 10, for example 5Hz

The invention also provides a computer program
comprising instructions for carrying out the steps of such
a method according to the invention.

The invention also ©provides a computer —readable
medium, for example a CR-ROM, a USB key, a flash drive, a
USB flash drive, comprising such a computer program
according to the invention.

The invention also provides an apparatus comprising
means adapted for carrying out the steps of the method
according to the invention.

The invention also provides an atomic force microscope
comprising a computer program and/or an apparatus according
to the invention.

Contact mode is between five and ten times faster than
other conventional imaging modes. Additionally, it has
provided the so far highest resolution images. These
features make contact mode the most appropriate mode for
the imaging of nanometric biological samples.

The presented automatic force adjustment and drift

compensation invention for contact mode AFM allows the user
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to let the microscope function 1like an imaging robot for
long experiments.
It is estimated that this invention will be of high

value for time-lapse imaging studies. Furthermore, often in

high-resolution AFM experiments, imaging resolution
increases with experiment duration due to system
equilibration. Importantly, the wvibration analysis 1is

interference independent: often laser interference in the
optical path result in wavy force distance curves in the
non-contact region. While these fluctuations are documented
by the photo-detector as force wvariations, interference
problems have no influence on the vibration noise of the
cantilever. The invention allows also an individual
experimenter to manipulate the experimental conditions in
the fluid chamber during the experiment, while the AFM
maintains optimal force independently. Finally, the
invention will be applicable by a large number of less-
experienced AFM users and will therefore contribute to
bringing the AFM towards a more general use 1in biology

laboratories.

The new and inventive features believed
characteristics of the invention are set forth in the
appended claims. The invention itself, however, as well as
a preferred mode of use, further objects and advantages
thereof, will best be wunderstood by reference to the
following detailed description of an illustrative detailed
embodiment when read in conjunction with the accompanying
drawings, wherein:

- figure 1 schematically illustrates an example of an

atomic force microscope;
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- figure 2 schematically illustrates the steps of an
example of a method according to preferred embodiment
of the invention;

- figure 3 illustrates an example of a decision making
matrix used in a preferred embodiment of the invention
illustrated en figure 2;

- figure 4 illustrates the evolution of the correction of
the applied force in the preferred embodiment
illustrated on figure 2 following the decision taking
matrix illustrated in figure 3;

- figure 5 schematically illustrates the steps of an
example of a method according to a second embodiment of
the invention;

- figure 6 illustrates signal treatment on deviation
signals according to the present invention;

- figure 7 schematically illustrates an example of an
apparatus according to the invention;

- figure 8 illustrates an example of setpoint correction
according to the invention; and

- figure 9 schematically illustrates how the image
quality depends on the force applied to the AFM tip and
how the vertical and lateral vibration signals change

depending on the applied force;

In the following specifications, elements common to

several figures are referenced through a common identifier.

Figure 1 schematically illustrates an example of an
atomic force microscope (AFM) 100. The AFM 100 comprises a
sharp probe 102, a piezoelectric stage 104 to raster the
probe 102 or the sample 106 to be scanned. The probe 102 is
equipped with a sharp tip 108 placed at the end of said

probe 102 also called <cantilever. In contact mode
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microscopy, the tip 108 is in constant contact with the
scanned sample 106.

The AFM 100 also comprises means to detect the
deviation of the probe. These means generally comprise a
laser beam 110 emitted by a laser generator 112 directed
towards the probe 102, a photo-detector or multiple-
quadrant photodiode 114 to monitor probe deflection and
measure the force applied to the sample 106. The read out
of the cantilever motion is performed using the reflection
of the laser beam 110 on the backside of the cantilever 102
onto the multiple-quadrant photodiode 114.

Triangular and rectangular probes were used. The
triangular probes were oxide-sharpened SisN, probes mounted
on cantilevers with a length of 100pum (OMCL-TR, k = 0.1N/m,
nominal radius = 15nm; Olympus Ltd., Tokyo, Japan). The
resonance frequency of the probes in buffer solution 1is
around 10 kHz. The probes had z-sensitivities of ~40 nm/V.
In force terms, this represents a applied force change of
~ 4nN when the setpoint parameter drifted by 1V. The
rectangular probes had a length of 200um (MSNL, k =
0.02N/m; Veeco, Santa Barbara, USA). Different cantilever

geometry may be used with the present invention.

Figure 2 schematically illustrates the steps of an
example of a method according to a first embodiment 200 of
the invention which 1is the preferred embodiment of the
invention.

The preferred embodiment illustrated on figure 2,
comprises a first phase 200 called “starting phase” and a

second phased 220 called “drift compensation phase”.

At time t0

The AFM starts scanning, in contact mode, at step 202.
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Then step 204 1is realized. Step 204 comprises steps
206 to 212, which now will be described,

At step 206 the AFM scans next scan line according to
one direction. Two vibration signals are independently
measured and stored: one for trace lateral vibration 2060
and one for trace vertical vibration 2062.

At the same step the AFM scans the same scan line, in
the opposite direction. Once again two vibration signals
are 1independently measured and stored: one for retrace
lateral wvibration 2064 and one for retrace vertical
vibration 2066.

At step 208, every vibration signal measured in steps
206 1s filtered with a filter. This step removes the
vibration spikes caused for example by sharp topography
features.

For filtering the wvertical and lateral wvibration
signals in order to remove spikes (due to sharp topography
features) several types of filters can be applied. Here are
presented two possible filtering procedures:

® Standard deviation filter: Of all (vertical or

lateral) vibration wvalues the average and the
standard deviation are calculated. All wvalues above
a certain threshold (for example 3.29 times the
standard deviation) from the average are removed.
This procedure removes vibration spikes, and
subsequently a force-dependent standard deviation
value is calculated.

= “Uphill” filter: All (vertical or lateral) vibration

values that correspond to regions in the scan where
the tip moves upwards are removed. This procedure
removes vibration spikes due to feedback speed
limitations. Subsequently a force-dependent standard

deviation value 1is calculated.
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Once these points are removed, in each vibration
signal, the standard deviation for each scan line is
calculated at step 210. To do this, for each deviation
type, i.e. lateral and vertical, trace and retrace
deviation signals are analyzed and the standard deviation
is chosen for each pixel or scanning position.

At step 212, for each scan line, an average lateral
standard deviation signal and an average vertical standard
deviation signal is calculated by averaging the
aforementioned standard deviation signals. These signals

are stored as reference signals: LV,er, VVier.

At time tl

The drift compensation phase 220 is realized.

The drift compensation  phase 220 comprises the
calculation of the average lateral and vertical deviations
signals for each next predetermined number of scan lines.
For this, the step 204-204 is realized again, in the same
manner as at time t0, and a lateral standard deviation
signal and a wvertical standard deviation signal are
obtained: VVi; and LV:,

At step 222, the deviation signals VVy; and LVyy, are
compared to the reference deviation signals VVier and LVier.
This step determines if a correction is needed. The need
for a correction 1is determined according to a decision

making matrix 300 illustrated on figure 3.

In general the wvertical deviation or vibration is
sensitive at 1low forces, while the lateral deviation or
vibration is sensitive when loading forces are increased in
hard tip-sample contact. Increased level of vibration, both

vertical and lateral, means also lower 1image quality.
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Logically, the image quality is best when least cantilever
vibration noise 1s on the definition of the cantilever

position.

This rational, represented in figure 3, is followed
for allowing the automated AFM to find and maintain the
optimal imaging forces:

- 1f the vertical deviation signal VV:i; at time tl
is larger than the reference vertical deviation
signal VV,er, and the lateral deviation signal LVii
at time tl is smaller than the reference vertical
deviation signal LV..r, then the correction is an
increase of the applied force, and LVy: is set as
the new reference lateral signal: LVi,ee- LVii.

- 1f the vertical deviation signal VV:i; at time tl
is smaller than the reference vertical deviation
signal VV,er, and the lateral deviation signal LVii
at time tl is greater than the reference lateral
deviation signal LV..r, then the correction is a
decrease of the applied force, and the wvertical
deviation signal VVy; 1is stored as the new
reference vertical signal: VViee- VVii.

- 1f the vertical deviation signal VV:i; at time tl
is smaller than the reference vertical deviation
signal VV,er, and the lateral deviation signal LVii
at time tl is smaller than the reference lateral
deviation signal ILV..f, then no correction of the
applied force is made, and the vertical deviation
signal VVy; at time tl1 1s stored as the new
reference vertical signal and the lateral
deviation signal LVy; at time tl is stored as the
new reference lateral signal: LVyier= LV,

VVier=VVi; and
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- 1f the vertical deviation signal VVy; at time tl is
greater than the reference vertical deviation
signal VV,er, and the lateral deviation signal LVii
at time tl is greater than the reference lateral
deviation signal LV..r, then the correction is a
decrease of the applied force.

As illustrated on figure 4, if the vertical deviation
VVi1 is smaller than VV,er, the image noise decreased due to
a slight increase of the applied force. Less image noise is
considered as a good thing, and therefore VVi; is set as new
VV.er. In contrast, if the vertical deviation VV’':; is larger
than VV..r, the image noise has increased due to force drift
to lower applied force. Then, the applied force 1is
decreased to get the applied force back to the initial
VVyier.

Using this rational, the setpoint will solely through
drift slowly go towards higher loading forces where the
image noise 1is lesser. Using the above-outlined rational,
the procedure will never push the tip to higher forces than
a situation that was stable before, but the loading force
must end up in a position where low image noise is assured.
In order to prevent the system from going to extensive
imaging forces that eventually destroy the sample, the same
rationales are used for the lateral deviation signal.

If the lateral deviation LVi; is smaller than LV,.r, the
image noise decreased due to a slight decrease of the
applied force. Again, less image noise is considered as a
good thing, and therefore LVy; is set as new LV,.r. In the
contrary, if the lateral deviation LV’:y 1is larger than
LV,er, the image noise has increased but this time due to
force drift to higher applied force. In this case the
applied force is decreased to get the applied force back to

the initial ILVier. This procedure drives the AFM towards
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lower forces and lower noise.

The implementation of the described rationales has
been performed with the decision taking matrix illustrated
on figure 3. This allows the AFM to find, stabilize and
drift compensate its setpoint at conditions where image
noise and forces are minimal.

In the matrix 300, illustrated en figure 3, two major
situations are considered: the two signals, i.e. the
vertical and lateral deviations, agree in their analysis of
the force drift, or the two signals disagree. In case the
two signals agree, the automated setpoint will increase,
case 302, or decrease, case 304, to compensate for drift.
In case of disagreement, when the wvertical deviation
indicates force increase and the lateral deviation
indicates force decrease, case 306, the AFM does not take
any action. In case of disagreement, when the vertical
deviation indicates force decrease but the lateral
deviation indicates force increase, 1.e. case 308, the
force is decreased: force drift has often the tendency to
drift towards higher 1loading forces, therefore giving the
lateral deviation signal here the overweight is a security
measure to tend towards minimal forces.

The above rational will allow the AFM to find and
maintain automatically optimal imaging loading forces
during contact mode imaging based on the analysis of the
vertical and 1lateral cantilever deviation or deviation

signals.

Back to figure 2, if no correction is needed, the new
reference deviations are stored as indicated above, and the
method goes back to step 204 of phase 220 and step 204 is

realized for the next predetermined number of scan lines.
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If a correction is needed, the new reference
deviations are stored, the force drift is corrected at step
224 by a correcting signal CS. After correction the method
goes back to step 204 of phase 220 and step 204 is realized
for the next predetermined number of scan lines, preferably

until the end of the scanning process.

A second embodiment of the invention will now be
described with respect to figure 5.

Figure 5 schematically illustrates the steps of an
example of a method according to a second embodiment of the
method according to the invention.

The second embodiment illustrated on figure 5,
comprises a first phase 500 called “starting phase” and a
second phased 520 called “drift compensation phase”. The
starting phase 500 comprises a first step 502 in which the
AFM starts scanning, 1in contact mode, with an optimal
applied force between the tip and the surface of the
scanned sample: the AFM is scanning the sample in an

optimal force regime (OF).

At time t0, in the very beginning of the scanning
process, just after the AFM starts scanning at step 502,
when the AFM 1s still 1in the OF, a force index 1is
determined according to step 504 and stored as the
reference force index FIg. Step 504 is called “FI
computation step”, comprises steps 506 to 514.

At step 506, the AFM scans next scan line according to
one direction. Two deviation signals are independently
measured and stored: one for trace lateral vibration 5060
and one for trace vertical vibration 5062.

At same step the AFM scans the same scan line in the

opposite direction. Once again two deviation signals are
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independently measured and stored: one for retrace lateral
vibration 5064 and one for retrace vertical vibration 5066.

At step 508, every vibration signal 1is filtered to
remove vibration spikes caused by sharp features of the
sample.

Once these points are removed, in each vibration
signal, the standard deviation for each scan 1line 1is
calculated at step 510. To do this, for each deviation
type, 1.e. lateral and vertical, trace and retrace
vibration signals are analyzed and the standard deviation
is calculated for each scan line (or multiple or fraction
of a scan line).

In step 512 the average lateral and vertical
deviations 1is calculated for each scanning position by
taking into account the standard lateral and vertical
deviation signals for each scan line.

At step 514 the reference force index is calculated by

using the formula:
FI, =x6,,—x0,, with x and y real numbers.

with o0, the average lateral deviation, and © the average

vert
vertical deviation and FIyp the reference force index.
The reference force index FIzx 1is stored in storage

means. The scanning of the sample continues.

At time tl1, the drift compensation phase 520 1is
realized.

The drift compensation  phase 520 comprises the
calculation of the force index for each next predetermined
number of scan lines. For this, the step 504 is realized to
determine the force 1index, 1n the same manner as the
reference force index FIx was determined in the starting

phase 500.
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Then the force index FI;, is compared to the reference
force index FIrx at step 522. The need for drift compensation
and the speed of the correction 1is determined by the
formula:

1f AFI>x then Asetpoint=4.AFI

1f AFI<y then Asetpoint=B.AFI
with AFI=FIz-FI; A and B any real positive numbers, x and y
real positive or negative numbers. A and B, such as x and
y, can be chosen by the user. This relation regulates the
speed of the setpoint correction for the situations when
the applied force is too high, AFI >x or too low AFI <y.
The user could set x=y=0 and A = B in case that equal
reactions towards higher and lower forces are wished.

If no correction if needed, the method goes back to
step 504 of phase 520 and step 504 is realized for the next
predetermined number of scan lines.

If a correction 1s needed, the force drift 1is
corrected at step 524 by a correcting signal CS. After
correction the method goes back to step 504 of phase 520
and step 504 is realized for the next predetermined number
of scan 1lines, preferably until the end of the scanning

process.

Figure 6 illustrates signal treatment on vibration
signals according to the present invention, in the first
and the second embodiment. Signals 602-608 are vibration
signals 602-608 measured while scanning one scan line of a
purple membrane patch. Signals 602-608 are first filtered
to obtain filtered signals 702-708 without events that are
down-hill events in retrace for each vibration type. Then,
a minimum vertical deviation signal 710 and a minimum
lateral deviation signal 712 are generated based on trace

and retrace signals 702-708. Then, the minimum deviation
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signals of a predetermined number of scan lines are
averaged to obtain a vertical average deviation signal 714

and a lateral average deviation signal 716.

In the first embodiment, deviation signals 714 and 716
are compared to the reference deviation signals previously

measured and the applied force is corrected.

In the second embodiment, average deviation signals
714-716 are combined to obtain a signal 718 which is a
smooth and quasi-linear signal related to the effectively
applied force from which the setpoint of the AFM can be

corrected.

Figure 7 is a schematic representation of an example
of an apparatus 800 according to the invention. Both first
and second embodiment described above may be realized by
apparatus 800.

Apparatus 800 comprises a measuring module 802
connected to the multiple-quadrant photodiode 114. The
measuring module 802 independently measures the lateral and
vertical cantilever vibration for each scanning position
and generates a signal for each wvibration type. Thus the
measuring module 802 generates 4 vibration signals:

- trace lateral cantilever vibration signal,

- retrace lateral cantilever vibration,

- trace vertical cantilever vibration signal, and

- retrace vertical cantilever vibration signal.

Theses signals are stored in storage means 804
connected to the measuring module 802.
The apparatus 800 also comprises a filter 806,

eliminating in trace the events that are down-hill events
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in retrace for each vibration type. The filter 806 1is
connected to the storage means 804.

The filtered signals are entered to a minimum or
average deviation module 810, determining the minimum or
average lateral and vertical deviation signal for each scan
line based on the filtered trace and retrace signals as
mentioned above. The standard deviation of the lateral and
vertical cantilever vibration signal for each 1line 1is
stored in storage means 804.

The force index may be calculated by an optional
computation module 812 based on the average deviations and
stored in storage means 804.

Based on the deviation signals in the first embodiment
or the force index FI; and the reference force index FIyx in
the second embodiment, a control signal is generated by a
control module 814. The control signal is entered to the
piezoelectric stage 104.

For example, the apparatus 800 may, at least partly,

be implemented in a microprocessor.

Figure 8 illustrates an example of a setpoint
correction according to the invention. The setpoint
correction is performed on a heterogeneous 1.2 x 1.2 um2
zone during 130 minutes. Scanning frequency is bhz, i.e.
time for a trace/retrace cycle is 0.2 second. The
predetermined number of scan lines is 5, thus correction
was performed every second. The imaged =zone comprises a
three layer PM patch and a mica surface. The images 902,
904 and 906 are taken at different times show that the
image gquality 1s maintained in time, evolution of the
sample in time is also observed. The plot 9208 shows the

evolution of the setpoint while imaging with the setpoint
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correction. Time 1s given by the horizontal axis of the

plot 608.

Figure 9 illustrates the influence of applied force
increase due to uncontrolled drift on AFM contact mode
imaging of a purple membrane (PM) patch:

- a) Medium magnification image of a bacteriorhodopsin
(bR) containing PM. The trimeric structure of the
extracellular bR surface is visible;

- b) High-resolution topograph recorded under
uncontrolled force drift. In the beginning the image
acquisition force was insufficient (IF; bottom of
the image), drifted across optimal force (OF; middle
of the image), and finished the scan with an
excessive force (EF; top of the image);

- ¢) and d) Graphs displaying the change of the
standard deviation of the vertical and the lateral
tip vibrations ©per scan line as function of
uncontrolled drift dependent changing loading
forces;

- e) Image extracts and f) averages (left; n=14)),
standard deviation (SD) maps (right; n=14),
symmetrized averages and symmetrized SD-maps of the
IF, OF and EF regime image regions. Full color
scales: IF-average: 1.4A < height < 9.7A, IF-SD-map:
0.3A < SD < 7.2A; OF-average: 1.4A < height < 7.9A,
OF-SD-map: 0.2A < SD < 3.4A; EF-average: 1.4A <
height < 9.6A, EF-SD-map: 0.4A < SD < 3.8A. Internal
symmetries: IF-IS-average: 0.83; IF-IS-SD-map: 0.82;
OF-IS-average: 0.85; OF-1IS-SD-map: 0.66; EF-IS-
average: 0.75; EF-IS-SD-map: 0.65.



10

15

20

25

WO 2010/092004 PCT/EP2010/051397

- 25 -

The presented automatic force adjustment and drift
compensation procedure for contact mode AFM allows the user
to let the microscope function 1like an imaging robot for
long experiments.

It is estimated that the present invention will be of
high wvalue for time-lapse imaging studies. Furthermore,
often in high-resolution AFM experiments, imaging
resolution increases with experiment duration due to system
equilibration. Importantly, the vibration analysis 1is
interference independent.

The invention allows also an individual experimenter
to manipulate the experimental conditions in the fluid
chamber during the experiment, while the AFM maintains
optimal force regime independently.

Finally, the present invention will be applicable by a
large number of legs-experienced AFM users and will
therefore contribute to bringing the AFM towards a more

general use in biology laboratories.

While the invention has been particularly shown and
described mainly with reference to a preferred embodiment,
it will be understood that wvarious changes in form and
detail may be made therein without departing from the

spirit, and scope of the invention.
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CLAIMS

1. A method for automatically adjusting and compensating
for the drift of a force applied by an Atomic Force
Microscope (100) during contact mode scanning, said atomic
force microscope (100) comprising a probe (102) scanning a
surface of a sample (106), said method comprising at least

one occurrence of the following steps:

- scanning (206; 506) the surface of said sample
(106) for a predetermined number of scan lines at a

given frequency,

- measuring (206;5006) lateral and/or vertical
vibration signal(s) (VVy1, LVy) of said probe while

scanning, and

- correcting (224;524) said applied force according
to said vertical and/or lateral vibration signal (s)
(VVi1, LVir) and reference vertical and/or reference
lateral vibration signal(s) (VVier, LVyier) previously

defined or measured.

2. The method according to claim 1, also comprising, before
the calculating step, a step of filtering (208, 508)
lateral and/or wvertical vibration signal(s) in order to
eliminate force-unrelated signals due to surface features

of said scanned surface.

3. The method according to anyone of the claims 1 or 2,
wherein the measuring step (206, 506) comprises a step of
measuring lateral and/or vertical vibration signal(s) for

every scanning position on each scan line.

4. The method according to anyone of the preceding claims,

wherein the scanning step (206;506) comprises a scanning
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cycle for each scan line, said scanning cycle comprising a
first step of scanning said scan line in one direction and
a second step of scanning said scan line in the opposite
direction, the lateral and/or vertical vibration signal (s)
(602-608) being measured during the first and the second
scanning steps (206;5006) for each scanning position of the

scan line.

5. The method according to anyone of the preceding claims,
further comprising, before the correction calculating step,
a step calculating independently lateral and/or vertical

vibration standard deviation signal (s) for each scan line.

6. The method according to claim 5, wherein the correcting
step comprises the following operations:

- comparing the measured vertical vibration standard
deviation signal (VV:i1) to the reference vertical
vibration standard deviation signal (VV.er), and

- comparing the measured lateral vibration standard
deviation signal (LV:i1) to the reference lateral
vibration standard deviation signal (LVier):

the correction of the applied force being determined by an

algorithm based on said comparisons.

7. The method according to claim 6, wherein the correction
is determined by the following algorithm:

- if the measured vertical vibration standard
deviation signal (VVi1) is larger than the
reference vertical vibration standard deviation
signal (VV.er), and the measured lateral vibration
standard deviation signal (LV:i1) 1is smaller than
the reference lateral vibration standard

deviation signal (LVier), then the correction is an
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increase of the applied force, and the measured
lateral vibration standard deviation signal (LV:1)
is stored as the new reference lateral vibration
standard signal,
if the measured vertical vibration standard
deviation signal (VVi1) is smaller than the
reference vertical vibration standard deviation
signal (VV,er), and the measured lateral vibration
standard deviation signal (LVy;) 1s greater than
the reference vertical vibration standard
deviation signal (LV,er), then the correction is a
decrease of the applied force, and the measured
vertical wvibration standard deviation signal
(VVi1) 1s stored as the new reference vertical
vibration standard deviation signal,
if the measured vertical vibration standard
deviation signal (VVi1) is smaller than the
reference vertical vibration standard deviation
signal (VV.er), and the measured lateral vibration
standard deviation signal (LV:i1) 1is smaller than
the reference lateral vibration standard
deviation signal (LVier), then no correction of
the applied force 1is made, and the measured
vertical wvibration standard deviation signal
(VVi1) 1s stored as the new reference vertical
vibration standard signal and the measured
lateral vibration standard deviation signal (LV:1)
is stored as the new reference lateral vibration
standard signal; and
if the measured vertical vibration standard
deviation signal (VVi1) is greater than the
reference vertical vibration standard deviation

signal (VV.er), and the measured lateral vibration
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standard deviation signal (LVy;) 1s greater than
the reference lateral vibration standard
deviation signal (LV,er), then the correction is a

decrease of the applied force.

8. The method according to claim 5, wherein the correcting

step comprises the following steps:

- calculating (514) an index, called force index
(FI;), according to the vertical and/or lateral
vibration standard deviation signal(s) (VVii, VVii),

and

- comparing said force index (FI;) to a reference
force index (FIg);
the correction of the applied force being determined by an

algorithm based on said comparison.

9. The method according to claim 8, wherein the force index
(FI;) is calculated by subtracting the standard deviation of
the vertical wvibration from the standard deviation of the
lateral vibration, and the correction of the applied force
being determined by an algorithm based on the difference
between the calculated force index (FI;) and the reference

force index (FIg).

10. The method according to anyone of the claims 8 or 9,
further comprising a starting phase (200,500) where a
reference vertical vibration signal and/or a reference

lateral vibration signal is/are determined.

11. The method according to anyone of +the ©preceding
claims, wherein the predetermined number of scan lines is

5.
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12. The method according to anyone of the preceding

claims, wherein the predetermined scanning frequency 1is

between 4 and 6

13. A computer program comprising instructions for
carrying out the steps (200-224; 500-524) of the method
according to anyone of claims 1 to 12, when said computer

program is executed on a computer system.

14. An apparatus (800) comprising means (802-814) adapted
for carrying out the steps (200-224;500-524) of the method

according to anyone of claims 1 to 12.

15. An atomic force microscope (100) comprising a computer
program according to claim 13 and/or an apparatus (800)

according to claim 14.
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