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Introduction
Thank you for downloading the SPM Simulator package from Nanonis. This program has many
powerful features that provide benefits in a variety of situations.

1

It can be used to learn about the capabilities of the Nanonis controller before one is
purchased.

It can also be used to teach other people how to use the software without the presence of
the hardware. This can be pdicularly useful as a presentation tool in a group meeting or
anytime you are separated from the hardware.

A third application is as a general purpose SPM teaching tool. Because of the accuracy and
depth of the simulated microscope backend, fundamental jprciples such as feedback
optimization, important operating parameters, and data acquisition modes can be learned
when first starting out in the field of SPM.

Lastly, existing Nanonis customers find the simulator an invaluable tool to debug and
troubleshoot LabVIEW development usinghe programming interface because it does not
tie up the PC used to operate the microscope but still provides the full capabilities of the
environment to make sure the new program works as intended before it is placed into
service on the main PC.

The document is not meant as an introduction into scanning tunneling microscope, the reader is
expected to be already familiar with the basic working principle of an STM.

NANONIS | STM Simulator4



Minimum System Requirements and Installation
Please make sure youcomputer meets the following requirements:

Windows XRVista or Windows 2000 operating system.

Minimum of 1 GB RAM

Minimum of 1.5 GHz processor

Screen resolution of at least 1280x1024 pixels recommended With a lower resolution
some windows will be patly hidden and you will not be able to use them.

= =4 =4 =

In the case that your computer does not fulfill these requirements, you might experience sluggish
behavior.

The installer is a regular Windows Installer, available dbttp://sim.nanonis.com. The installer will
guide you through the installation procedure. If you have a previous version of the Demo software
installed, the installer will uninstall that version first.
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Getting Started

The first time the program is started anessage may appear warning you a program is trying to
access a port blocked via a firewall. This port must be unblocked in order for the main program to
communicate with the background process that is simulating the actual Nanonis hardware. This
communication is through the internal loopback device present in all network protocol
implementations. No external communication outside of the computer takes placé/hen operating
host PC and the Nanonis standard controller connected via a network cable. Once camivation is
established, you will next be asked to accept the license agreement. Click Ztteeptbutton to then
launch the main program.

Session Directories

A dialog will appear asking to define a session

directory. The concept of sessions can be very - A
powerful in a multi-user or multi-microscope

situation. Sessions allow the isolation of experimental
conditions, screen layouts, microscope calibration
factors, etc. to be easily organized. A great example is
a low temperature microscope that has differenpiezo
calibrations at room temperature and low S /
temperature. Instead of entering the new piezo factors when the temperature changes, everything
can be updated by simply saving one session file and opening a different one. To get started in the
tutorial, browse into a specific directory and then click thechoose Curr Directorutton in the
window to place all session information in this folder.

A Nanonis Session enables you
have measurement data and the
corresponding configuration
parametersin one single place.

Online Help

There is a great deal of online help available throughout the program. Almost every button and
entry box has a tip strip associated with it. By leaving the mouse cursor over the item, a small box
appears with a short text description of the item. Context help is available within each window by
pressing F1. A separate window will open with a detailed discusm about every item contained
within a particular window.

System Startup

When the programis launched the main window will appear as shown irFigure 1. To get started
with the program the most important modules to open are undethe Modulesmenu. Three to open
right away areZ Controller Bias andScan Contral

' nanomis |

File System Graphs Modules User Channels Experiments Help

Session B I Ci\Documents and SettingsitvancuralMy DocumentsiManonistSessions
B I I

Figure 1: Main Window
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Running the Z-Feedback

The next window to introduce is theZ Controllerwindow shown in Figure 2. This is used to control
the feedback bandwidth, control the working setpoint, monitor the instantaneous z piezo position,
and configure theSafeTipfeature. When the program is started, the feedback loop is deactivated
and the tip is held fully retracted. O start with a known set of working parameters, choose
File/Load Program Defaults The setpoint, proportional gain, and integral response are all set to
values that are known to work for stable control of the simulated microscope.

'] z-Controtier '
lag Current | oo w Fiie w | 750.0000n kG
B I () 750n - Gl
Current (A) I 50.000p a | C |+| —| fSl - Withdray
pp——— = 600N -
T T !., LR - Hotme Position (m)
S0f 1 10 100y in 10n .
Proportional (i) B P P 400n - I 50,0000
) _ -
aonoo A, S e | ][ e
10p 100p in 10n 100n -
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SafeTip ( -? OFF Threshold (4) [ Stop Scan on SafeTip 4DDn—: I 0.00
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Current (A} 00N - I 0.00
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Figure 2: Z-Controller window.

Once the parameters are set, the tip can be engaged. Since the simulator is built to behave like the
tip is just above the surface, there is no need for a coarse approach to occur. The steps required to
configure coarse aproach will be covered later. For now, simply click the large engage button on

the right side of the window. Thered pointer on the

scale moves downward as the tip is ramped towards f \
the surface. It will reach feedback around zero. The Things you can do with a digital
current will change from almost zero to the requested feedback:stopthe feedback
setpoint value and then be reasonably steady. At this instantaneously, keep the tip a
point the tip height is actively controlled by the a constant height without
feedback loop. The digital readout of the z position droop, lift the tip by an exactly
will start to fluctuate and you may also see small defined amount, withdraw
motion of the blue indicator. Similar to the other without delay in case a signal
controls, the dynamic range of the z scale can be reaches a certain thrghold or
changed to cover a small part of the full z piezo range control on combinations of

for sensitivity or it can be left at the default scale signals.
where the entire z range is displayed. K j

The digital feedbak loop of the system has

proportional (P) and integral (I) gain. The speed of the loop response to a deviation from the
setpoint is determined by the combination of the P and | factors. The larger the P value the faster
the loop will respond. For integralgain the units can be time constant or the inverse of the time
constant. If you feel more comfortable working in the units of a time constant flip the togg&vitch

NANONIS | STM Simulatorq



on the left side of the integralcontrol. Similar to the other controls in the program, tke range of the
P and I gain can be changed using the arrow buttons at the end of the scale. Use this to either
increase the sensitivity so small changes are possible or to provide more dynamic range for large
adjustments. More details about the feedback syem will be presented later. For now, the default
values of the simulator will provide reasonable imaging performance.

Any time while the loop is activeor inactive, the Setpointcan be changed using the appropriate
control. It has both a slider control @ad number entry box available. In the slider control is a yellow
bar graph that fills to indicate the instantaneous value of the current. The scale of the bar graph is
logarithmic so be sure to properly interpret the graph. The range of the bar graph is mwolled

using the set of buttons above the indicator. The + argbuttons decrease and increase the range of
the bar graph limits, the fs buttons automatically changes the scale to range from 0 to the maximum
current (when using an STM feedback signal) aketermined by the preamplifier gain. The0 button
places0 in the middle of the range and theCbutton places the measured value when the button is
pressed in the center of the range.

AED (T1T A o1 OEOET T h 4EDP, EAOA

Another important term to understand is the concept of theHome position for the tip. To park the

tip at a fixed position and have the digital feedback loop then hold it there, define the location using
the Home Positiorsetting and then click theHomebutton. Keep in mind the defined position isn

an absolute scale. To hold the tip a specific height over the surface it is preferable to use the Tip Lift
feature instead of the Home button. For example, if the z position is +50 nm and you want to hold
the tip 8 Angstrom away from its current positian, theHome Positiorshould be defined as 49.2 nm.
If the current z position drifts to 20 nm, theHome Positiorwould have to be redefined to be 19.2

nm. It is far easier to define theTip Lift distance to be 8 Angstrom and for any position, the tip will

be pulled back that distance from the present position when the loop is disabled. With the
simulated STM, the current will drop to zero if the tip is pulled back more than a few Angstroms
from its tunneling position.

NANONIS | STM Simulatorg



Scan Control
Once tunneling has been adéved, a scan can be started and images will be obtained. The image
configuration is contained in theScan Controlvindow shown in Figure 3.

There are three main groups of controls in the window. Th&can Follow Me andGrid buttons can
be used to change the configuration display on the left side of the window. Note these can be
changed while acquisition or other function is taking place without interrupting the current mode.
This provides a chance to make changes to various sefisparameters in anticipation of the current
operation completing and starting the next operation right away instead of waiting to configure it
and then starting.
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Figure 3: Scan Control, all the activity that involve moving the tip like scanning, spectroscopy or manipulation are
done from within this module.

The most commonly used group is th&canset of tabs. They will be used for image acquisition and
scanning. The first step should be to activate the imaging channels to begaired at each pixel
location. The list is contained in theScantab. Click on the name of each channel to highlight it for
activation. To acquire multiple channels during the scan, hold the Ctrl key and click on each channel
to highlight it. By default the Topography (Z(m)) and Current channels are active. The pixel density
is also configured in the same area of the tab. By clicking the link control next to the window, the
Pixelsand Linescan be forced to always equal each other for ease of configuratifmnly one needs
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to be changed), but they can also be made independent to have a different number of pixels and

lines if desired.

To begin a scan, click the button with the downward facing arrow. This will commence a scan from

the top of the frame towards the

ooy

-

S | Gy |

bottom. The image will appear on a
line by line basis and a two
dimensional image will be built up
as shown inFigure 4.

Setting the scan parameters
The position and size of the scan
frame is set in the top of the tab.
Values @n be entered directly here
or the mouse can be used to
determine the size as described
below and when that is done, these

wlal=lujsln] s

ot 2 T ml
e

S I
HAQUH

Sations | Vo

values will be updated to show the  rigure 4: The image starts to appear as each linescan is acquired

new settings. Next to theSize

parameters is a control that can be set to lock the X and Y axiwequal at all times (scanned

region will be a square) or unlocked so the region will be
rectangular in shape. The speed of the tip as it scans over the
surface is determined by the parameters in th&peedsection.
The time required for one line can beiked (Time/line) which
means the actual velocity of the tip over the surface will change
as the scan size is changed. Alternatively, the tip velocity can be
fixed which means the time required for each scan line will
vary as the scan frame size is changedlick on the lock icon to
toggle which parameter is fixed and which one varies. Note
that either parameter can be changed to change the acquisition
speed, the lock merely determines which is fixed as the frame
is changed. As any of the parameters that efft the total time

to acquire one frame are changed, the Time/frame is updated
to reflect the amount of time that each image will require. Also,
on the right side of the window is a countdown timer that
displays the amount of time left to complete the cumntly
acquired image.

Saving parameters with an Image

Figure 5: Save tab in the Scan Control

Baseonne nnge rr .
§5111 =
Conmant
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Thes comwment Can Do s Lo store refevant nfomataon | »
On the sampls (peapar sion, condions, st )

Woddes par et 40 snve
NancnmMain LI
Ed WM
Ead W2
4.

Bas
TCootyober
Scwny
Osclabon Controf
Leck4n
R

window. Choose a basename for

To automatically form the name of a file as data is saved, the
Savetab (Figure 5) should be configured next. Thdasenameas
the text string that every fill will begin with. The Imagenumber
is then the value incremented for each file as it is saved to

automatic filename generation, add a
comment to each file, and choose the
parameters to save in each file
header

insure the files are uniquely named and also sequentially numbered for easy browsing later.
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Thereis now a long list of special codes that can be entered as part of the basenambeip
uniquely identify files and provide more functionality in the naming convention. Special codes that
can be entered are the following

%a  abbreviated weekday name
%b  abbreviated month

name

%c locale-specific date

and time

%d day of month

%H  hour of curent time

(in 24 hour format)

%I

(in 12 hour format)

%m

%M
time

%p
%S
%X
%X
%y

%Y

hour of current time

month number

minute of current

am/pm designation
second of current time
locale-specific date
locale-specific time
last two digits of year

four digits of year

Figure 6: Usethe analyze tab to measure features in the image while data is still
being acquired

So, using the code %%m-%d would produce something like 200809-05 and %H%M%S would

P

With the global counter you can

generate filenames that can

easily be sorted chronologically

without relying on the time

stamp to be handled correctly by

the operating system.

N

J

produce something like 022405 (somebody is
working late in the lab).

Global Counter

The code %N translates inta number which is
given by a global counter. The amter can be set
and reset in the Options window available from
the main window menu. The global counter will
increase by 1 every time it is accessed. For
example, if you want to sort your files in the order

NANONIS | STM Simulator]1



you acquired them, you could name them %l$canDaa, %N-BiasSpec and %M. Spec, which would

generate a list of file with a running counter for all three file types.

Cross sectioning Scan Data

The third tab present when the Scan grouping is active is the nefnalyzetab (Figure 6). This can

be used to take cross sections and e secion

B[]

also measure distances and Channel Pracessing

Refresh‘ ﬂﬂﬂl ﬂﬂﬂl ;Hﬂ

angles on the surface while
acquisition continues. There is no
longer a need to wait for an
image to be finished and saved in
order to open it in a separate
module that has measurement
tools. When theAnalyzetab is
selected a line appears on the

scale

lelol=l> Li]s ]+

position

| |
&n an 10n 12n

1 ] 1
14n 16n 17.8n

image. Click on either endpoint to Figure 7: Cross section of data extracted from the Scan Control window

drag it to a new location. As the

line gets longer or shorter the total length of it is displayed in the information window. This can be
used as a ruler to measte features in the image. By grabbing in the middle of the line with the
mouse, the line can be shifted laterally while maintaining its length and angle orientation. To view a
crosssection of the data covered by the line, click theéross Sectiobutton and a separate graph

window will open to display the data Figure 7). As the line is then moved around the plot will

update in real time. To determine the angle between two crystallographic axes on the surface, the
angle button shouldbe clicked. Thisadds a dashed line to the image area. Both of them can be
moved around and the display will show the length of each one as well as the angle between them.

Advanced Scan Options

Less frequently changed parameters related to scanning arertained in the Optionswindow
(Figure 8) opened from theToolsdropdown menu. Scanning can always be in the same slow
direction (from the top each time or from the bottom each time) or it can alternate between
scanning from top to bdtom and then bottom to top.

This will save the time required to return o the origin / \
each time and alsaemove piezo creep from the image

resulting from the quick motion back to the origin. To Under Advanced Scan Optior
activate this mode, check th&ounce Scabox so the you ind many things like where
OED PDAAOGOI T £2& OEA AT O0O1 1 T £ ®RAshoEOAdyAtthe @Ad EO
reached. When theStopbutton is pressed and a scanwhether the last image
scanning stops, the tip can be moved to a fixed should be pasted automatically
location every time for consistency. To use this, check in the background, or if the
the Custom end of scaposition box and enter the forward and backward speed of
percentage offull piezo range to place the tip. Values a scan should be the same ¢

of 0,0 would place the high voltage outputs to zero different.

and center the tip in the middle of the scanable area. IK /
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the box is not checked, the tip motion is halted immediately and the tip remains fixed at the
position when the scan is stopped until moved again. The tip position can always be determined by
locating the blue dot in the viewing area.

T Scan Options o=@ Other options in this window are
Sean | Scan || used to determine the image
Image panel . . .
Color palette designer palntlng Of the data When various

BoUnce scan . .
Custom end-of-zcan tip position: X (%) I_D (%) I_D processes occur. Slnce thﬂﬁta WI"

appear in the window, the

Auto clear data when: mawing or rotating the scan frame

[ starting & new scan preceding data can be erased when
Auto paste data when: [ chaning the scan frame moving or rotating the frame to

[ startng anew scan avoid confusion. If the frame is
Backward linear speed: () Ratia (vs. Fwel) | 1 moved partway through an image a

O Custom (mis) 1on split will be evident since the frame

will shift over the surface thereby
producing anoffset of the features.
There are times where this is
helpful to see but other instances
where it will create confusion.
Turn the feature on or off using
Figure 8: Less frequently used parameters are co ntained in the this checkbox. It is also possible to
Options window accessed from the tools menu choose to have the frame erased
when the next frame starts. This
can be activated by checking the box labeled starting a new scan. The data can also be pasted into
the viewing area to compare to future images or also to be used as a navigational aid as the frame is
zoomed and moved over the surface. To automatically g the last image into the area choose the
condition with the next set of boxes. The final parameter related to scanning in this window is the
Backward linear speedBy default the reverse scan takes the same amount of time as the forward
scan. This can b changed to be faster or slower using the ratio parameter or entering a fixed speed
with the Custombox. This can be helpful to speed up total acquisition if the image in one direction is
sufficient and the tip can be rapidly returned to start the next hie. Be careful about maintaining
feedback control of the tip height when using a fast return speed though.

When the end of the frame is reached, the next scan

will start if the adjacent ContinuousScanbutton is e N
activated. This scan will either proceed irthe same
direction as the previous one or reverse the slow scan
direction depending on the status of théBounce Scan
check box discussed above. The next button in the row
can be used to pause the scan and hold the tip at the
position when the button was pessed. Any number of
functions can then be performed exactly at that spot S /
(voltage pulse, spectroscopy, external equipment acquisition, etc.) and when finished the button
can be released and the image acquisition will continue. The next button will hati¢ slow scan

While a scan is paused, you ce
use follow me to move the tip tc
a new position, do spectroscop
there and then resume the sca

from where you paused
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increment and continue to raster the tip back and forth at the same line position. This can be very
handy to alter other conditions and check the response to the change using the line scan monitor
window. The final button stops the scan.

Changing the View of an Image

Above the image viewing area in the right corner are a set of buttons used to change the view of the
image. The paradigm used in this control is a camera floating over the image area which can be
panned, zoomed, and rotated. The nuge icon changes as a visual reminder of what camera
parameter will be changed. To pan (shift laterally) the view, click the hand icon. Choosing the next
magnifying glass icon allows the zoom factor of the view to be altered using the scroll wheel of the
mouse. The next two icons zoom in our out a fixed amount each time one of them is clicked. The
next icon adjusts the view so the current scan frame exactly fills the window. Keep in mind if the
frame is rotated with respect to the normal X and Y axes, tharoera angle will be rotated to match
the frame axes so it will no longer look rotated, but the actual scan will still be occurring at the
designated angle. Any image can be pasted into the background of the area to be preserved as a
navigational aid. The @tails of pasting an image will be covered below. The next button in the row
adjusts the view to exactly coincide with the presently pasted image. The final button goes to a full
scale view equal to the maximum reachable area given the current piezo cahlion factors.

Using the Mouse

The row of buttons on the left side above the viewing

area are used to adjust the scan frame parameters r A
using the mouse instead of entering numbers in the The mouse wheel works in the
entry boxes. When the button on the left side is picked, scancontrol window to zoom in

the scan frane can be grabbed and shifted laterally. and out!

This physically moves the frame to a different part of

the surface. Clicking the next button will allow the AN /
operator to rotate the frame using the mouse. The next button can be used to grab the corner of the
frame and resize it to scan over a larger/smaller portion of the surface. The final button is used to
also change the size, but in this case the center of the frame remains fixed and the image size
increases or decreases symmetrically about the center of the cemt frame.When right-clicking the
mouse before depressing the left button, any action is canceléthe mouse wheel zooms in and out
in the viewer. The size of the scan frame of course stays constant.

Choosing the Data to Display

On the right side of the vindow is the Scan Displagection. This is used to determine what data
channel is displayed in the area, which direction to display, what processing to apply to the data
before showing it, and the controls to paste and image into the window. If more thame channel is
acquired, all available image channels are displayed in a list when clicking t@&annelcontrol.
Directly below that is a toggle switch to determine if the forward or reverse image is displayed.

Online Image Processing
The data can also berocessed before being displayed to remove any slope or offsets due to tip
changes. Since the color map continuously adjusts to always span the largest and smallest values,
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contrast might be lost if the data spreads over a large range due to artificial i&@ns. The
preprocessing steps that can be applied arfgubtract AverageSubtract SlopeSubtract Average and
Slope andDifferentiate. The first choice will set the average value of each line scan to zero. This is
very helpful to remove offset of scan ling due to tip changes or slow thermal drift in the

microscope. Subtract Slopavill fit the best line to each individual line scan and then subtract this
from the data and display the result. This is most useful to remove slope along the fast scan
direction and allow the color scale to be used over the small variations on the surface instead of the
larger range covered by the slopeSubtract Average and Slogemoves the slope of each line and
also sets the average value to zero for each lirigifferentiate will calculate the derivative of the line
scan and display the result. This can be useful to accentuate small changes in the data which might
be relevant in determining if the experiment is working as expected. The finals set of controls will
place an imagento the window.

Pasting Data into the Background
Pressing the stamp icon copies the currently acquired

data frame into the window which will remain visible A
as subsequent frames are acquired. This provides a You can automatically paste
very convenient way to leave a large area weof the every scan in the background b
surface on the screen while zooming and moving pressirg the All button next to
around to concentrate on specific features of the the stamp icon
surface. To have a complete image pasted into the y

window, click the Nextbutton. It will change color to
highlight that the current frame will be pasted into the window when it is completed. Pressing the
All toggle button will paste every frame into the window upon completion and erase the previous
one.

Changing the Color Scale

The color scale and appearance of the image can be changed using the cdsirothe Color Scale
section of the window. The sliders can be moved to determine the physical value that corresponds
to the highest color and the lowest color. Try manually adjusting their position and note their effect
on the data. The small buttons nexo the sliders determine the total range of the scale that the
sliders can be set to. For example if the data values exceed the upper end of the scale, the upper
slider will not be able to reach the value so all data above the slider position will be tisame color.
The scale should be reduced to access larger physical values to remove the color saturation. This is
achieved using the minus button. Once the scale is changed, adjust the sliders to better use all of the
colors over the entire data range. Ithe scale is large and the data range is very small, there will be
poor control when trying to make adjustments. Use the plus button to zoom the scale so the sliders
can be accurately adjusted over a small range of

- N values to an appealing appearance of thimage.
The color scale as well as th To automatically have the slider range adjust to
color palette can be changec the maximum and minimum physical values

even while scanning. currently displayed, use the as button. To have

& y the slider range be set to the absolute maximum
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and minimum values (+/- 10 V for example) use thés button. Toset the center of the slider range
to the center of the physical values, press thebutton. To pick a new color palette for the image
click the Palette control and select a new one from the list.

Color Palettes

Color Palettes can be added or
changed usng the palette control
window accessed from the
Tools/Optionsmenu. The tool used

@ Scan Options E] .

Scan | Color palette desigher |
Image panel

Color palette designe Color palet LS
F
_—

Black body

. . Blue-ellowy - Background
to define and create palettes is Blue [
. . Opper
shown in Figure 9. The buttons Earh | Piezo range
nl
along the bottom can be used to Grey W scan frame
. e HEY - Soan line

add new palettes, clone an existing Nanox -
. . Spectrum ricl
palette as a staing point, delete a ity R

palette, or save a redefined palette
into the settings file. The small
markers next to the color scale can
be dragged to change the mapping
and linearity of the map. New ones
can be added by right clicking

]
(501 P

when over the scale and chaging Figure 9: With the color palette designer , new palettes can be created,
New Marker Right click when the ~ stored and loaded.

cursor is over a marker and choose

Marker color to redefine the color at this position.

Saving an Image
To permanently save a set of images, use the save buttons at the top of the window. The main save
icon looks likea floppy disk. Pressing it will write the data to the file immediately, but keep in mind
this will be only a partial image. This can then be opened for analysis while the rest of the image
finishes which can be helpful in determining if an experiment is wking properly without waiting

for the entire scan to finish which often can be a long time with slow scans. To save a complete
image when the scan completes, click thidextbutton which will change its appearance to indicate

the current frame will be written to a file when the scan

reaches the end. To save all images after each frame A
completes, depress the\ll button. When combined with Images can be saved individuall
the autonaming scheme configured in th&avetab, each or automatically at the end of
file will be written to the disk and will have a unique every scan.
name seqentially numbered.

A J
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Viewing Several Channels in Parallel
The Scan Controwindow is the main P SE%)
navigational tool used to set the scan r |
parameters and view the data as it is acquired.
If more than one channel is acquired during _
the scan the image to displajn the control — — ‘A'fl
window can be changed. This can be useful if Mm % % @ vy =2
the acquisition conditions are such that an — :
important feature is visible in one channel but
not others. The relevant channel can be loade
and the scan frame moved around relative to
this visible feature instead of driving blindly
and hoping to locate the frame in the correct
region. To change the displayed channel,
switch to the Displaytab and pick the new
display channel from theChanneldropdown
list. All active data buffers will be present in
the list and after a new one is picked, the
image changes immediately to the new
channel.

Info Camera

(O Channel | ] Scan frame
’ TR RS rT Range :

-in -'sn'cvp 1&_1:-1'39'1 [ ene

DR S I

Viewing more than one data channel during
acquisition is a simple task. Additional
windows can be opened to view other Figure 10: The scan monitor lets you view a second dat a
channels, but these are view onIy and cannot channel, 'independent of what is display in the scan

. . . . control window.
be used for navigation. It is usually a good idea
to open the images of a channel formed by both scan directions to check for reproducibility and that
no scan artifacts are present. At the top of thBcan Controindow is the Toolsmenu which can be
usedto open multiple image window. These are calle§can Monitor Aand Scan Monitor BAn
example is shown inFigure 10. Nae the window looks similar tothe Scan Controlvindow with the
color mapping tools. There are controls to changihe active color map as well as the auxiliary
colors for text, labels, etc. Once a window is opened the displayed channel can be changed using the
dropdown menu similar to the Scan Controwindow. The same processing can also be applied to
each line scan bfore display just like the scan control window. Images can also be pasted into these
windows for storage and comparison to later scans using theastebutton as described above for
the Scan Controindow.

Along the top of the viewing area the name of th

channel and the total range of the data currentiare - A
displayed. This information can be turned on and off You can fix the camera of the
using the check boxes in the upper right corner. The scan monitor to the main amera
bottom part of the viewing area also contains a scale or the scan frame.

bar to be used for estimating feature gies as they
& —/
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appear in an image.

The color mapping of the data is automatically adjusted after each line of data is displayed in the
image. Occasionally, a glitch or excessive noise will skew the color mapping and it will not be
optimal. The high and low ctor values can be manually adjusted for a better image appearance
using the controls. The data values that correspond to color 0 and color 256 are shown in the top of
the window. A slider is also presented that contains a green bar to represent the rangktioe data.
The two small red controls can be used to adjust the physical value of color zero and color 256. If
the color map is automatically adjusted, the sliders will be at the end of the green bar as shown in
the figure. Similar to other parts of the pogram, there are a set of buttons to control the range of

the displayed data values. Use this to gain finer control of the slider limits or to allow the sliders to
be adjusted over a very large range of values.

Quad-Scan Monitor z four Views in one Window
One additional window that can be opened to view multiple data @mnnels is theQuad Scan Monitor
which is also accessed from the £ Quad Scan Monitor .
Toolsmenu. This window has four || o coereese | Info Camera

] [V]Scalebar | [] Main camera
small panels which can be [“Ichanel | [7]Scan frame
individually configured to show [eleese & fl
other channels or the same data VP =
channel but with a different color DT TR B R Cinn BETeT Y RS A5T 0
map or processing applied. An ’
example with the forward and
reverse Current channel and
forward and reverse Topography
channel is shownFigure 11. Each
panel has its own set of controls.
To change he settings for any
pane, click on it so the border is
highlighted in red and then use the
three tabs at the top of the window
to change the settings and colors
for this pane. Each pane can also
have an image pasted into the
background similar to the monitor
windows.

Palette

One camera angle is applied to all
four panes. Use the controls on the
right side of the window to change
this view point for all panes
simultaneously.

Figure 11: The Quad Scan Monitor is particularly useful in NC AFM to
view Topography, Amplitude, Phase, and Dissipation all at once
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Line Monitor
Once the scan is set up, it may also
be useful to open a graph window to

@ Line Scan Monitor A

&[]

Channel Proceszsing

oo ol Bl
i

I|'Im uﬂ'\w

display each line scan as it is
acquired. This is accomplished by
choosingLine Monitor Afrom the
Toolsmenu in theScan Control
window. A window as shown in
Figure 12 will appear. Up to four sets
of line scans can be shown in the
window. It is very helpful to display
the last 1, 2, 3, or 4 line scan on the
same graph to compare their
appearance as the feedback loop
parameters are adjusted. Features
may appear sharper or more
rounded and noise may appear or
disappear. This information 5 very
valuable in deciding the optimal
feedback settings. Each line scanis Figure 12: Successive scan lines displayed in the Line Monitor
offset along the y axis by the amount while the tip moves over a step edge

selected in the lower left corner. The

closer together they are, the smaller the total y range so features can be seen easier.

scale

lelolol L8 o]+

position

| | 1
20n 25N 29,90

Backward g | 7155 pep

Forward N 7334p PP

Current line 122

Displaved ines El ©ftsst | 1.00n

However, confision can occur if the line scans overlap. Do not offset the lines by a large amount in
an attempt to avoid overlap as this will create a y scale with such a large dynamic range that the
plots will appear almost flat and little structure will be visible. Notice there is a small triangle

symbol in the upper left corner of the entry box. Whenever this symbol is present, right clicking on
the box will open a quick access menu to change the value by a fixed percentage instead of absolute
numerical values. Ofterthis is a quicker and easier adjustment to make rather than entering

numbers.

2D Plot Controls
The forward or backward scan display can be turned off by unchecking the box in the lower right
corner next to the line. Next to each direction name is a smatlbon showing the currently selected
color and background. Click this icon for a menu which allows a great deal of configurability for the
graph window. The graph style can be changed from tH@ommon Plotsnenu. The plot can be lines
only, data points only, points and lines combined, bar graphs, etc. Experiment with different plot
styles for each type of data plot as some can provide

more insight into the data compared to other styles. A
The color is changed in the next menu item, and the
third one on the list is used to select the line type when
a line plot is used. The line thickness can also be
Q -/
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changed for each plot and the graphs can also be displayed using smoother lines by choosing the
anti-aliased option. Note this effects display of the screen resoloti pixels only and is not the same

as processing of the actual data points to change the underlying data. For bar plots, a variety of
choices exist to determine how the bars are drawn. If a bar plot is chosen, the baseline of the bars is
determined by thenext setting calledFill Base LineThe Interpolation option is used to decide how
the actual data points are connected with a line. Direct segments, right angle segments, right angle
segments with the real data in the center are all choices under this mgnwWhen the data points are
displayed, the symbol for the points is chosen from the point style menu item. Finally, the axis title
for the x and y axes can be turned on or off using the last items.

Along the top of the plot window is a control used to chase what active channels are displayed in

the window as well as the processing to apply to each Ve N
line plot before it is graphed. On the right side at the

top of the window are a set of buttons used to change You can edit the number of digit
the x and y axes. The number of significant digit the displayedat an axis as well as the
display units, and the choice of logarithmic and linear display format of the numbers.

axis can be made using these buttons. The color of th
plot grid can also be changed using these buttons.
There are a set of buttons for each axis. If the first button in the group shows a a@ddock, the other
controls are disabled and cannot be changed. To manually adjust the axis first click the icon to open
the lock and then make any changes desired. To prevent accidental changing of the display, the lock
can be clicked again to close it ahprevent additional changes.

/

Along the left side of the screen is a collection of buttons known as QuickScale which can be used to
make changes to the range of the axis. Clicking tfigfull scale) button makes the plot
automatically scale from the minmum physical value to the maximum physical value. Using the as
(auto scale) button scales the range to fit the currently displayed plot in the window. Theand z
buttons can be used to increase or decrease the dynamic range of the axis for each buttakclihe
lower set of buttons adjust the DC offset of the plot. It can shift the plots within the window up or
down each time the arrow buttons are clicked or
r N the 0 button can set the center of the axis to zero.
The Cbutton is used to set the average valuef
the currently displayed data to be the center of
the y axis.

QuickScale buttons are an eas
way to adjust the axes of a plot

S -/
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Bias Module

The bias moduleis used to set the tunneling bias. This can be done by typing a value in the display
window or using the slider. The parameter entry window can have values ented in multiple ways.
The cursor can be placed in any digit location and new

El Gias values typed. Alternatively, the cursor can be placed in
Toos w|  Fie wl . .
Bias (V) any digit location and the up and down arrow keys on the
1.0000 || +]=]fs| keyboard can be pressed to increase/decrease the value of
A —————— - | that number. Normally, it is the digit to the left of the
R P cursor that is changed. Be careful when the cursor is next
Figure 13: The bias pulse and calibration is to the left-most digit. As the number changes and a new

hidden and can be accessed through the tools

menL. place value digit is added or one is taken away (think

about what happens when the up keys pressed when
the current value is 9 or the down button is pressed when the digit is Oh)e amount the number
changes for each key press may change.

The slider control has many extra tools that can help its usefulness. On each end of the slider is an
arrow button. This can be used to increase or decrease the endpoints of the slider range which can
help with fine control of the bias output if the slider is

used instead of trying to enter values directly. There / N
are a series of buttons above the slider thaan also be
used to help set the slider endpoints. Th8 button is
used to set the center of the slider range to zero. Tlie
button is used to set the center of the slider range to
the current value of the bias. In effect, a DC offset is
added to the slder range. Thet+ button will decrease NS /)
the range of the slider (zoom in) and the button will increase the range of the control (zoom out).
After making changes to the slider control, thés button can be used to return the range to its full
maximum/minimu m value. In the case of the bias this would be +10 V by default.

You can change the calibratior
of the bias tareflect an external
divider which you might have put

in the signal path.

The Toolsmenu can expand the window to include two extra sections. One is used to change the
calibration of the bias output DAC. For example, if a voltage divider is installed betweerethias
output and the sample which attenuates the bias output, the attenuation factor can be entered here
so the software can adjust for this. If the output is divided by ten so 1 V out is actually a 100 m\+ tip
sample bias, the user would have to mentalltake this into account when setting this bias. It is far
easier to enter the 0.1 adjustment factor and the values entered in the software can be the real
tunneling bias. If the bias output DAC is not used to control a tgample bias and instead controls
some other signal, the units can be changed to reflect the new meaning of the Bias DAC.

Many times a good way to improve the performance of the tip is to apply a high voltage bias pulse
of a short duration. To perform this, the window can be expanded to opdhe pulse control section.
A duration, peak value, and feedback on/off control are included. After setting the values to the
desired amount, press thd?ulsebutton to immediately produce a single pulse from the Bias DAC.
After the pulse is done, the biaseturns to its nominal tunneling value.
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One point to note is the simulated microscope image does not accurately reflect the bias behavior of
the real Si(111) surface. The image does not switch between the filled and empty state views when
the bias polarity is reversed.
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Understanding the Feedback Loop

Once the image display and line scan graph are opened and configured, a deeper investigation of
imaging techniques can be explored. The simulator provides a nearly ideal platform for learning
basic SPM princifes because complicated interactions due to poorly formed tips or sample
preparation techniques are eliminated. When the image quality changes, it is due to fundamental
control issues and not uncontrollable changes in the tip or sample surface.

Purpose of feedback

The prime determining factor of the image quality is the feedback loop. The purpose of the loop is
to maintain a constant feedback signal. This is done by moving the tip up or down to control the
tunneling gap width in STM, the cantilever defle@én in contact AFM, or the tipsample separation
in non-contact AFM. An STM traces out contours of constant density of electronic states which in
the most basic approximation is equal to the surface. Because of the sharp tip in an STM, these
contours can te localized to the orbitals of each atomic site which gives rise to its incredible
resolution.

Working Principle

The feedback loop is always working in the background whether the tip is stationary or scanning. It
measures the feedback signal (current ithis case) and compares the value to the predetermined
setpoint. If the current is not equal, an error signal (curreng setpoint) is calculated. If the current

is larger than the setpoint, the tip is too close and needs to be pulled away from the surfaé¢he
current is less than the setpoint, the tip is too far away

and needs to be pushed towards the surface. The tip is /" A
moved by changing the voltage applied to the z piezo.
When the tip is stationary over the surface, once it is
adjusted to the correctheight in an ideal world it would
not need to be moved again because the position would
then be fixed. Howeverthere are many factors S _/
conspiring to move the tip and sample relative to each other. The various parts of the microscope
may have small temperatire fluctuations and this will cause them to thermally expand and contract
which will produce relative motion. The ambient vibrations in the environment will be oscillating

the tip back and forth with respect to the sample which will produce fluctuationsn the current as

the gap distance oscillates. The electronics of the system will have a noise level both in the current
conversion circuit and the high voltage amplifier circuit driving the z piezo. This noise will also
create small fluctuations in the input signal. Therefore, the feedback loop has to constantly be
watching the input current and making small adjustments to the tip height to maintain a constant
input signal.

No instrument is ever this perfect
and the simulator can even
demonstrate this.

The key factor in the feedback loop's ability to maintain a constant input signal ke system

AAT AxEAOE8 4EA ZAOOAO OEA OUOOAI AAT OAOPITA
will be kept and the closer the input signal will remain when compared to the setpoint. However,
there is an upper limit to the bandwidth and one that is exceeded the system will cross a
resonance and become unstable. The simulator will also be able to demonstrate this concept.
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Bandwidth Considerations

The loop bandwidth is determined by the P and | settings of the feedback loop. A higher P letids
faster response and a slowefime Constanwill slow the response down. The | factor can be

entered as timeby flipping the toggle switch next to the | control to the down position so the units

of the | factor is seconds. This means there are two fac®to control the bandwidth and learning

how to fine tune both of them will take some time. Both can be used to achieve roughly the same
effect as demonstrated irFigure 14. In the left line scan plot, the P gaiwas increased dumg the

scanto change from stable feedback to oscillation. Since the graph shows the last three pairs of scan
lines, the older ones show nice control and the atomically resolved lattice. The most recent ones
show a large, unstable oscillation. On the rigtgide of the figure, theTime Constantvas decreased

until the loop started to oscillate which results in the same appearance in the line scans. Try to vary
the factors to cause oscillations or stabilize the loop and see how much each needs changed to have
an effect on the image.
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Figure 14: Line Monitor showing how the feedback changes from stable to unstable due to a change in the
proportional gain (left) or integral time constant (right)

At the other end of the possible opeating conditions is having a loop response that is too slow. In
this case, the loop will not respond to deviations from the setpoint so the tip will glide over the
surface at approximately the same mean height. As it goes over features of various heigths tip
sample junction will change which means the tunneling current will change. When this occurs,
features will be visible in the current image instead of thedpography image. This conditioris
sometimes referred to as constant height mode as opposea the more conventional constant
current mode. Constant height mode does not need to be operated with the loop explicitly disabled.
As long as the loop response is slow enough to no longer follow the small surface variations, the
small scale surface featurs will then appear in the current image instead of the topography image.

A nice illustration of this mode is illustrated in Figure 15. During the scan theTime Constantvas
increased dramaticallyso the loop cannot react as quidlt. There is a very clear transition in the
behavior of the two data channels visible in the graphs. As the loop slows down, the atomic
resolution in the topography channel disappears and the newest line scans appear relatively
featureless except for the ery deep corner holes in the lattice. As the corrugation disappears in the
topography channel, the variations visible in the current channel increase dramatically. In the
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oldest line scan (top of the graph) the current is almost completely flat because thaop is doing an
excellent job of maintaining the input signal athe setpoint value. In the newest line scans (lower
plots) the current channel shows fluctuations of few hundred picoamps.
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Figure 15: The Time Constant was increased during the scan to reduce the loop bandwidth. The atomic corrugation
disappears from the topography channel (left) and begins to appear in the current channel (right).

Since the loop is always active, there is a final importanaétor that determines the accuracy of the
loop when following the surface. This is the scan speed. As the tip moves across the surface and the
loop adjusts the height, it is a good idea to give the loop enough time to update the z piezo voltage at
each pogtion in order to be confident the surface is tracking correctly. As the scan speed is
increased, the loop bandwidth should be increased to maintain good surface reproduction. An
example of image quality suffering as the speed is changed without adjustitite loop bandwidth is
shown in Figure 16. The line time was changed from almost 700 ms/line to less than 100 ms/line
during the second line. The oldest line (top) still shows very nice topography with little variations i

n the curent channel. The newest pair of lines show/a dramatic increase in the fluctuations on the
current channel which is interpreted as meaning the surface is not being followed as accurately and
the loop is no longer maintaining a constant current. Theopography data still shows reasonably

good representation of the surface, but the data is not as high quality as when scanning slower. In
most real world cases there is some variation in the feedback channel. The idea is to minimize this
as best as possible sthe topography channel can be interpreted as being acquired at a steady
feedback condition.

These three interrelated factors need to be considered at all times when trying to achieve nice
images that can also be interpreted properly. The interplay betweethem can be a bit complicated,
but mastery of it can be achieved with practice and patience.
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Based on the illustrations discussed above, it would seem a slower scan speed is better because it
gives the loop a better chance of following the surface liably. However, scanning slow is not a
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Figure 16: The scan speed was increased during the scan without changing the loop parameters. The decrease in
quality in the topography (left) and curr  ent (right) indicates the loop cannot follow the surface as accurately

panacea for all problems and introduces a number of points to consider. The most important one is
drift. Usually, the system has slow lateral motion caused by pieces expanding and contracting due
to temperature changes. On an atomic scale, this drift can cause the surface to appear skewed when
it is a substantial amount compared to the total time required to take an image. Other points to
consider when selecting a scan speed include the surface dynamics. If the sysbeimg studied
changes over time, the data needs to be acquired quickly to capture the changes in time over the
course of multiple images instead of the evolution occurring within a single, slowly acquired image.

Once a good understanding of the feedbadontrol is gained, & Haeas ST Ssnatater -

a good exercise to pursue is to add noise to the system and N is STM
use the feedback parameters and scan speed to improve the anonis
image quality and remove the noise from the system. Noise sroestnl |
. . . . Feoe x (deg) |

can be added into the simulated microscope by opening the L -
Nanonis STM Simulatobackground process. The window Vil Bt ) |

. . . . Conduction Ban (V) | £00. 000m
should be present in the Task Manager toolbar. Clicking this RSN g -
button will open a window as shown in Figure 17. Increase M Conemtes OFfttd | om0

. . . 10 Sorverter BW (M7) |
or decrease the noise in the z channel or the noise on the e R
inputs so the feedback loosee a change in noise on the o0 |
input channel. There should be a noticeable difference in the T
line scans as the noise is changed. Once a change can be seen, Cargsen {r)
alter the feedback settings to improve the image quality. -’.,ﬁ';}q,‘,m o .

. . inkishary, .. b nenieg fom

More advanced feedback loop control exercisewill be 5I§3§§‘££:;"{;’I'z'.~‘.a‘.’a'f"‘"” 1403, BT Type: S s
presented in later chapters.

Figure 17: The simulated microscope
background process configuration
window
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