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1 Summary

Atomic Force Microscopy (AFM) is a relatively new method of imaging objects from sub-nanometer to
micron scale. It can scan surfaces in 3D and provides a quick and easy way to measure dimensions, rough-
ness, topography, and many other material characteristics. Unlike Scanning Tunneling Microscopy (STM),
AFM can measure both conductive and insulating materials in ambient condition with little to no sample
preparation, and is thus widely used in scientific and engineering fields across the board.

In this experiment, you will learn the working principles of AFM and get trained to use a commercial
AFM by AFMworkshop. You will perform different measurements to get a taste of its wide-ranging
applications. You will gain experience in making extremely precise measurements and in improving data
quality by optimizing environmental and instrument parameters. You will also use the AFM to estimate
Boltzmann’s constant.

1. Pre-requisites: Physics 110A, 112

2. Days allotted for the experiment: 8

This lab will be graded 40% on theory, 40% on technique, and 20% on analysis. For more information, see
the Advanced Lab Syllabus

Last revised 9/22/2025 by Auden Young. Comments: winthrop@berkeley.edu

2 The Atomic Force Microscope Experiment Photos

Figure 1: AFM Ebox
Click here to see larger picture

Figure 2: Illuminator
Click here to see larger picture

Figure 3: AFM on level stage
Click here to see larger picture

3 Before the 1st Day of Lab

Complete the AFM Pre Lab found in the Signature Sheet for this lab. Print the signature
sheet, discuss the experiment and pre-lab questions and answers with any faculty member or
GSI, and receive their signature. In the course of the lab there will be examination points
where you must STOP and get a GSI or professor to verify your understanding and/or verify
proper experimental setup. You cannot skip these checkpoints, and must receive signatures
demonstrating that you’ve consulted the staff. Some experiments may have mid lab questions
that must be completed by specific days of the experiment. The completed Signature Sheet
MUST be submitted as the first page of your lab report. Quick links to the checkpoint
questions are found here: 1 2 3 4 5
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1. Watch the AFM Basics introductory video.

2. Review these slides for a brief overview of AFM history, background, and basic operation.

3. Read Chapter 1 in Atomic Force Microscopy by Eaton and West. Skim through Chapter 2 and
3. (Chapters 5, 6 are very helpful for the data analysis portion of this lab as well, and chapter 4 has
useful information on obtaining good images and calibration.)

4. Read the AFM Workshop TT-AFM Users Guide. Comprehensive reference manual of the AFM
and its software. Basically all of it has useful information, though you can skim a bit.

5. Read through this entire experiment lab manual. Watch all the videos herein – they are extremely
helpful and will make your experiment much smoother.

6. On the first day of lab, ask a staff member for your allotted probe tips.

7. Last day of the experiment please fill out the Experiment Evaluation

Suggested Reading

• See this brief article on PID theory for an overview of PID controllers, which are relevant for how the
tip stays in contact with the sample when scanning. Cross reference with the information in Chapter
2 of Eaton & West, as well as section 4.2.3.

• See MultiMode SPM Instruction Manual, Section 2.3, for another great overview of PID controllers in
the context of an AFM. The other sections of the manual may also be of interest, including Sections
6.5, 7.5, 10, 11.

• See Feedback for Physicists: A Tutorial Essay on Control for an excellent overview of control theory.
This will help contextualize your readings on PID controllers.

• See this paper for a discussion of phase imaging and lateral force microscopy (LFM, also sometimes
called friction force microscopy or FFM).

• See this paper for an in-depth discussion on Force-Distance measurements.

• Other references are located in the C:/AFM Experiment/Articles PDFs directory of the experiment
computer.

4 Objectives

• Understand the working principles of AFM

• Learn how to align, calibrate, and operate an AFM, and how to visualize, process and analyze AFM
data with Gwyddion and other software tools

• Gain experience in and understand the limitations of improving data quality in extremely delicate and
sensitive measurements by optimizing environmental and instrument parameters

• Conduct a wide variety of specific AFM measurements.
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5 Introduction

The basic mechanism of the AFM is shown in Fig. 4. A sharp tip attached to a cantilever interacts
with the surface of a sample. Light from a laser is bounced off from the cantilever into a position-sensitive
photodetector that measures the deflection of the cantilever. The sample is placed on a piezoelectric scanning
stage that moves the relative tip-sample position in 3D with nanometer precision. A feedback loop maintains
constant tip-sample interaction during scanning and thus traces out the topography of the sample.

Figure 4: Basic components of an AFM. The deflection of the cantilever as the
tip moves across the surface of the sample is measured by the position-sensitive
photodetector. This deflection is used by the feedback loop to adjust the relative
position between the cantilever and the sample with a piezoelectric scanning stage.

The following features make AFM a versatile tool and allows it to become the basis of many other Scanning
Probe Microscopy (SPM) techniques.

• Works in diverse environments (air, liquid, vacuum).

• Physical interaction with the surface allows for direct measurements of mechanical, chemical, electrical
and magnetic properties of a surface with appropriate probes.

• Works for both conductive and insulating samples (unlike STM).

• Wide length scale range from sub-nanometer to micron.

• Very high resolution and accuracy in the vertical direction.
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5.1 Apparatus

Read page 5-8 of theTT-AFM Users Guide to understand the major components of our AFM (Fig. 5).

Figure 5: Overview of major AFM components

5.1.1 AFM Probes

An AFM probe, often made of silicon, contains a sharp tip attached to the end of a cantilever, which is
in turn attached to a carrier chip (Fig. 6, 7). We mainly use ACLA probes from AppNano that are
optimized for Vibrating mode. See animations of: the probe interacting with the sample surface, the e�ect
of tip shape, the probe interacting with contamination present on samples, and the probe interacting with
small features on the sample. You can read more about di�erent types of probes and their fabrication in
Chapter 2 of Eaton & West.

AFM probes are extremely fragile, and each probe costs around $30, so you must handle them
with extreme care throughout this experiment.

5

http://experimentationlab.berkeley.edu/sites/default/files/AFMImages/TT_AFM%20User-Guide-V2.2-600DPI.pdf
http://experimentationlab.berkeley.edu/sites/default/files/AFMImages/AFMgen.jpg
http://experimentationlab.berkeley.edu/sites/default/files/AFMImages/ACLA_4_datasheet.pdf
http://experimentationlab.berkeley.edu/sites/default/files/AFMImages/1.1.%20Generating%20an%20image.flv_converted.mp4
http://experimentationlab.berkeley.edu/sites/default/files/AFMImages/5.2.%20Probe%20Shape%20-%20Hole.flv_converted.mp4
http://experimentationlab.berkeley.edu/sites/default/files/AFMImages/5.2.%20Probe%20Shape%20-%20Hole.flv_converted.mp4
http://experimentationlab.berkeley.edu/sites/default/files/AFMImages/5.1%20Contamination.flv_converted.mp4
http://experimentationlab.berkeley.edu/sites/default/files/AFMImages/5.3.%20Probe%20Sample%20Bump.flv_converted.mp4
http://experimentationlab.berkeley.edu/sites/default/files/AFMImages/5.3.%20Probe%20Sample%20Bump.flv_converted.mp4


Figure 6: AFM probe bottom view (i.e. the tip is
facing towards the viewer). The cantilever is hardly
visible to the naked eye and the base of the tip is barely
visible under a good optical microscope.

Figure 7: AFM probe top and side view taken
with an electron microscope. Imagine a cross-
hair at the triangle point of the cantilever.
That is roughly where the tip is located.

5.1.2 Piezoelectricity and Scanning Stages

The piezoelectric e�ect is the ability of certain materials to generate an electric charge in response to
applied mechanical stress. It also works in reverse, meaning that piezoelectric materials exhibit stress, and
in turn strain, when an electric �eld is applied. Therefore, applying a voltage across a piezoelectric material
stretches or compresses the piezoelectric material, by a precisely controllable amount. However, piezoelectric
response is often nonlinear, requiring further engineering - see Chapter 2 of Eaton and West. During range
check (which you'll do in Section 6.1), the system ramps up and down the voltages to the XYZ piezos, and
captures the strain gauge output so that it can scan linearly. You have to do this, or you'll get bizarre scans
and most likely break the tip.

This is the basis of many precision scanning stages, including those used in STM and AFM (animation for
the Y- and Z-axis motion). The piezo stages in our AFM have a lateral range of 50� m and a vertical range
of 17 � m at maximum high-voltage gain.

5.1.3 Light Lever and Feedback Loop

A light lever is created by re
ecting the light o� of the cantilever and onto a position-sensitive photodetector
(see Figure 8). The signal from the top half (T) minus the signal from the bottom half (B), i.e. T-B, gives
the relative vertical de
ection of the cantilever ( animation ).

Figure 8: Laser-cantilever-detector setup

In our AFM, the entire light lever module can be moved up and down by a coarse stepper motor (Z motor)
in order to engage the probe with the sample.
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Figure 9: Simpli�ed feedback loop schematic Figure 10: Laser beam path

The piezoelectric sample stages perform raster scans. When the probe encounters a surface feature (e.g. a
bump), the cantilever bends and thus changes the T-B signal. Depending on the operating mode (vibrating
or non-vibrating), the feedback loop tries to keep either the AC or DC component of T-B at a constant \set
point" by moving the Z piezo (a rough schematic is in Figure 9). (You can think of the set point as in some
senses corresponding to the maximum allowed interaction between the probe and the surface.)

The feedback signal (drive voltage to the Z piezo, orZ DRIVE ) thus gives the local height of the surface.
Other simultaneously measured signals, such as the phase of the cantilever oscillation (Z PHASE ) or the
twist of the cantilever ( L-R ) contain information about the chemical or mechanical properties of the surface.
See page 21 of theTT-AFM Users Guide for the de�nition of all available signals.

5.1.4 PID Controller

The feedback loop is controlled by a proportional-integral-derivative (PID) controller. The feedback signal,
Z DRIVE , is compared to the set point voltage (set in the Pre-Scan tab automatically during tip approach),
and their di�erence is the error signal Z ERR . Then the feedback signal is modi�ed according to the following
equation (the governing equation for a PID controller):

Zdrive = P � Zerr + I �
Z

Zerr dt + D �
dZerr

dt
(1)

Optimizing the parameters P; I; D will minimize the error and improve the quality of the image. Sometimes
the entire right hand side is multiplied by an overall gain factor, G, as well. See section 2.3.2 and 4.2.3
of Eaton & West as well as the other optional resources on PID controllers linked above for more details.
As an interesting aside, the tip approach itself is governed by its own GPID loop and something called the
woodpecker method, which you can read about in Section 2.2.3 of Eaton & West.

5.1.5 Electronics

The Ebox contains most control electronics and is located on the shelf behind the AFM. The Ebox houses
the micro-controller unit (MCU) and the National Instrument (NI) data acquisition device (DAQ), and
interfaces the AFM hardware with the software on the computer. Additional electronics for e.g. voltage
ampli�cation are located in the main AFM body.
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Figure 11: AFM Ebox Figure 12: AFM Electronics block diagram

5.2 Control Software

The LabVIEW-based AFM Workshop software controls the AFM operation and exports collected data.
It controls the motion of the sample stage, automates the tip approach, measures the resonance frequency
of the cantilever for Vibrating mode (see below), collects signals from the photodetector, and controls the
feedback loop.

Read page 11-25 of theTT-AFM Users Guide to get familiarized with the Pre-Scan, Topo Scan and
Force-Distance tabs. It is recommended that you read through the entire manual, which has a lot of useful
details. Note: If you are experiencing bugs in the software, �rst go through the 
owchart in
Figure 17, and then go to the Troubleshooting section.

Figure 13: Pre-Scan Tab for Vibrating mode with a well-tuned resonance. This tab is used for laser alignment,
range check, cantilever frequency tuning, manual Z motor control, automated tip approach, and switching
between Vibrating and Non-Vibrating mode.
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Figure 14: Topo Scan Tab. This tab is used after a successful tip approach to set scan parameters including
Z feedback and display signals, and to monitor the results during scanning. It is also used to perform a Tip
Retract.

Most settings (including calibration settings) are located in sub-menus accessible via gear icons at the corner
of the di�erent subpanels of the di�erent tabs, especially the Pre-Scan tab. Read through the manual for
details.
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6 Experimental Procedures

This section describes the standard operating procedures for common AFM operations. As you follow along
with this lab write-up, you will �nd the referenced instructional videos to be VERY helpful . Sections 6.1
through 6.4 should be pretty quick - if you get very stuck with the software, or with alignment, please check
in with a GSI. Section 6.5-6.6 are the bulk of the work, and will likely take you some time. Move methodically
through the tip approach steps in these sections, and take notes on what works and what doesn't. These
sections are the key to getting good AFM images!

6.1 Starting Up

Follow steps in the instructional video Getting Started and Probe Exchange (start to 2:00). Brie
y:

1. Power on the Ebox via the switch in the lower rear. Series of green LED lights will turn on.

Figure 15: Ebox power switch

2. Turn on the LED illuminator. Adjust the LED power as needed.

Figure 16: LED illuminator

3. From the Desktop, start AFM Workshop 2.4.13 and AmScope (click the camera from the list at
the top left of the program window to start the camera; adjust the exposure time as needed).

After turning everything on, adjust the focus knob (see Figure 26) so that the camera is focused on the
sample holder (or sample - you can insert a sample if you'd like at this stage using the instructions in Section
6.4). The cantilever/probe should be out of focus (see Figure 27). Keeping an eye on the camera
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will help you observe proximity so you don't break the tip, and help during the range check step. Please
follow the below 
owchart to ensure the software is properly operational, making sure the tip is far from the
sample before doing so:

Figure 17: Procedure to follow to ensure successful startup/operational software.Note the version of the
software in step two should be 4.0.0.129, and you can con�rm this in the top bar where it says
`AFM Control Software'.

Do not proceed until you reach the success stage of the 
owchart, as the software has several fatal bugs
that you must avoid in order to successfully run experiments! If you are experiencing bugs outside of those
outlined in the 
owchart above, please refer to Troubleshooting .
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6.2 Exchanging Probes

Follow the steps in Getting Started and Probe Exchange (starting 2:00) CAREFULLY and those
on page 23 of theTT-AFM Users Guide to install or exchange a probe. You may also reference the
instructions below. It's recommended that you practice with a damaged probe �rst a few times before using
a new probe.

PROCEED WITH CAUTION { THE PROBES ARE VERY DELICATE:

ˆ NEVER PICK UP THE PROBE WITH YOUR HANDS

ˆ NEVER PICK UP THE PROBE ALONG THE LONG LENGTH

ˆ NEVER TOUCH THE CANTILEVER SIDE OF THE CHIP WITH ANYTHING

6.2.1 Detailed explanation of probe exchange

Follow the steps below to remove the probe holder from the AFM to install a probe into the probe holder,
or if you need to replace the probe.

1. On the TT-AFM, turn the z micrometer adjustment knob (labeled \Z Control", located behind the
camera tube on top of the AFM) clockwise to raise the tip a reasonable distance (� 2cm) away from
the sample holder to avoid accidentally bumping into anything when removing the tip holder from the
apparatus.

Figure 18: Proper spacing between probe holder and sample holder

2. Then, grip the black tab of the probe holder and slide straight out. (See Figure 19.)
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Figure 19: Removing the probe holder

3. Flip the holder over so that the copper probe clip is face up . It should have a label saying `non-
conductive' on it; if not check in with a GSI (see Figure 20). There should be a exchange tool under
the stereoscope to the left of the AFM. The probe holder should slot nicely on top of this (see Figure
21) with the post underneath the copper clip, and the oval structures on each matching up. Do the
next step under the stereoscope (turn on, turn the light up, and focus on the probe).

Figure 20: Probe holder Figure 21: Probe holder on exchange tool

4. Gently press down on the probe holder - you should see under the stereoscope that the probe clip has
been pushed up, releasing the probe (if there is one already in there) or allowing a new one to be slid
in. When inserting or removing a probe, gently use tweezers only on the back/sides of the probe -
never touch on the front end or near the cantilever/tip, or it will break. (Use the �ne-tipped metal
tweezers.) Go slowly, or the probe may skitter o� into one of the gaps and potentially break. You
may also gently tilt the probe holder/exchange tool to get the probe out. The old probe will slide into
the oval \cup" of the exchange tool. To insert a new probe, gently slide the probe in with tweezers,
again touching only on the back/sides of the probe. Avoid tilting the entire probe holder/exchange
tool during probe insertion as this will often lead to the probe skittering o� into the distance. Once in
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