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The response time of an atomic force microscopy (AFM) cantilever can be decreased by reducing

cantilever size; however, the fastest AFM cantilevers are currently nearing the smallest size that

can be detected with the conventional optical lever approach. Here, we demonstrate an electron

beam detection scheme for measuring AFM cantilever oscillations. The oscillating AFM tip is

positioned perpendicular to and in the path of a stationary focused nanometer sized electron beam.

As the tip oscillates, the thickness of the material under the electron beam changes, causing a

fluctuation in the number of scattered transmitted electrons that are detected. We demonstrate

detection of sub-nanometer vibration amplitudes with an electron beam, providing a pathway for

dynamic AFM with cantilevers that are orders of magnitude smaller and faster than the current state

of the art. [http://dx.doi.org/10.1063/1.4960192]

As atomic force microscopy (AFM)1 transitions from a

tool for observing the static nanoscale into one tailored for

real time observation of dynamic processes such as molecu-

lar motor motion,2 protein folding,3 charge transport,4 and

nanostructure growth,5 a series of cascading bottlenecks

must be overcome to continue to improve imaging speed.

Chief among these bottlenecks is the response time of the

AFM cantilever, which is inversely proportional to the canti-

lever resonance frequency x. The value of x is proportional

to the square root of the ratio of cantilever stiffness k to can-

tilever mass m. Thus, improved response time can be

achieved by increasing k, which is undesirable for delicate

samples, or by decreasing m. Substituting geometric parame-

ters of a rectangular cantilever and isotropic material proper-

ties for k and m gives

x /
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where h is the cantilever thickness, L is the cantilever length,

E is the cantilever Young’s modulus, and q is the cantilever

material density.6 For a rectangular cantilever, k is related to

geometric parameters and material properties by

k ¼ Eb

4

h

L

� �3

; (2)

where b is the width of the AFM cantilever. These equations

show that by decreasing L while holding h=L constant, x can

be increased while k remains constant. This approach has

brought the resonance frequency of AFM cantilevers from

the tens to hundreds of kHz range into the several MHz range

by reducing length from hundreds to tens of micrometers.7

By reducing cantilever lengths to sub-micrometer dimen-

sions, further orders of magnitude improvement in speed is

possible.

Improved detection schemes are required to accommo-

date smaller cantilevers. The cantilever position is most

commonly measured by the “optical lever” scheme,8 where a

focused laser beam is reflected off the cantilever onto a

quadrant photodetector. The state of the art optical lever sys-

tems for small, fast AFM cantilevers have pushed the spot

size of this laser beam close to its practical limit (�1 lm). At

this limit, the laser spot is contained within the back of the

cantilever, without excessive spill-over of light. Other opti-

cal methods such as interferometric9 and scattering based

detection10–12 can scale cantilever size down to near the opti-

cal diffraction limit (�200 nm). Alternately, self-sensing

technologies such as optomechanical sensors13 or piezoelec-

tric sensors14,15 allow scaling to smaller sizes at the cost of

complicated fabrication and limitations with respect to stiff-

ness. Our proposed solution is to use an electron beam to

detect the motion of the AFM cantilever. An electron beam

can be focused into a spot size �100 times smaller than an

optical beam, enabling the use of much smaller and faster

AFM cantilevers.

To demonstrate electron beam detection of cantilever

vibrations, an AFM cantilever (NCL, Nanosensors, Germany16)

mounted on a holder (Dimension 3000, Digital Instruments,

Santa Barbra, CA) containing a piezoelectric actuator was

inserted into a field emission scanning electron microscope

(FESEM, Leo Gemini 1525, Carl Zeiss AG, Germany) operat-

ing at a beam current of 150 pA and an accelerating voltage of

30 kV. At 30 kV, Monte Carlo simulations of electron scatter-

ing17 predict that more than 99% of electrons will be transmit-

ted through a 200 nm thick section of silicon, maximizing the

detected signal. For the same conditions, a temperature rise of

less than 10�3 K is predicted from inelastic scattering,18 sug-

gesting that local heating of the AFM tip is negligible. The

AFM tip was positioned such that it was under the electron

beam and perpendicular to the optic axis of the FESEM (Figure

1(a)). The focused electron beam size for this instrument was

approximately 3 nm to 5 nm. We performed electron detection

with two different detectors: a solid-state silicon diode transmit-

ted electron (TE) detector (KE Developments, Deben, UK) and

a scintillator-based backscatter electron detector (Robinson,

ETP Semra, Australia). The scintillator backscatter detector

was employed as a TE detector by placing it below the samplea)R. Wagner and T. J. Woehl contributed equally to this work.
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with the active detector area facing up (cf. Figure 1(a)). Both

electron detectors were positioned such that they collected scat-

tered transmitted electrons and allowed unscattered electrons to

pass through a hole on the optic axis. In this configuration,

these detectors produced dark-field (DF) images. The signal

used for electron detection of cantilever oscillations was the

output video voltage from the electron detector amplifier, which

was measured with an oscilloscope (Virtual Bench, National

Instruments, Austin, TX, e.g., Figures 2(b) and 3(a)) or a lock-

in amplifier (7280, Signal Recovery, Oak Ridge, TN, e.g.,

Figures 2(c), 3(b), and 3(c)). The output video voltage from the

electron detector amplifier, which will be referred to as the out-

put signal, is the voltage conventionally used to form the digital

image on the SEM computer and is typically on the order of

hundreds of millivolts.19 Unless otherwise noted, all electron

detection data were collected using the output signal from the

scintillator TE detector.

The gradient in the material thickness along the length

of the AFM tip produces a variation in the output signal that

can be used to detect cantilever vibrations. Figure 1(b) shows

a DF-TE image of the AFM tip recorded with the solid state

silicon diode detector. The plot of the (normalized) DF-TE

output signal shows a linear increase of 20% for a 100 nm

displacement along the AFM tip (slope of 1.8 � 10�3, good-

ness of fit R2¼ 0.983). The scintillator TE detector produced

similar DF-TE images (cf. Figure 2(a)). The DF-TE image

contrast is explained by the mass-thickness contrast mecha-

nism described by

N

N0

¼ 1� exp �TrqNA

W

� �
: (3)

Here, N is the number of transmitted electrons scattered to

the DF detector by the sample, N0 is the number of incident

electrons, T is the material thickness, r is the scattering

cross section of the material, q is the material density, NA is

Avogadro’s number, and W is the atomic weight of the

material.19 Figure S1 in the supplementary material20 dem-

onstrates the inverse exponential dependence predicted by

Equation (3) for displacements of �1 lm along the AFM

tip. The first-order term in the Taylor series expansion of

Equation (3) around T is

N

N0

� TrqNA

W
: (4)

The ratio, N
N0

, is proportional to the detector output signal,

with the brightness and contrast of the image as proportional-

ity constants. Given the linear thickness gradient of the AFM

tip, the linear relationship observed in Figure 1(b) is reason-

able for small changes in the position of the AFM tip relative

to the electron beam.

In the SEM, secondary electron (SE) imaging is far

more common than TE imaging, inviting a comparison

between the detection methods. We compared the output sig-

nal obtained with a conventionally-positioned Everhart-

Thornley SE detector to that obtained with TE detection.

Figure 1(c) shows a representative SE image of the AFM tip,

with a corresponding plot of the SE output signal (normal-

ized to the maximum) along the green line in the image. The

SE signal increases approximately 5% for a 100 nm displace-

ment along the AFM tip with a fitted slope of 7.75 � 10�4,

albeit with a significant amount of noise and weak linear

dependence (R2¼ 0.22). The TE image in Figure 1(b) has an

FIG. 1. (a) Schematic of the electron detection scheme for detecting AFM tip position with a focused stationary electron beam and transmitted electron detec-

tor. (b) Dark field transmitted electron (TE) and (c) secondary electron (SE) images of a stationary AFM tip. The scatter plots correspond to the normalized

image intensities along the green and yellow lines. The black lines are linear least-squares fits. The fit to the TE output signal had a root mean squared error of

RMSE ¼ 0:007 and goodness of fit R2 ¼ 0:983. The fit parameters for the SE output signal were RMSE ¼ 0:043 and R2 ¼ 0:22.

FIG. 2. (a) Dark field transmitted electron image of the AFM tip. The markers in the image correspond to the electron detection locations where the output sig-

nal was recorded. (b) Output signal of the electron detector captured with the same drive amplitude (1414 mV) and drive frequency (5 kHz) but at different

electron beam locations. The offset of the y-scale has been arbitrarily shifted to clearly show the three cases on a common axis. (c) Plot of amplitude of cantile-

ver displacement versus drive amplitude when the electron beam was near the edge of the tip (red x in (a)) and the drive frequency was 5 kHz.
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order of magnitude less error in the linear fit compared to the

SE image. Based on the linear relationship between the out-

put signal and displacement for small oscillations and the

low noise and larger slope relative to SE imaging, we con-

clude that the TE signal is superior for thickness-based

detection of AFM cantilever vibration.

Dynamic AFM operation requires that we detect a

vibrating AFM cantilever as opposed to the stationary canti-

lever shown in Figure 1. To demonstrate this, we acquired a

DF-TE image of the AFM tip and used this image to position

a stationary electron beam on the tip in “spot mode.” We

then provided a sinusoidal drive voltage to the piezoelectric

actuator in the cantilever holder and monitored the output

signal of the TE detector (see Figure S220 and supplementary

movie 120 for TE SEM images and movie of AFM tip with

and without drive voltage applied). Figures 2(a) and 2(b)

show the position of the stationary electron beam and the

corresponding output signal for three different detection

positions for an AFM cantilever oscillating at 5 kHz with a

drive voltage of 1414 mV, which produced a vibration ampli-

tude of approximately 200 nm. The amplitude of the output

signal was largest when the electron beam was placed near

the edge of the AFM tip (red x, Figures 2(a) and 2(b)) and

decreased when the electron beam was placed closer to the

center of the tip (blue diamond and green cross, Figures 2(a)

and 2(b)). As qualitatively shown in the inset in Figure 2(a),

the sensitivity of the output signal to vibrations decreases

with increasing material thickness due to the exponential

dependence of N
N0

on material thickness (Equation (3) and

Figure 2(a) inset). The signal to noise ratio SNR, calculated

from the power spectral density of the time domain data in

Figure 2(b), improves from 6.9 at the green cross to 18.9 at

the blue dot, and to 45.1 at the red x. The improvement in

the SNR when moving the electron beam to thinner portions

of the tip suggests a pathway towards better SNR by optimiz-

ing the geometry of the tip and the position of the beam.

Combined with the mass-thickness electron scattering the-

ory, this experiment demonstrates that the absolute material

thickness associated with the position of the detecting elec-

tron beam determines the sensitivity of the measurement and

shows that the placement of the electron beam near the edge

of the AFM tip produces the most sensitivity to cantilever

oscillations.

Because the electron beam position on the AFM tip can

be controlled and the beam has a calibrated position, calibra-

tion of the displacement of the AFM tip is possible. To cali-

brate the relationship between the output signal and

cantilever displacement, we scanned the electron beam along

a 200 nm horizontal line near the red x in Figure 2(a) on a

stationary AFM tip and measured the output signal with an

oscilloscope. From the slope of the output signal and known

length of the electron beam scan, we determined the sensitiv-

ity of the electron detection near the red x to be (1.3 6 0.4)

mV/nm (all uncertainties are reported to the 95% confidence

interval). The detection sensitivity will depend specifically

on the location of the beam spot, the electron detector bright-

ness and contrast settings, and the shape and composition of

the AFM tip, which can change over time due to carbon

buildup and amorphization.19 The average power spectral

density of the calibrated output signal near the red x in the

bandwidth of 10 kHz to 250 kHz was measured to be 0.1

nm=
ffiffiffiffiffiffi
Hz
p

. This value is higher than that for modern com-

mercial AFM instruments and will need to be reduced to

achieve high performance imaging. The noise floor is

strongly dependent on the local thickness of the AFM tip and

can be improved with optimization of the electron detection

system including better positional stability, allowing posi-

tioning of the electron beam on thinner portions of the tip.

To better understand the minimum amplitude of the can-

tilever displacement that could be measured with the electron

detection scheme, we continuously increased the amplitude

of the drive voltage while the electron beam was positioned

near the red x in Figure 2(a) and measured the amplitude of

the cantilever displacement with the lock-in amplifier. From

the measured sensitivity and the drive amplitude ramp in

Figure 2(c), we concluded that with a lock-in time constant

of 10 ms the minimum detectable amplitude at a frequency

of 5 kHz was 0.9 nm. High-speed imaging will require faster

lock-in time constants to coincide with higher pixel acquisi-

tion rates. At the current noise levels, increasing the reso-

nance frequency will proportionally decrease the integration

time required to average a fixed number of oscillation cycles.

The thermal noise limit will also be improved with higher

frequency cantilevers because the noise is distributed over a

wider frequency band.6 Furthermore, by improving the SNR

in the measurement as discussed above, the requisite number

of oscillations required for precise amplitude measurement

will decrease.

Frequency sweep experiments over the electron detector

bandwidth demonstrated the ability to measure the resonant

frequency of an AFM cantilever and demonstrated the role

of the electron detector bandwidth in limiting the measurable

frequency range. Figure 3(a) shows the on-resonance cantile-

ver displacement over several oscillation periods at a drive

frequency of 168.85 kHz and a drive amplitude of 141.4 mV.

The amplitude of the displacement while the drive frequency

FIG. 3. Response of a vibrating AFM cantilever detected by transmitted electrons. (a) Displacement of the AFM tip at a frequency of 168.85 kHz and a drive

amplitude of 141.4 mV. (b) Amplitude of cantilever displacement as the drive frequency was swept through the cantilever resonance at a drive amplitude of

141.4 mV. (c) Normalized amplitude of the output signal during a broad-range frequency sweep for two different electron detectors.
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was swept through the cantilever resonance is shown in

Figure 3(b). This result demonstrates that the dynamic

motion of the AFM cantilever at and near resonance can be

detected with the TE electron signal. Observation of this res-

onance peak confirms that the output signal is not the product

of a stray electric field from driving the piezoelectric actua-

tor because this resonance peak is a property of the mechani-

cal motion of the AFM cantilever. Figure 3(c) compares the

normalized amplitude of the scintillator and silicon diode

detector output signals for long range frequency sweeps on

two different cantilevers of the same type. The scintillator

detector had a cut off frequency (3dB bandwidth) of (1300

6 20) kHz and the silicon diode detector had a cut off fre-

quency of (43 6 2) kHz. Therefore, for the specific detectors

used in these experiments, the scintillator detector is better

for higher frequency measurements. Nonetheless, the scintil-

lator detector is still not operating close to its theoretical

response time, which is reported to be on the order of nano-

sceonds.19 This suggests that post-detector electronics were

responsible for the roll off observed in Figure 3(c). An opti-

mized detector for this technique will have faster post-

detector electronics allowing for higher detector cut off

frequencies.

For AFM applications employing electron beam detec-

tion, consideration must be given to sample limitations. Both

sample roughness and sample tilt may affect the ability of

the electron beam to access the tip in a side-illumination con-

figuration. Substrates will have to be smooth, and relative

sample and beam tilt will have to be carefully adjusted in the

SEM. This concern could be partially alleviated by placing a

separate tip for electron detection on the backside of the can-

tilever, further from the sample surface. A second sample

consideration is the interaction between the scattered elec-

trons and fragile specimens. A Monte Carlo simulation17

(see Figure S3 in the supplementary material20) of electron

scattering through a 150 nm thick section of the tip indicated

that fewer than 0.1% of transmitted electrons scattered to

angles greater than 60� (where 90� represents the sample

directly beneath the tip). This suggests that a sample area on

the order of hundreds of nanometers in diameter surrounding

the tip-sample contact point, which would include the scan

area, is shadowed and protected from electron irradiation

due to the scattering angles of the transmitted electrons.

Additional aspects of this detection scheme must

improve before it is practical to implement as part of an

AFM system. Spatial drift of the AFM tip relative to the

electron beam limited the duration of measurements to

�20 s, which is long compared to HS-AFM imaging rates,

but still begs improvement. Specimen drift in the SEM is

associated with buildup of positive charge in poorly conduct-

ing samples irradiated with an electron beam, SEM stage sta-

bility, thermal variations due to cooling water cycling, and

other factors.19 A final consideration is that the response

time of the AFM cantilever is related to both resonance fre-

quency and quality factor.21 The quality factor of a cantile-

ver is typically much higher in vacuum than in air due to a

lack of environmental damping; an optimized system would

either have a cantilever with a high value of internal damp-

ing, an electron detection setup that works at elevated

pressure, or use active quality factor control22 to reduce the

quality factor.

We have demonstrated the detection of AFM cantilever

vibrations with transmitted electrons in an SEM. We pro-

posed a calibration scheme to relate electron detector output

to absolute displacement of the tip. Electron scattering the-

ory and experiments using different electron beam detection

positions on the AFM tip showed that the sensitivity of the

detection method increased with decreasing material thick-

ness. With this fundamental understanding of the scattering

mechanism, we achieved a minimum detectable amplitude

of 0.9 nm with an electron beam position near the edge of the

AFM tip. Long-range frequency sweeps indicated that the

scintillator detector used had a maximum operating fre-

quency of 1300 kHz. Further optimization of the AFM tip

stability and electron detection system are pathways to

improve both of these metrics. The advantage of the electron

detection scheme is the downward scalability of cantilever

size by two orders of magnitude. Smaller AFM cantilevers

are inherently faster and can retain low stiffness necessary to

measure fragile samples. This detection approach is an

enabling technology for high speed AFM experiments orders

of magnitude faster than the current state of the art.
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